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Introduction to concentrating
solar thermal (CST) technologies 1
M.J. Blanco, S. Miller
CSIRO, Newcastle, NSW, Australia

1.1 The sun as an energy source

The sun is the most important energy source available to us. Outside the Earth’s atmo-
sphere, the average power of the solar radiation perpendicular to the main direction of
the sun rays is of the order of 1.36 kW/m2. This quantity, which is traditionally called
the solar constant, is not a constant and varies inversely proportional to the square of
the distance from Earth to the sun. It fluctuates about 6.9% during the year.

Incoming radiation from the sun passes through the Earth’s atmosphere, whereby it
is partially absorbed or scattered by components of the atmosphere, such as aerosols,
gases, and particles. About 30% of solar radiation is reflected without being absorbed
by the atmospheric components or surface of Earth, while the amount of scattering de-
pends on the atmospheric conditions. The scattered solar radiation reaching the surface
of the Earth is called diffuse radiation and may be experienced as glare on an overcast
day. The solar radiation reaching the Earth’s surface without scattering is called direct
radiation and is able to cast a shadow.

In quantitative terms, the amount of solar energy reaching the Earth’s surface,
“ground-level,” is about 885 million terawatt hours (TWh, or 3.06 � 1024 joules)
per year [1]. In 2013, the annual anthropogenic energy consumption was 13,541
Mtoe (million tons of oil equivalent) [2], (0.157 TWh or 5.67 � 1020 joules) per
year, just a fraction of a percentage point of the solar energy reaching the Earth’s
surface.

The physical impact of the sun and solar radiation on Earth affects, among other
things, the currents and tides, the weather, and the biosphere. Thus, the sun is not
only a direct renewable and practically inexhaustible source of energy but also the ul-
timate origin of most other renewable energy resources; wind energy, ocean energy, as
well as biomass. It is worth noting that biomass was the original energy material source
for fossils fuels, coal, shale, oil, and gas, albeit a million years in the making. This
leaves geothermal and nuclear energy as the only sources of energy available on Earth
that are independent of the sun.

The intensity of the direct solar radiation reaching the surface of the Earth is not
geographically uniform. An approximate upper limit is 1 kW/m2, although in many in-
stances and regions of the world it is much less than this. The regions of the world that
receive the most amount of direct solar radiation are typically located within the lati-
tudes of �40�, in what is sometimes referred to as the “sunbelt.” In these regions the
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annual energy per unit received by a surface that is kept at all instances perpendicular
to the main direction of the sun rays is usually equal or larger than 1800 kWh/m2/year.

The spectral distribution of the direct solar radiation just outside the Earth atmo-
sphere is equivalent to that of a blackbody at 5777 K, ranging from near ultraviolet
through to near infrared, with most photons and energy in the visible spectrum. The
maximum percentage of heat that can be transformed into work for a given ambient
temperature is known as the exergy of the heat. According to the second law of ther-
modynamics this exergy increases with the temperature at which the heat is delivered
and decreases with increasing ambient temperatures.

The fact that solar radiation outside the Earth’s atmosphere can be considered as
heat delivered from a thermal reservoir at 5777 K implies that more than 94% of
this heat can be transformed into work. At ground level, because of the interactions
with the atmosphere, the spectral distribution of the direct solar radiation can no longer
be considered equivalent to that of a blackbody. However, its exergy content is still
very highdbetween 84% and 96% according to most authors [3].

In addition, of being intermittent due to the day and night cycles, the solar radiation
on Earth, at ground level, is also variable. The amount of direct solar radiation reaching
the ground depends on the atmospheric conditions in general and on cloud cover in
particular. This variability, however, is significantly lower than the variability of other
renewable energy sources, such as wind, and decreases with increased time intervals.

Table 1.1 summarizes the main advantages and disadvantages of the solar radiation
as an energy source, as discussed.

All solar energy systems are designed to maximize the advantages provided by the
sun as an energy source and to minimize the disadvantages.

1.2 Defining characteristics of CST technologies

Concentrating solar thermal (CST) technologies collect and concentrate radiation from
the sun to transform it into high-temperature thermal energy. This thermal energy can
later be used for a plethora of high-temperature thermal applications, such as heating
and cooling, process heat, material processing, electricity production, or chemical
processes.

Table 1.1 Advantages and disadvantages of the sun as an energy
source

Advantages Disadvantages

Abundant, clean, and renewable Relatively low surface density

Geographically distributed and consequently
free of geopolitical tensions

Intermittent

High exergy content Variable

4 Advances in Concentrating Solar Thermal Research and Technology



In most CST technologies, once the solar radiation is transformed into thermal en-
ergy, instead of using it when the transformation takes place, the thermal energy can be
stored as such and used when it makes the most sense to do it, such as to maximize
economic returns.

The high-temperature thermal energy derived from the solar radiation collected and
concentrated in a CST system can also be hybridized; that is, mixed with thermal en-
ergies derived from other heat sources such as biomass or fossil fuels. The hybridiza-
tion with biomass is particularly interesting, because it will produce a renewable
energy system capable of delivering thermal energy to run industrial process or pro-
duce electricity 24 h a day, all days of the year.

Thus, the concentration of solar radiation, its intermediate transformation into high-
temperature thermal energy, the possibility of storing this thermal energy to dispatch it
when needed, and the possibility of hybridizing it with thermal energy from other heat
sources are the defining characteristics of CST technologies. Those that set them apart
from the rest of renewable energy technologies (Fig. 1.1).

1.3 Thermal efficiency and the need for concentration

Due to the relatively low surface density of direct solar radiation, to deliver a large
amount of power a CST system needs a large area of solar radiation collecting surfaces.
The efficient transformation of solar radiation into thermal energy however, is best
done, in receivers with small surface area, since thermal losses are proportional to
the area. Because of this, all CST systems collect and concentrate solar radiation using
surfaces that are quite different from the receiver surfaces where the transformation of
concentrated solar radiation into thermal energy takes place and much less expensive
per unit area.

…..

Solar
radiation

(DNI)

Receiver

Thermal 
storage Hybridization

fuel

Thermal process

Industrial heat process
Solar thermal electricity
Solar fuels
Solar desalination
Solar detoxificatoin
Solar oil recovery
Solar mineralogy

Concentrator

Figure 1.1 General scheme of a concentrating solar thermal (CST) system.
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Traditionally, in a CST system, reflective surfaces are used to collect and concen-
trate the direct solar radiation upon the receiver. However, refractive surfaces can also
be used.

Typically, the receiver of a CST system consists of an absorber material, or
absorber coated material, upon which the concentrated solar radiation impinges and
is transformed in thermal energy. A large fraction of this thermal energy is transformed
into useful energy, for example, in the form of the increase in enthalpy of a working
fluid. The rest is used to heat up the absorber material to its operating temperature and
after that dissipated as thermal losses.

The thermal losses are proportional to the receiver area and temperature difference
between the receiver area and the ambient. Conductive and convective losses are lin-
early proportional to this temperature difference, while radiative losses are propor-
tional the difference of the fourth power of these temperatures. Because of this, as
the operating temperature increases, radiative losses become more and more dominant.
This is the reason why, for low- to mid-temperature CST systems, the system designers
make a significant effort to keep convection and conduction losses at bay, using for
instant vacuum technologies to reduce these losses to a minimum, while for very
high-temperature CST systems where the dominant losses are radiative these tech-
niques are seldom used, since they are ineffective in reducing radiative losses.

Thus, in order to increase the thermal efficiency, that is, the ratio of the useful en-
ergy delivered by the receiver to the concentrated solar radiation impinging upon it, the
system designer can:

• increase the concentration, that is, the ratio between the total area of the solar collecting sur-
faces and the total area of the surface of the receiver;

• decrease the operating temperature of the receiver, thereby, reducing the temperature differ-
ence with the ambient;

• use specially engineered materials and techniques to increase the absorption of the solar ra-
diation in the receiver and to minimize its thermal losses, such as spectrally selective
absorber coatings, evacuated tubes, and materials and meta-materials with the appropriate
thermal properties.

To achieve high thermal efficiencies while operating at high temperature almost
inevitably requires achieving high concentration ratios (Figs. 1.2 and 1.3).

1.4 Limits of concentration

How much direct solar radiation can be concentrated is limited by the second law of
thermodynamics. The limit is related to the fact that as seen from the surface of Earth
the sun subtends a finite solid angle. This implies, that direct solar radiation is not
completely parallel, but distributed over a cone of directions around the direction
from the observer to the center of the solar disk defined by a half-angle of 4.58 mrad.

In terms of the refractive indices at the entrance and exit of the concentrator, nin and
nout, its acceptance angle, q, and the angular spread of the concentrated radiation

6 Advances in Concentrating Solar Thermal Research and Technology



incident upon the receiver, f (see Fig. 1.4), the limit of concentration for point focus
concentrators (3D concentration) is given by the following equation:

Cg3D ¼ noutðsin fÞ2
ninðsin qÞ2 (1.1)

For linear concentrator (2D concentration) the limit of concentration is the square
root of the 3D limit. Particularizing Eq. (1.1) for the concentration of solar radiation
on the surface of the Earth, assuming nin ¼ nout, q ¼ qsun, and f ¼ p/2 yields a
maximum 3D concentration ratio of about 47,500. Consequently, the maximum 2D
concentration is of the order of 218.

Figure 1.2 Solar field of SENERtrough® cylindrical-parabolic collectors. Arcosol and
Termesol thermosolar plants, owned by Torresol Energy. (Source: SENER/Torresol Energy).

Figure 1.3 Gemasolar thermosolar plant, owned by Torresol Energy and developed by SENER.
(Source: SENER/Torresol Energy).
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Traditional image-forming concentrators, such as parabolic troughs or parabolic
dishes fall short of the concentration limits for linear and point focusing concentrators,
respectively. The concentration of the best possible parabolic dish concentrator is of
the order of 25% of the maximum 3D concentration limit. To approach the limits of
concentration with actual physical devices, one has to use new types of concentrators
that do not form images and are adequately known as nonimaging concentrators.

1.5 Optimum operating temperature to maximize
light-to-work conversion efficiency

The second law of thermodynamics also limits the conversion of thermal energy into
work. The maximum efficiency at which heat taken from a heat reservoir at tempera-
ture Thot can be transformed into work by a heat engine in contact also with a cold
reservoir at temperature Tcold is given by Carnot’s law:

hCarnot ¼ 1� Tcold
Thot

(1.2)

According to this law, the efficiency of the conversion of thermal energy into work
increases with the temperature at which the thermal energy is delivered to the heat
engine.

In a CST system designed to produce work, the overall light-to-work efficiency is
the product of two efficiencies:

• the thermal efficiency with which the direct solar radiation from the sun is transformed into
useful thermal energy;

• the efficiency with which the useful thermal energy is subsequently transformed into work by
a heat engine.

θ

θ
Incoming radiation
of angular spread

Ain
Aout Outgoing radiation

of angular spread

φ

φ

Figure 1.4 An arbitrary concentrator accepting radiation with a half-angle q over area Ain and
sending it over area Aout with half-angle f.
From Lovegrove K, Pye J. Fundamental principles of concentrating solar power (CSP) systems.
In: Lovegrove K, Stein W, editors. Concentrating solar power technology. Woodhead
Publishing; 2012 [chapter 2].
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Figure 1.5 Solar-to-thermal, thermal-to-work, and overall solar-to-work efficiencies in a CST
system.

While the efficiency at which the direct solar radiation is transformed into useful
thermal energy decreases with the operating temperature, the efficiency at which the
useful thermal energy is transformed into work increases with it.

The overall light-to-work efficiency is, therefore, the product of two functions with
opposite tendencies with regard to the variation of the operating temperature of the
receiver and as such it must have an optimum; that is, a value of the operating temper-
ature of the receiver for which the light-to-work efficiency is a maximum (Fig. 1.5).

Since the higher the concentration the higher the temperature at which the receiver
can operate with a given amount of thermal losses, the optimum operating temperature
increases with concentration.

1.6 Main commercially available solar concentrating
technologies

Currently, there are four main commercially available technologies to concentrate the
direct solar radiation into a receiver, where this radiation will be transformed in thermal
energy. Two of these solar concentrating technologies are linear-focusing technologies
and the other two are point-focusing technologies. All of them are imaging technolo-
gies, but can be combined with non-imaging secondary reflectors to further increase
the concentration they can achieve.

1.6.1 Line focus solar concentrators

Line focus solar concentrators have reflectors that concentrate solar radiation onto a
linear receiver. The two dominant concentrator technologies are parabolic troughs
and linear Fresnels. A linear Fresnel concentrator approximates a parabolic trough

Introduction to concentrating solar thermal (CST) technologies 9



by having independent reflectors rather than a more continuous reflector surface.
While there may be some loss of optical efficiency from having independent reflectors,
there may be other advantages that contribute to the overall collector efficiency or cost
effectiveness (Figs. 1.6 and 1.7).

1.6.1.1 Parabolic trough

A conventional parabolic trough solar concentrator comprises a parabolic reflector, with:

• reflector support structure;
• pylons with joint attachments to allow single-axis solar tracking;
• pier foundations;
• a receiver fixed to the reflector support structure;
• pipework to convey the heat transfer fluid to the receiver and to its storage or utilization

point.

The troughs are laid out in parallel rows as a solar field with spacing between the rows
to minimize shading of the reflectors, while allowing sufficient access for maintenance
and minimizing the pipework and parasitic pumping energy for the heat transfer fluid.
The heat transfer fluid normally enters at one end of the trough and leaves at the other,
although it might also have tube-in-tube arrangement to allow entry and exit at one end
(Fig. 1.8).

Figure 1.6 Parabolic trough concentrator with moving receiver and thermal energy storage tanks.
Used with permission from European Solar Thermal Electricity Association (ESTELA).
www.estelasolar.org.

Figure 1.7 Linear Fresnel concentrator with fixed receiver and no thermal energy storage.
Used with permission from European Solar Thermal Electricity Association (ESTELA).
www.estelasolar.org.
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The troughs are normally installed to maximize the annual energy output, with the
collector aligned from solar north to south, allowing tracking from east to west. The
troughs may also be installed to maximize the energy output at solar noon in winter,
with the collector aligned from east to west.

Commercially available trough solar concentrators achieve concentration ratios
within the 50 to 80 range.

1.6.1.2 Linear Fresnel

A conventional linear Fresnel solar concentrator comprises reflectors that may be flat
or slightly parabolic, with:

• reflector support structure;
• frame with joint attachments to allow single-axis solar tracking;
• pier foundations;
• a receiver fixed above, but independent of the reflector support structure;
• pipework to convey the heat transfer fluid to the receiver and to its storage or utilization

point.

The individual reflectors are laid out parallel to the ground such that each reflector
has a different focal length to its receiver. The spacing of the reflectors is close to mini-
mize the discontinuity in the reflective area or aperture. The width of the reflectors is
optimized to allow access to the reflectors for maintenance, while not being too large to
complicate the support structure or tracking (Fig. 1.9).

While a reflector may be placed so that it can be associated with more than one
receiver, access to the receiver for maintenance also needs to be considered. The align-
ment of linear Fresnel systems is the same as for parabolic troughs.

Commercially available linear Fresnel solar concentrators achieve concentration ra-
tios within the 30 to 70 range.

1.6.2 Point-focus solar concentrators

Point-focus systems have reflectors that concentrate solar radiation onto a central
receiver that is effectively a point compared to the reflector. The two dominant

Receiver

Parabolic trough reflector

Reflector support
structure

Pylons

Heat transfer
fluid pipe

Foundations

Figure 1.8 Schematic of a parabolic trough collector.
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technologies are parabolic dishes and central receiver systems, known as solar towers.
The solar tower has independent reflector facets, known as heliostats, rather than a
more continuous reflector surface. While there may be some loss of optical efficiency
from having heliostats, there may be other advantages that contribute to the overall col-
lector efficiency or cost effectiveness (Figs. 1.10 and 1.11).

1.6.2.1 Parabolic dish

A conventional parabolic dish collector comprises a dish parabolic reflector, with:

• reflector support structure;
• pylons with joint attachments to allow double-axis solar tracking;
• pier foundations;
• a receiver, fixed to the reflector support structure;
• pipework to convey the heat transfer fluid to the receiver and to its storage or utilization

point.

Figure 1.10 Parabolic dish concentrators with moving receiver and no thermal energy storage.
Used with permission from European Solar Thermal Electricity Association (ESTELA).
www.estelasolar.org.

Linear Fresnel reflector

Receiver

Reflector support
& tracking structure

Figure 1.9 Schematic of a linear Fresnel collector.
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The parabolic reflectors may be continuous or comprise of discrete elements con-
forming to a parabolic shape. The receiver is fixed to the reflector support structure
so that both the dish and receiver track the sun. The size of the receiver needs to be
optimized to minimize the shadow it, and its support structure, might create on the
reflector. The mass of the receiver needs to be optimized to minimize the mass that
needs to track the sun. The most common consideration is for a parabolic dish to
have a Stirling engine placed at the receiver. Alternatively, the receiver might have
a heat transfer fluid to drive an independent process or heat engine (Fig. 1.12).

The dishes are laid out as a solar field with spacing to minimize collisions and
shading of the collectors, while allowing sufficient access for maintenance and
minimizing the pipework and parasitic pumping energy for the heat transfer fluid.

Commercially available dish concentrators achieve concentration ratios of more
than 2000.

Figure 1.11 Heliostat field-central receiver concentrator with fixed receiver and thermal
energy storage. Used with permission from European Solar Thermal Electricity Association
(ESTELA). www.estelasolar.org.
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Figure 1.12 Schematic of a parabolic dish collector.
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1.6.2.2 Heliostat field-central receiver

A conventional heliostat field-central receiver solar concentrator, comprises heliostat
reflectors, that may be flat or slightly parabolic, with:

• reflector support structure;
• pedestals with joint attachments to allow double-axis solar tracking;
• pier foundations;
• a receiver mounted on a tower;
• pipework to convey the heat transfer fluid to the receiver and to its storage or utilization

point.

The heliostat reflectors are placed in a solar field surrounding the tower. The
receiver and tower need to be optimized to minimize the shadow they might create
on the solar field. The solar field needs to be optimized in terms of the heliostat
size, closeness to minimize the discontinuity in the reflective area, or aperture, spacing
to minimize collisions, while also allowing sufficient access for maintenance. The
system layout needs to be optimized to minimize the pipework and parasitic pumping
energy for the heat transfer fluid (Fig. 1.13).

Commercially available heliostat field, central receiver solar concentrators, achieve
concentration ratios within the 500 to 800 range.

1.7 Industry and market trends

1.7.1 Solar thermal electricity

The current state-of-the art of CST technologies for electricity production are:

• parabolic trough system using synthetic oil as the heat transfer fluid, with a two-tank molten
salt storage system;

• linear Fresnel system using water as the heat transfer fluid, for direct steam generation
without storage;

Central receiver

Tower

Heliostat reflector

Reflector support structure

Heliostat pedestal

Figure 1.13 Schematic of a heliostat field: central receiver system or solar tower.
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• central receiver tower system using molten salt as the heat transfer fluid, with a two-tank
molten salt storage system.

These three CST commercial technologies for electricity production typically
use a Rankine cycle to transform the useful thermal energy generated in the
receiver or receivers into electricity. For parabolic dish systems, the most
demonstrated concept uses a Stirling engine, although these systems are not fully
commercially available.

Parabolic troughs are linear focusing technologies, with a concentration ratio of
50e80. The trough reflects the sun’s rays onto a linear receiver fixed at the focus
on the parabola, and tracks the sun in one directiondnormally from east to west.
The receiver usually consists of an absorber metal pipe insulated inside an evacu-
ated glass tube. A synthetic oil is generally used as the heat transfer fluid, which
can be heated to temperatures of around 400�C. In heat exchangers, the hot heat
transfer fluid passes countercurrent to the working fluid of the power block, which
for steam means the water passes through a preheater, boiler, and superheater. The
resultant superheated steam temperature is at the lower end of the subcritical
Rankine cycle efficiency scale, of say 34%.

The Rankine cycle is also used in thermal power plants involving biomass, fossil
fuel, and nuclear energy with the thermal efficiency of the cycle being dependent
upon the temperature and pressure of the steam (Table 1.2). The Rankine cycle in-
volves water being heated to create pressurized steam that is fed into an expander,
such as a turbine. Expansion of the steam causes the turbine to rotate, converting ther-
mal energy into mechanical energy that can drive an alternator or generator, to create
electricity. As the steam expands, it also cools and the temperature of the steam leaving
the turbine is dependent upon the extent of the expansion pressure drop. Although the
steam leaving the turbine may have cooled sufficiently to create aerosols of water, this
saturated steam normally needs to be cooled further to be pumped as a liquid. The satu-
rated steam is normally condensed using a cooling tower that rejects heat to a water
source, or to the ambient air, or a hybrid air and water system. The water is then
pumped back to the heat source to generate steam again to close the loop on the
working fluid.

Table 1.2 Steam conditions and Rankine cycle efficiency

Steam
Temperature
(8C)

Pressure
(MPa)

Thermal efficiency
(%)

Subcritical 565/565 16.5 34e38

Supercritical 565/585 >24.8 38e41

Ultra-supercritical 593/621 and
above

>24.8 41e42

Advanced ultra-
supercritical

677 and above >34.5 >42

Adapted from Electric Power Research Institute. Australian power generation technology report; 2015.
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More than 90% of current commercial CST power plants are based on parabolic
trough technology, less than 5% based on linear Fresnel, and about 5% based on central
receiver tower. Thus, the most proven CST power plants use parabolic troughs, although
the rapidly emerging alternative is a central receiver tower, due to the higher temperature
and higher Rankine cycle efficiency.

Linear Fresnel systems are linear focusing technologies, with a concentration ratio
of 30e70. The reflectors focus the sun’s rays onto a fixed linear receiver by tracking
the sun in one directiondnormally from east to west. The receiver usually consists of
absorber metal pipes in an insulated cavity with a glass window. The heat transfer fluid
is normally water allowing direct steam generation at higher temperatures than is
possible with synthetic oil in parabolic troughs. The higher temperatures of around
450�C with steam requires the receiver and pipework from the solar field to have a
higher pressure rating. The resultant superheated steam temperature is at the lower
end of the subcritical Rankine cycle efficiency scale, of say 36%.

Central receiver towers are point-focusing technologies with a concentration ratio of
about 500e800. A field of many mirrors, called heliostats, reflects the sun’s rays onto a
central receiver located on a tower. Each heliostat has two-axis-tracking to direct the
sun’s rays toward the central receiver, which is normally an array of absorber tubes,
referred to as an external receiver. The heat transfer fluid in the absorber tubes could
be molten salt, which can be heated to temperatures of around 560�C, or steam. Other
heat transfer fluids are under consideration, as well as cavity receivers, which partially
insulate the absorber tubes to reduce heat losses. The resultant superheated steam tem-
perature is at the higher end of the subcritical Rankine cycle efficiency scale, of say 38%.

The overall conversion efficiency of solar energy into electricity is dependent upon
each step in the conversion process, including the thermal efficiency of the power
block. The thermal efficiency of a Rankine cycle depends upon the temperature and
pressure of the steam (Table 1.2). To increase the temperature of a CST system, the
concentration ratio needs to be increased, and it follows that point-focus systems
achieve this more readily than line-focus systems.

Alternative power blocks to the Rankine cycle include the Brayton and Stirling cy-
cles. The Brayton cycle uses a gas as the working fluid, which needs to be compressed
rather than pumped through the cycle to the turbine. If the cycle is open, air can be used
as the working fluid, with gases such as helium, argon, and supercritical carbon diox-
ide being preferred for a closed cycle. The Stirling cycle also uses a gas as the working
fluid, but involving a reciprocating engine to compress and convert the expanding gas
into mechanical energy.

The IEA 2014 roadmap reported 4 GW of installed CST power plants worldwide.
Following a detailed analysis of the main markets and project pipelines, the roadmap
reported an anticipated deployment of 11 GW of CSP plants by 2020. The IEA also
proposed that “achieving this roadmap’s vision of 1000 GW of installed CSP capacity
by 2050 would avoid the emissions of up to 2.1 gigatonnes (Gt) of carbon dioxide
(CO2) annually.”

The present CST industry exists due to establishment of the initial trough plants at
Kramer Junction in California USA, in the 1980s and deployment of mainly trough but
also Fresnel and solar tower plants in Spain from 2005 to 2012.
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The 1980s trough plants saw the construction on nine solar energy generating
systems (SEGS) totaling 354 MW and in 2015 were all still operating. These plants
ranged in net output from 13.8 to 80 MW and progressed commercially trough
development in terms of collector, receiver, thermal oil used as the heat transfer fluid,
and trialing thermal storage of this thermal oil. These plants were at three different
locations (Daggett, Kramer Junction, and Harper Lake) and the deployment ceased
when the energy crisis ended and legislative support ended. In their more than 30 years
of operation, the Kramer Junction SEGS plants in particular have demonstrated that:

• CST plants are very reliable;
• they operate beyond their originally estimated operational life;
• they improve their performance and reduce their operational cost with time, as the team that

operates and maintains them gets more experienced in carrying out these activities.

The 30 MW SEGS VI plant at Kramer Junction is the most characteristic of these
SEGS plant. The details of the plant are in Table 1.3 and the plant flowsheet is in
Fig. 1.14.

The industry was revived in 2006 with feed-in tariffs legislated in Spain to promote
deployment of renewable energy technologies. Most of these plants:

• were trough technology, although some used linear Fresnel and tower technology;
• incorporated thermal energy storage, based on nitrate molten salts, of 4e15 h at nominal

plant capacity;
• had a high proportion (60%) of local content, that is, goods and services from local

companies.

Troughs were the preferred technology due to the proven experience of the SEGS
plants in California providing a low project risk for the finance sector, although CST

Table 1.3 SEGS VI plant details

Location 225 km northeast of Los Angeles, California 35�000 N; 117�330 W

Insolation 2725 kWh/m2/year (7.6 kWh/m2/day)

Solar field Luz LS-2 troughs

Aperture area 188,000 m2

UVAC receivers

Therminol VP-1 heat transfer fluid

Thermal storage Nil

Power cycle 30.0 MWe steam turbine capacity

Wet cooling system

w19% peak plant efficiency (w10% annual)

Adapted from Patnode A. Simulation and performance evaluation of parabolic trough solar power plants [Master of Science
thesis (Mechanical Engineering)]. University of Wisconsin-Madison; 2006.
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power plants using linear Fresnel and solar tower technologies were also constructed.
There was widespread integration of thermal energy storage, based on the use of hot
and cold tanks of molten nitrate salts. The local content included design, operation, and
maintenance from being a modern and industrialized country with a long tradition of
CST research and active commitment to the development of CST technologies since
mid-1970s. The 50 MW Andasol I plant in Granada is typical of the trough plants; de-
tails of the Andasol I plant are in Table 1.4 and the plant flowsheet is in Fig. 1.15. The
20 MW Gemasolar Thermasol plant in Andalucía is representative of the tower plants
installed in Spain. A key difference is the Gemasolar Thermasol plant is the first CST
plant to operate continuously, firstly overnight and then for over 30 days.

The best market potential for CST power plants is in regions with direct solar inso-
lation greater than 1800 kWh/m2/year which occur mainly within latitudes of �40�,
which includes the Americas, Australia, China, India, Middle East, North Africa,
and South Africa. In 2015, the emerging markets were predominantly in Morocco,
South Africa, China, and Chile where the insolation coexisted with increasing demand
and policy drivers for renewable energy and/or stable grid supply.

1.7.2 Industrial process heat

The opportunities for industrial process heat present themselves in niches. While the
trend to improve the performance of CST power plants is to increase the operating tem-
perature and thereby the concentration ratio, the opportunities for industrial process
heat tend to be at lower temperatures. In this section, we consider the higher

Trough field
Optional
heater

Optional
heater Steam

turbine

Electrical
generator

Cooling
tower

Heat
exchangers

Thermal
storage

Figure 1.14 SEGS VI plant flowsheet.
Adapted from Status report on solar thermal power plants: experience, prospects and
recommendations to overcome market barriers of parabolic trough collector power plant
technologies. s.l. Pilkington Solar International; 1996.
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Table 1.4 Andasol I plant details

Location 10 km east of Guadix, Spain (37�130 N; 3�040 W)

Insolation 2136 kWh/m2/year (5.85 kWh/m2/day)

Solar field Skal_ET troughs (148.5 m � 6 m wide, 156 loops of four collectors,
17.2 m row spacing)

Aperture area 510,120 m2

UVAC receivers

Therminol VP-1 heat transfer fluid

Thermal
storage

7-h full-load storage

Dual tank system (14 m height � 37 m diameter, Thot 386�C, Tcold 292�C)

Solar salt storage medium (60% NaNO3 þ 40% KNO3, 28,500 tons,
1010 MWt)

Power cycle 49.9 MWe steam turbine capacity

Wet cooling system

w28% peak plant efficiency (w15% annual)

Costs US $380 million or V310 million for construction (2009)

13 c/kWh of electricity produced
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generator
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tower

Heat
exchangers

Hot
salt

Cold
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Oil loop Steam loop

Figure 1.15 Andasol I plant flowsheet.
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temperature industrial process heat in the solar chemistry which focuses on solar fuels
and mineral processing.

The International Energy Agency (IEA) has a technology collaboration program
(TCP) on solar heating cooling (SHC) that focuses on low temperature solar thermal
applications for hot water, space heating for buildings, pool heating, and drying pro-
cesses. Due to end-use demand, these processes consume more energy than transport
or electricity, but in most instances can be readily achieved by non-CST technologies.
These technologies are scalable and suited to distributed energy systems as the trans-
port of thermal energy is an important aspect of the overall annualized efficiency.
These non-concentrating technologies also benefit from the high efficiencies of ther-
mal energy storage.

The industrial process heat applications that fall between the non-CST and high-
temperature solar chemistry are typically from 150 to 450�C. At the lower end of
this temperature scale, CST collectors may be preferred due to the amount of heat
required. These applications may include direct or indirect:

• boiling, drying, pasteurizing, rendering, sterilizing, and washing related to food and
beverages;

• bleaching, drying, dyeing, and washing related to textiles, leather, clothing, and footwear;
• boiling, distilling, and reaction processes related to chemical production;
• bleaching and drying related to pulp and paper manufacture or recycle;
• boiling, drying, and preheating related to desalination, sludge drying, and water treatment;
• delivery of steam- or hot-pressurized water for driving absorption chillers, enhanced oil re-

covery or soil remediation, and hydrothermal processing, such as dewatering or the Bayer
process.

Absorption chillers are commercial cooling equipment that can be predominantly
driven by thermal energy to provide cooling air-conditioning for commercial buildings,
hospitals, and hotels. A two-stage absorption chiller requires a thermal input of about
180�C that can be easily met using a small aperture trough or linear Fresnel collector
system andmay bemounted on the roof of the building being serviced. The heat transfer
in the solar collector can be oil or water based, but needs to match the requirements of
the absorption chiller. Absorption chillers operate best with stable thermal input, so
should include several hours of thermal storage. The distance of the absorption chiller
from the collector, or chiller from its load, needs to be considered to minimize the ther-
mal losses and parasitic energy losses related to pumping. To achieve the best outcome
there needs to be an integrated design of the collectors, storage, chiller, and building.
There are deployments around the world of solar-driven absorption chillers.

Thermal desalination uses heat to remove salts from feed water to improve its qual-
ity. The feed water may be freshwater with salinity up to 1500 ppm, brackish water with
salinity up to 10,000 ppm, or seawater with salinity above 10,000 ppm. While potable
water, for drinking, is often the desired water quality, desalination may also be used to
provide industrial process water that is not as high a quality as potable water. There are a
range of thermal desalination processes ranging from high-temperature multistage flash
(MSF) and multieffect evaporation (MEE) distillation to low-temperature membrane
distillation and humidifyingedehumidifying stills. The high-temperature processes
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can also be high-throughput systems, and powered by CST collectors. The low-
temperature process can be powered by non-CST collectors or as bottoming cycles,
using the waste heat from other processes.

Enhanced oil recovery (EOR) uses steam to reduce the viscosity of oil to increase
the rate and extent of oil recovery from oil sands. This steam can be generated using
concentrating solar collectors, and this is used during the day to displace a fossil fuel
normally used to create the steam. There are deployments in California of enhanced oil
recovery: a 29 MW central receiver tower system at the Coalinga Oil Fields and an
enclosed trough demonstration at the McKittrick Oil Field.

Hydrothermal processing uses steam- or hot-pressurized water to induce chemical re-
actions such as the digestion of bauxite, known as the Bayer process, or hydrothermal
dewatering of lignite materials, such as biomass or brown coal. The Bayer process uses
a solution of sodium hydroxide at temperature of up to typically 240�C, with a pressure
of about 35 bar, to dissolve the aluminum from the ore. These temperatures are readily
achievable with concentrating solar collectors. In 2016 it was announced that Australian
researchers are looking to develop the technologies and process knowledge to enable the
progressive integration of low-temperature CST into the existing Bayer process.

1.7.3 Solar chemistry and material processing

Solar chemistry covers solar-driven thermochemical processes involving reactions that
convert solar energy into chemical energy by driving endothermic reactions. The
reactions required to contribute to the production of fuels and materials are typically
dissociation reactions that occur at high temperatures and therefore require high
concentrations of solar radiation and point focus collector systems. While dissociation
reactions may also be used to provide products, or intermediaries for products, as a
form of long-term energy storage, these dissociation reactions may also be for more
short-term thermochemical energy storage for electricity production or industrial pro-
cess heat. In this section, the reactions are assumed to require direct use of the solar
energy as indirect use is an industrial process heat application.

The endothermic reactions of most interest in solar chemistry are:

• water dissociation or thermolysis, which requires temperatures above 2200�C;
• reduction of carbon dioxide, which requires temperatures above 1950�C;
• hydrogen sulfide dissociation at temperatures around 1200�C;
• methane reforming, albeit with steam (wet reforming) or carbon dioxide (dry reforming), or

both steam and carbon dioxide (mixed reforming), at temperatures around 820�C;
• water splitting, involving thermochemical cycles, where the temperatures of interest range

from 600 to 900�C;
• reduction of metal oxides where the temperatures of interest range from 600 to 900�C;
• sulfur trioxide dissociation at temperatures around 730�C;
• ammonia dissociation at temperatures around 480�C;
• methanol dissociation at temperatures around 360�C.

While solar-driven thermochemical processes for reduction of water or carbon di-
oxide to produce net carbon emissions-free fuels have long-term attractiveness, the
thermodynamics and high temperatures pose a range of mid-term challenges.
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Ammonia as a fuel with its dissociation as a reversible thermochemical energy stor-
age system has been of significant interest. Despite the simplicity of the ammonia
dissociation reaction, with just ammonia, nitrogen, and hydrogen involved, the storage
of hydrogen poses a significant challenge. The production of ammonia by the Haber
process involves the reaction of nitrogen (N2) with hydrogen (H2), where the hydrogen
often comes from fossil fuels, such as steam reforming of methane.

Methane reforming is also a relatively simple reaction where methane is partially
oxidized by steam (H2O) and/or carbon dioxide (CO2) to produce a mixture of hydrogen
(H2) and carbon monoxide (CO), known as syngas. However, methane reforming does
not occur independently of the wateregas shift reaction (CO þ H2O! CO2 þ H2),
which is an equilibrium that affects the extent of methane reforming. The equilibrium
can be influenced by using excessive amounts of water or steam to promote the produc-
tion of hydrogen, or by using membrane reactors to separate the products for conversion
to continue in an integral reactor. Syngas can also be produced by reforming of petroleum
gas or gasification of carbonaceous feedstocks such as coal and biomass. Syngas can then
be used to produce bulk chemical commodities such as methanol (CH3OH), dimethyl
ether (DME, CH3OCH3) or synthetic liquid fuels (CnH2n�2).

The reduction of metal oxides can be used to process mineral ores into metals,
particularly if the metal is volatile and becomes gaseous, and then condensed or as
thermochemical looping cycles for short-term energy storage, particularly if the metal
remains a solid.

1.8 Research priorities, strategies, and trends

The major research programs around the world differ in priorities due to the maturity of
the CST industry, policies to prevent climate change and adopt renewable energy tech-
nologies, as well as local innovation culture. Compared with other global challenges,
the development of CST technologies has been predominantly led by large national
research laboratories with support from the university sector. This has been due to
the scale of the facilities needed to perform prototype testing. For example, a new
photovoltaic solar cell can be tested at a square centimeter, but a laboratory-scale
CST test may need a megawatt of thermal energy. Since 2000s there has been an in-
crease in CST research by the university sector, which has been facilitated and sup-
ported by the Solar Facilities for the European Research Area (SFERA) program in
Europe and by the Multi-University Research Initiative (MURI) in the United States,
despite there being quite different research strategies.

The European research strategy is driven by industry through the European Solar
Thermal Electricity Association (ESTELA), while the US research strategy is driven
by the Department of Energy (US DOE).

The two main goals for the ESTELA Strategic Energy Technology plan are:

• to contribute to achieve the EU targets for 2020 and beyond by implementing large-scale
demonstration projects to be carried out by industry and aimed at increasing the competitive-
ness of the solar thermal electricity sector;
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• to enhance market penetration and to consolidate the European industry global leadership
throughout medium-term research activities aimed at reducing generation and operation
costs in solar thermal electricity generation plants.

The three technology objectives that followed as part of The European Solar
Thermo-Electric Industry Initiative (STEII) in 2009 were to:

• increase efficiency and reduce generation, operation, and maintenance costs;
• improve dispatchability;
• improve environmental profile.

Details of these objectives were presented in ESTELA’s “Strategic Research
Agenda 2020e2025” in 2013. The first objective on efficiency and cost contains
cross-cutting research issues that are independent of the CST technology as well as
specific technology issues. The second objective on dispatchability considers hybrid-
ization, storage, and forecasting tools. The third objective on environmental profile
considers minimizing the impact of heat transfer fluids and reduction in water con-
sumption, including desalination.

The aim of US DOE SunShot Initiative is to reduce the total installed cost of solar
energy systems to 6 cents per kilowatt-hour (kWh) by 2020. The SunShot Vision
Study (2012) predicted this price would allow solar technologies to satisfying about
14% of US electricity demand by 2030 and 27% by 2050. This vision also stated
the projected technology and cost improvements to existing and emerging CSP tech-
nologies would be achieved through

• reducing solar field costs by reducing the cost of the collector support structure, reflectors,
and receivers;

• identifying heat transfer fluids that operate at higher temperatures;
• reducing the cost and improving the operating temperature range of thermal energy storage;
• adopting cooling technologies that minimize water use and cost;
• developing advance power block technologies; while
• ensuring reliability and availability of materials, manufacturing and supply chains.

The US DOE has had a range of research programs on aspects of these issues, often
with specific target metrics for the subsystem research derived from systems analysis.
In the last few years, US DOE has begun to focus on the subsystems integrated into
complete systems.

The much smaller Australian Solar Thermal Research Initiative (ASTRI) has
focused on the key challenges of CST power technologies. The overall goal is to
significantly reduce the levelized cost of electricity over 8 years from 2012, with
four integrated nodes of research:

• Reducing capital expendituredreducing the cost of building solar thermal power plants.
• Increasing the capacity factordincreasing operation hours to sell more electricity to the

grid.
• Improving efficiencydproducing more solar thermal power without increasing cost.
• Adding product valuedwith a dual motivation on [1] reducing the operating and

maintenance costs of solar thermal power plants as well as [2] developing niche solar fuel
technologies within levelized cost of fuel and greenhouse gas reduction boundaries.
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This strategic research commenced at early technology readiness levels, taking a
systems approach to subsystem evaluation, with the intent of progressing into subsys-
tem demonstration(s). Other Australian research has been targeted at subsystem devel-
opment at high temperatures for high efficiency, or niche concept demonstrations. In
2015, ARENA funded a specific round of projects on “Integration of renewable energy
for industrial process (excluding electricity generation),” whereby the two successful
projects involving CST were:

• integrating CST energy into the Bayer alumina process;
• a robotic vision system for automatic inspection and evaluation of solar plants.

Countries such as China, India, and Chile, and regions such as Africa and the
Middle East all have major initiatives to deploy CST technologies, as well as both
near- and long-term research programs to support the local industry. This makes their
programs similar to the ESTELA approach.

This book on advances in concentrating solar power research and technology pro-
vides an overview beyond the state-of-the-art, with a focus on advanced CST concepts
that are emerging as incremental or step changes in CST technology.

The book begins by considering the mirrors to collect and concentrate solar radia-
tion, then linear collection systems along with their heat transfer fluid and receivers.
We then move into point collection systems, their heat transfer fluid and receivers.
Thermal energy storage and the use of thermal energy are considered independently
of the collection system. The initial focus on using power cycles is to convert thermal
energy into electricity, but then alternative end uses in industrial process are heat and
direct promotion of solar chemical reactions. Finally, we consider the need for control
of CST plants in variable solar conditions, along with solar forecasting and now cast-
ing and the long-term solar variability for bankability assessments.

The chapters and descriptions are:

• “Advanced mirror concepts for concentrating solar thermal systems,” which outlines signif-
icant advances in anti-soiling coatings, highly reflective mirror materials, and high-
temperature mirrors for use as secondary concentrators.

• “Improved design for linear Fresnel reflector systems” considers the benefits and challenges
of achieving higher concentration values than troughs.

• “A new generation of absorber tubes for concentrating solar thermal (CST) systems” dis-
cusses the durability cost and maintenance challenges and solutions for heat collector ele-
ments (HCE) or trough receivers.

• “Innovative working fluids for parabolic trough collectors” describes the state-of-the-art of
working fluids for troughs to analyze three alternative working fluids in terms of thermohy-
draulic and cost issues.

• “A new generation of solid-particle and other high-performance receiver designs for concen-
trating solar thermal (CST) central tower systems” reviews novel high-temperature receiver
designs but focuses on several particle receivers concepts.

• “Next generation of liquid metal and other high-performance receiver designs for concentrating
solar thermal (CST) central tower systems” revives the concept of sodium as a heat transfer
fluid and includes consideration of it boiling. It also discusses the use of mixed liquid metals.

• “Supercritical CO2 and other advanced power cycles for concentrating solar thermal (CST)
systems” reviews the potential power cycles that can be employed for solar thermal power
plants in the near future.
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• “Advances in dry cooling for concentrating solar thermal (CST) power plants” looks at the
performances losses from dry cooling when electricity demand and prices are highest, and
how these loses can be minimized.

• “High temperature latent heat storage for concentrating solar thermal (CST) systems.”
• “Thermal energy storage concepts for direct steam generation (DSG) solar plants” summa-

rizes recent research from the use of the existing commercial systems with optimized power
blocks, to three-part storage systems that combine the use of sensible and latent heat storage.

• “Advanced control strategies to maximize ROI and the value of the concentrating solar
thermal (CST) plant to the grid” describes two examples of how advanced control tech-
niques can help to optimize the operation of solar plants and thus maximize the return
of investment (ROI).

• “Linear Fresnel reflector (LFR) plants using superheated steam, molten salts, and other heat
transfer fluids” proposes the need for advanced optics and molten salt heat transfer fluids to
improve this technology’s market potential.

• “Central tower systems using the Brayton cycle” summarizes past developments and dis-
cusses the current status of solar-hybrid gas-turbine system (SHGT) technology.

• “Solar power towers using supercritical CO2 and supercritical steam cycles and decoupled
combined cycles” presents power cycle concepts poised to become the next generation of
commercial CST plants, although in some cases significant technology developments are
required.

• “Thermochemical energy storage for concentrating solar thermal (CST) systems” is dis-
cussed in terms of its value proposition when high-energy densities and isothermal energy
outputs are required, noting integration poses significant operation challenges.

• “Solar thermal processing” provides an overview of applications other than electricity gen-
eration, with focus on solar fuels and solar material processing and production. At present
these high-temperature direct solar thermal processing applications have progressed to the
proof of concept.
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Symbols

gLV Liquidevapor interfacial energy

gSL Solideliquid interfacial energy

gSV Solidevapor interfacial energy

qc Contact angle

2.1 Introduction

Mirrors are of primary importance in concentrating solar thermal (CST) technology
because they are the first component to be reached by solar beams in the energy con-
version process and because the large mirror surfaces covered by the solar field involve
a significant cost, both for the initial investment and during the operation and mainte-
nance (O&M) of the plant. Consequently, all stakeholders playing an important role in
this technology are paying special attention to the evolution and advances in solar mir-
rors (also known as reflectors).

According to the materials roadmap published by the European Commission, the
target performance in terms of reflectance for silvered reflectors in the following
decades (2020e2030) is set at 95e96%, considering a reference starting point of
94% in 2010. In relation to economic requests, it is intended to achieve a reduction
of 25% in the reflector cost compared to 2010 values [1]. The solar reflector perfor-
mance is expected to be maintained with low degradation levels during its lifetime,
which is projected to be from 10 to 30 years under severe outdoor environments [2]
or even more than 30 years [3].

The materials roadmap mentioned in the preceding paragraph, published by the
European Commission in 2011, focused on the materials R&D and the related product
development for the next years on the following aspects [1]:

• applied research to further develop low-lead solutions toward “zero lead” mirrors with long-
term corrosion protection against weathering;

• develop advanced mirror protective coatings with anti-soiling function and high abrasive and
erosion resistance;

• improve resistance of nonglass mirrors to surface degradation in different climatic conditions
and under abrasion and erosion;

• develop improved accelerated aging tests;
• applied research for improved low-iron glass with reduced transmission losses; method for

recycling process, method for treatment of raw materials to reduce the iron content;
• develop reflector materials with high-temperature stability suitable for secondary reflectors

[Fresnel collectors, solar towers (STs), and so on];
• development of accelerated aging testing taking into account specifications of different

applications and loads (primary, secondary, climate variability, abrasion, erosion, and so on).
In the same context, one of the key technological milestones stated by the Interna-

tional Energy Agency (IEA) for 2018 in its roadmap is the development of lightweight,
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low-cost reflector optics [4]. According to this document, this action should be driven
by the CST industry with support from research institutions.

Finally, it is also important to mention that the strategic research agenda
(2020e2025) elaborated by the European Solar Thermal Electricity Association
(ESTELA) also reports on the baselines for the short- to long-term research for solar
thermal electricity technology. Concerning reflectors, several research priorities are
identified in this document [5]:

• develop lightweight and durable reflective surfaces;
• enhance anti-soiling properties of reflectors to reduce water consumption;
• increase the reflectance of glass-based reflectors by increasing the transmission

of glass.

This chapter presents a description of the main advanced mirror concepts developed
in the last 7 years, currently under study, or expected to be analyzed in the coming
years by the research institutes and the industrial sector, according to the previous rec-
ommendations given by the reference institutions.

2.2 Anti-soiling coatings

Anti-soiling coatings are currently receiving major attention by reflector manufac-
turers, researchers, and plant developers because of their potential to achieve a signif-
icant reduction of the soiling accumulation on the reflector surfaces and,
consequently, on the cleaning activities and water consumption of CST plants. At
the same time that these coatings accomplish their main goal, that is, preventing
the dust particles from settling or sticking on the mirror surface, they should not
have a detrimental effect on the optical properties of the reflector. Additionally, the
coating and reflector combination must be durable and reliable while experiencing
high temperatures, sandstorms, and higher than normal exposure to both ultraviolet
(UV), visible, and infrared radiation, and must prove their ability to withstand any
cleaning procedures [6].

Cuddihy was the first in postulating the following six characteristics of low-soiling
surfaces [7]:

• hardness (less susceptible to embedding particles or being damaged by them);
• smoothness (less likely to trap particles);
• hydrophobic (less attractive to ionic species, adsorption of solids, and retention of water);
• low surface energy (lower chemical reactions);
• nonstickiness (chemically clean of sticky materials, surface, and bulk);
• cleanliness (chemically clean of water-soluble salts, which are likely to link other soiling

agents, and first-period elements, surface, and bulk).

Also, some of the anti-soiling coatings that have been studied present a charge on
the surface to repel charged dust particles. In general, the anti-soiling effect is based on
hydrophobic or the hydrophilic properties, which are, respectively, water repellent or
water attracting. When a liquid and a solid are in contact, forming an interface, the con-
tact angle is defined as the angle formed by the intersection of the liquidesolid inter-
face and the liquidevapor interface (geometrically acquired by applying a tangent line
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from the contact point along the liquidevapor interface in the droplet profile). This
angle depends of the interfacial energy of the three interfaces, gLV, gSV, and gSL
(Fig. 2.1).

Water repellent hydrophobic coatings have a low surface energy or polarity and a
contact angle between the surfaces and water above 90� (see Fig. 2.2 left), being super-
hydrophobic when this angle is above 120� (see Fig. 2.2 right). Materials used for hy-
drophobic coatings are mainly fluoropolymers [8]. This behavior promotes water drop-
lets rolling over the surface, and so removing soiling particles during this kinetic
movement, which achieves the self-cleaning (SC) or easy-to-clean effect [6]. The
super-hydrophobic behavior is also known as the “lotus effect” due to the similarity
with the phenomena occurring in the lotus plant.

On the other hand, water attracting hydrophilic coatings have high surface energies,
leadingdassuming the presence of enough waterdto a closed water film and low con-
tact angles. With contact angles of less than 10� (super-hydrophilic) dirt particle trans-
portation off the surface is guaranteed under terms of a certain surface inclination [8].
The extreme situation is a totally wet surface (see Fig. 2.3).

Materials such as silicon oxides (SiOx) and titanium oxides (TiOx) are used for
such coatings [8]. In particular, TiO2 has photocatalytic properties that have been
known about for many years [9]. Photons with energy greater than the band gap of
TiO2 create electronehole pairs that in the presence of air can speed up or catalyze
the conversion of organic matter to carbon dioxide and water. Only very thin layers
of TiO2 are needed and as a consequence they can have a minimal impact on the reflec-
tance properties of solar mirrors [10].

Liquid

Vapor

Solid
YSLYSV

YLV

θc

Figure 2.1 Contact angle, Ɵc, definition.

Figure 2.2 Schematic of a hydrophobic surface (left) and a super-hydrophobic surface (right).

Figure 2.3 Scheme of a super-hydrophilic
surface.
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Several studies about anti-soiling coatings were realized for applications in concen-
trating photovoltaic (CPV) systems. An anti-soiling layer consisting of a WO3 photo-
catalyst was coated on a polymethylmethacrylate (PMMA) substrate, which is a
primary material used for the manufacturing of Fresnel lenses for CPV modules.
The anti-soiling layer was prepared using modified WO3 and partially hydrolyzed tet-
raethyl orthosilicate in the photocatalytic surface layer. The three layers were deposited
by the spin-coating method. The samples with and without the anti-soiling coating were
exposed to a sand impingement. The electrostatic potential of the sample was measured
with a digital static meter and the mass of the sample was measured with an electronic
balance. The mass of adherent sand was more than 0.010 g for the sample without the
coating and about 0.005 g for the sample with the coating. The electrostatic potential of
the sample without the coating increased with increasing amount of incident sand,
reaching a maximum value of 0.25 kV. On the other hand, the electrostatic potential
of the sample with the coating was suppressed to 0.10 kV. The presence of electrostatic
charges on the surface of the samples was a main factor for the adhesion of sand, and it
could be suppressed by the anti-soiling photocatalytic layer [11].

Asahi Kasei Corporation, a Japanese chemical company, developed a new SC
coating for photovoltaic (PV) applications. The performance of PV modules can be
increased due to the two main properties of the coating film: anti-reflectiveness and
SC effect. The coating solution was prepared by mixing of hybrid polymer emulsion
and water-dispersed metal-oxide nanoparticles. Its solid content was around 5 wt% at
pH ¼ 4. There was a small amount of alcohol in the solution. For this purpose, six poly-
crystalline silicon PV modules of the same manufacturer and technology, three with
coated surface and three without it, were tested under outdoor conditions for one year
in the laboratory of PV systems at theUniversity ofM�alaga, southern Spain. In this study
the objective was to evaluate the losses caused by the decrease in transmittance of the
module surface due to dust accumulation. The results showed that daily energy soiling
losses were greater for modules without SC coating. Modules with coating film had an
average daily energy soiling loss of 2.5%, whereas for the uncoated modules this value
was 3.3%. The coated modules always showed lower losses due to soiling [12].

The effect of special coatings to enhance the reflection and SC properties of the
front glass on PV modules was investigated in [13]. Prototype-coated glass samples
with three different types of coatings were examined: an antireflection (AR) coating,
a SC coating, and a multilayer (ML) coating consisting of both AR and SC. The glass
samples were exposed to atmospheric conditions for 3 weeks. The results showed the
transmittance decrease of the three coatings: 2.63% for regular glass, 1.75% for AR,
1.30% for SC, and 0.85% for ML. The decrease in transmittance was least when
ML coating is used. The measurements showed that the coatings improve the SC prop-
erties of the glass samples [13].

The only solar mirror with anti-soiling coating currently marketed is duraGLARE, by
the company Flabeg [14]. The objectives of this coating are to improve the solar output
of the entire solar field by repelling the dust particles blown on the mirrors (dust repellent
properties) and to reduce costs for cleaning and maintenance activities (easy-to-clean
properties). This coating reaches the highest optical transparency and therefore no major
objectionable influence to the initial reflectance of the solar mirror is to be measured. In
addition to dust repellent properties, the coating means that the mirrors are cleaned very
easily by rinsing with water only. As the dust adhesion of the few remaining particles is
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so low, the water can wash off the dust from the complete mirror and restore the full
initial reflectance values. These properties were tested and proved by a huge number
of measurements, laboratory tests, and outdoor exposure campaigns. In addition to
several durability tests (UV, several temperature changes, thermal cycling, humidity,
dry heat, copper acetic acid and neutral salt spray, chemical resistance, and sand storm
tests), outdoor tests have been performed at the Plataforma Solar de Almería (PSA) since
2011, in real-field environments, with significantly positive results. The specular reflec-
tance (at 660 nm) of coated and standard mirrors, located side by side with a 45� instal-
lation angle, was measured regularly with a D&S reflectometer [15]. The data were
compared and evaluated. These data showed clearly the additional performance of the
coated anti-soiling mirrors. The duraGLARE-coated mirrors showed at least 45% less
soiling than standard mirrors [14]. According to the manufacturer, this product reduces
the settling of dust on the mirror surface, which it is expected to increase the average
reflectance of the solar field by 1e2% [16].

The European Commission has funded in January 2016 a 4-year project named
WASCOP1 whose main goal is to develop a revolutionary innovation in water man-
agement of concentrating solar power (CSP) plantsdproviding a flexible integrated
solution comprising different innovative technologies and optimized strategies for
the cooling of the power block and the cleaning of the solar field optical surfaces
[17,18]. Among the different tools proposed, anti-soiling coatings for reflectors (devel-
oped by the Spanish company Rioglass and the Spanish not-for-profit foundation
Tekniker) are included as a key action to save water in the cleaning activities by
reducing the amount of dust deposited on the reflector surfaces.

2.3 High-reflective mirror materials

Raising the reflectance of the solar mirror permits a reduction in the solar field size,
while maintaining the electricity output and the investment cost for collectors or helio-
stats. Even small improvements of 0.5 ppt in reflectance will have a high impact on the
annual revenues of the power plant.

High reflectance can be achieved with silver as the reflecting surface and thin trans-
parent front coats. Silvered-polymer films achieve solar-weighted hemispherical
reflectance values around 94%, which is still below the state-of-the-art 4 mm
silvered-glass mirror reflectance (they achieve around 94.7%). Silvered-polymer films
have the benefit of being flexible, allowing one to construct any kind of collector ge-
ometry. Several research studies have been conducted with polymer film reflectors for
concentrating solar applications [19,20]. However, in terms of specularity and dura-
bility, glass-based mirrors are superior.

The trend is therefore going toward thin silvered-glass mirrors. The reduction of
the glass thickness from 4 mm to 1 mm boosts the reflectance around 1 ppt. Commer-
cially available thin-glass mirrors (around 1 mm glass thickness) achieve around

1 This project has received funding from the European Union’s Horizon 2020 research and innovation
program under grant agreement No. 654479, project WASCOP.
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95.7% solar-weighted hemispherical reflectance. The durability of this type of mate-
rials has already been widely checked [21,22]. Further improvements of the reflec-
tance can be achieved by further reducing the front glass thickness. Prototype
mirrors of more than 97% solar-weighted hemispherical reflectance have been pro-
duced with 100 mm ultra-thin glass. The use of thin-glass mirrors also decreases
the material weight, allowing the reduction of collector cost due to the requirement
for less support material, simpler foundations, cheaper motors, and reduced transport
costs.

Thin-glass mirrors need to be supported by a backing structure to provide stiffness
against wind loads. Several substrate materials are being investigated for this
purpose (concrete, composite materials, aluminum, steel, and glass). Thin-glass
mirrors <1 mm are flat and flexible, and the substrate material needs to provide
the shape accurately. Examples of collectors with silvered thin-glass reflectors are
presented in Fig. 2.4. The bonding between the mirror and backing material (e.g., us-
ing adhesives) needs to be durable and must not introduce waviness or additional
shape errors. Therefore, special care must be taken with the gluing process.

RAISELIFE2 is a 4-year research project just approved by the European Com-
mission (starting on the April 1, 2016) which focuses on extending the in-service
lifetime of five key materials for CSP technologies: (1) protective and anti-
soiling coatings of primary reflectors, (2) high-reflective surfaces for heliostats,
(3) high-temperature secondary reflectors, (4) receiver coatings for STs and line-
focus collectors, (5) corrosion-resistant high-temperature metals and coatings for
steam and molten salts [23]. As mentioned, one of the functional materials under
investigation is a novel high-reflectance lightweight heliostat to be developed by
BrightSource Industries Israel Ltd. In addition to exceeding the reflectance targets

Figure 2.4 Examples of concentrating technologies with silvered thin-glass reflectors at PSA:
parabolic dish collector (left) and small-sized parabolic-trough collector (right). PSA.

2 This project has received funding from the European Union’s Horizon 2020 research and innovation
program under grant agreement No 686,008, project RAISELIFE.
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of the materials roadmap (described in [2]), this new mirror presents the following
advantages:

• reduced heliostat cost by weight reduction of support materials;
• reduced transport costs due to a significant volume reduction;
• more flexible optical design due to greater bendability for curved mirrors;
• increased abrasion resistance.

2.4 High-temperature mirrors for secondary
concentrators

Secondary concentrators are employed in solar thermal concentrating technologies to
redirect solar radiation reflected by the primary concentrators to the focal point or line.
The main goal of these components is to increase the concentrated solar flux density
and hence decrease thermal radiation losses by reducing the receiver size. Also, these
components are used to increase the optical efficiency of the system by improving the
flux distribution homogeneity or reducing the amount of solar flux missing the receiver
due to scattering (spillage).

Compound parabolic concentrators (CPCs) are typically used as secondary concen-
trators, either for concentrating solar radiation on line-focusing systems (named
2D-CPC) or point-focusing systems (named 3D-CPC) [24]. Normally, 2D-CPC are
used in linear Fresnel collectors and 3D-CPC are employed in STs or “beam-
down” tower systems, which allow the placing of solar receiver/reactors on the ground
rather than on the tower, with the concentrated irradiation entering from the top
[25,26].

Typically, 2D-CPC systems are not actively cooled and, hence, they must keep their
functionality during operation under high temperatures (up to 350�C) [27]. 3D-CPC
systems are submitted to even higher temperatures, mainly due to the amount of
concentrated solar radiation that is being absorbed by the mirror, and to a lesser degree
due to convective heat exchange with its surroundings. Consequently, they are nor-
mally cooled (down to around 85�C, mainly with water), due to the high radiative
flux density achieved [27]. This solution may comprise some technical risks and cause
a plant shutdown in case of any failure of the cooling system. By contrast, the devel-
opment of a mirror for 3D-CPC systems without cooling involves a significant tech-
nical challenge.

The secondary concentrators of the REFOS [28,29] and SOLGATE research pro-
jects [30] were installed in the Central Electrosolar de Almería 1 (CESA-1) central
tower at the PSA at about 60 m height (see Fig. 2.5 left). The receiver system consisted
of three pressurized absorbers, with the corresponding secondary concentrators, named
SecNT1, SecNT2, and SecNT3 (see Fig. 2.5 right). The three absorbers and concen-
trators were connected in series so the circulating fluid temperature rose from SecNT1
to SecNT3. The secondary concentrators used in these projects were water-cooled sys-
tems, with a maximum expected temperature of about 85�C. The concentrators were
composed of several pieces of silvered thin-glass reflectors (with a reflectance of about
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90%), glued to a 20-mm-thick aluminum structure with thermally conductive adhesive
[28]. A photographic investigation was performed on the secondary concentrators for
an independent determination of its optical behavior, using a method based on the
inversion of the ray paths.

According to the results obtained, tests with high-power levels showed that the
cooling of the front edges of the aluminum plates was insufficient. At these places,
the elevated temperatures caused some glass mirrors cracks [28] (see Fig. 2.6).

Solar reflectors for secondary concentrators are permanently exposed to environ-
mental conditions, high radiation fluxes and elevated temperatures that potentially
cause stress and degradation over time. Research work to analyze the durability of

Figure 2.5 CESA-1 tower (left) and REFOS secondary concentrator unit composed of three
secondary concentrators (right) at PSA.
PSA.

Figure 2.6 Mirror cracks appeared during the testing of the REFOS secondary concentrator,
close to the edges.
PSA.
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solar reflectors for secondary concentrators by simulating these conditions was per-
formed under the SFERA-I European project, with the participation of three research
institutes, CIEMAT-PSA (Spain), DLR (Germany), and PSI (Switzerland) [27].
A complete set of accelerated aging tests for the reflector material used in secondary
concentrators (both cooled and uncooled) was specifically designed and performed
on nine different material types (one first-surface aluminum reflector, three thin
silvered-glass reflectors with different edge protections, three thin silvered-glass reflec-
tors with different edge protections glued to an aluminum back structure, one lami-
nated silvered-glass reflector, and one thick silvered-glass reflector) from five
manufacturers. The performed accelerated aging tests covered salt spray tests, constant
temperature, temperature cycling, humidity, and temperature combined with humidity
tests. The comparison with naturally aged secondary concentrators revealed that the
simulated degradation under accelerated conditions performed in this work did repro-
duce the most frequent degradation patterns suffered in real operating conditions. Ac-
cording to the results obtained, aluminum reflectors and thin silvered-glass reflectors
glued to an aluminum structure showed minimum reflectance losses and structural
degradation under the operation conditions of cooled 3D secondary concentrators.
The following critical aspects to avoid reflector degradation were identified for cooled
systems: to select a suitable adhesive material to glue the thin silvered-glass reflector to
the support aluminum structure, to properly protect reflector edges, to design a suitable
cooling system, and to avoid the combination of high radiation fluxes with mechanical
stress. In addition, laminated silvered-glass reflectors were adequate for uncooled 2D
secondary concentrators (typically for linear Fresnel collectors) [27].

As mentioned, one of the conclusions obtained in [27] was that a chemical reaction
between the reflector and the glue occurred in some cases, mainly after the humidity
and damp heat (high temperature and humidity) accelerated aging tests (see
Fig. 2.7). Therefore, an activity has been included in the ongoing DETECSOL project
(funded by the Spanish government) to select a suitable adhesive material and proced-
ure to glue the thin silvered-glass reflector to the support aluminum structure [31].

Figure 2.7 Picture of a silvered
thin-glass reflector glued to an
aluminum back sheet, after the damp
heat test, where corrosion appeared
due to a chemical reaction provoked
by the glue under the test conditions.
PSA.
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Experiments are being conducted with three different temperature-resistant adhesive
materials and also three different seals to adequately protect the edges. The goal of
this activity is to recommend a suitable combination for further secondary concentrator
designs that minimize the edge corrosion and avoid any degradation mechanisms due
to the interaction of the adhesive with the reflector.

The research center Fraunhofer ISE (Institute for Solar Energy Systems), from Ger-
many, investigated several approaches to avoid the silver corrosion in high-
temperature reflectors for secondary concentrators of linear Fresnel collectors, where
temperatures of up to 300�C can be reached, involving a crucial challenge for the
reflective coating [32].3 To investigate it, a silver layer was deposited together with
barrier and adhesion layers by sputtering to form a ML stack on glass. The best-
known form of silver degradation is “tarnishing” due to reaction with H2S from the
atmosphere. This was suppressed by suitable barrier layers on the air side. A further
degradation mechanism is pinhole corrosion, which can occur in two main forms:
few large defects or many small pinholes. An essential effect for the mechanism of
this corrosion is the tendency of silver layers to agglomerate. This agglomeration pro-
cess can be suppressed by coating the silver layer with a cover layer. However, this
protective function is affected by local imperfections, like dust particles, resulting in
large defects. As the barrier property is disturbed at such spots, oxygen can enter
and oxidize the interface between the silver and the cover layer, which reduces the
interfacial energy. Agglomeration starts and may lead to a local delamination, hence
the defect grows. This process can be retarded by increasing the interface energy by
suitable intermediate layers. Thermal stress in individual layers was determined by
measuring the curvature of thin, coated substrates at elevated temperatures. By varying
the substrate material, it was possible to estimate the elasticity module and the thermal
expansion coefficient for the very thin layers. As expected, low coefficients of expan-
sion were obtained for the dielectric barrier layers but silver is characterized by a large
coefficient of expansion, which leads to high thermal stresses on glass. Nevertheless,
Fraunhofer ISE succeeded in modifying the deposition process and reducing the
expansion coefficients of the resulting silver layer to a third of the original value. Com-
binations of these approaches resulted in reflective coatings that were stable at 250�C.
At 350�C, the solar reflectance decreased by 7% over 5 months for a modified layer
that showed pinhole corrosion. By contrast, the type with large defects degraded by
only 1.5% after modification.

Finally, as mentioned in Section 2.3, one of the research activities that are being
addressed in the European project RAISELIFE4 [23] is to develop a secondary mirror
specifically designed for CST applications, which maintains its optical and mechanical
properties for operating temperatures of up to 350�C. This activity is also being devel-
oped by the research center Fraunhofer ISE, thanks to their significant expertise on this
topic.

3 This work is supported by the German Federal Ministry for the Environment, Nature Conservation and
Reactor Safety (BMU).

4 This project has received funding from the European Union’s Horizon 2020 research and innovation
program under grant agreement No 686,008, project RAISELIFE.
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2.5 Low-cost mirrors based on stainless steel

Stainless steel is not commonly used as a reflective metal for CST mirrors because it
presents quite low reflectance. However, this material may represent an alternative so-
lution for processes whose energy demand is low and where implementation costs are
more important than efficiency. Another advantage of this material is its high market
availability.

The solar-weighted hemispherical reflectance attained by stainless steel5 was reported
to be 0.572, with a maximum hemispherical spectral value of 0.680 at 1100 nm [33].
Different reflectance spectra were reported as a function of the polishing treatment. In
particular, the reflectance of mechanically polished stainless steel containing 18% Cr
and 10% Ni was found to be 8e10% lower than with the same material polished elec-
trochemically at 80�C in a solution of 60% H3PO4, 20% H2SO4, and 20% H2O [34].

There exist proposals of solar dryers with stainless steel as the reflective material for
agro-industrial applications [35]. A low-cost parabolic-trough collector incorporating a
polished stainless steel reflector, named MEXSOL, was developed to be coupled to a
dried hybrid energy system [36] (see Fig. 2.8). It was calculated that the solar system
may produce sufficient thermal energy to cover the energy demands of processes such
as chilli pepper dehydration. In this work, the optimum polishing grade for AISI 304
stainless steel samples was analyzed by testing four types of polishing sheets to obtain
several roughness levels. Hardness, reflectance, and durability of seven samples,
composed of the best suited stainless steel reflectors, were tested and compared with
aluminum reflectors. According to the conclusions of this work, very promising results
were achieved because the average hemispherical reflectance value was 0.70 [36].

2.6 Conclusions

To conclude, Table 2.1 includes a summary of the potential benefits and challenges of
the different advanced mirror concepts described in this chapter, as well as the future
research that needs to be performed by the research institutes.

Figure 2.8 MEXSOL prototype.

5 The stainless steel type was not specified in the publication.
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Table 2.1 Summary of the advanced mirror concepts

Advanced concept Benefits Challenges Research needs

Anti-soiling coating Reduction of the
amount of soil
or dust particles
accumulated on
the reflector
surfaces and,
consequently, to
save effort and
cost of the
cleaning tasks,
and to save
water

• Minimum inter-
ference on the
initial
reflectance

• Suitable dura-
bility in outdoor
conditions

• Low cost

Assure the coating
efficiency over
the expected
lifetime using
accelerated
aging and real
operating
conditions

High-reflective mirrors Raised reflectance,
which permits a
decrease in the
solar field size
while keeping
the power
output and
investment cost,
and flexibility in
the collector
design

• Appropriate
solutions for the
back-support
structure

• Suitable dura-
bility in outdoor
conditions

• Low cost

Study of
appropriate
adhesive
materials to
attach the mirror
to the back-
support
structure and
assure the
durability of
ultra-thin glass
reflectors

High-temperature
mirrors for secondary
concentrators

Increased
concentrated
solar flux
density and
decreased
thermal
radiation losses
by reducing the
receiver size

• Acceptable sta-
bility and
reduced thermal
stress under high
radiation flux
and
temperatures

• Minimum inter-
ference with the
adhesive
material

Analysis of the
influence of the
high radiation
flux and thermal
stress on the
mirrors and
selection of
suitable
adhesive
materials

Low-cost mirrors based
on stainless steel

High market
availability,
flexibility in the
collector design
and reduced
costs

• High reflectance
• Suitable
durability

• Low cost

Study of the
efficiency of
different
approaches to
increase the
reflectance and
durability
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3.1 Introduction (motivation)1

3.1.1 Low energy cost

This chapter presents a state-of-the-art of the present challenges for cost reduction of
concentrated solar power (CSP) systems and several ways to overcome the existing
difficulties. In particular, a new look over linear Fresnel reflector (LFR) systems is pre-
sented from the point of view of optics and how new optical designs can help to
achieve higher performances and better cost-effectiveness factors.

In fact, delivering (thermal or electrical) energy at the lowest possible cost is an
ever-present concern of the solar collector designer. To achieve this goal there are
several paths to be followed: For instance, (1) increase collector efficiency, (2) increase
system efficiency, (3) reduce collector costs, (4) reduce system costs, and (5) reduce
O&M (operation and maintenance) costs.

Collector efficiency can be achieved by improving optical and thermal efficiency at
the desired operating temperature. System efficiency can be improved in many
different ways, by increasing thermodynamic conversion efficiency as in the case of
heat into electricity and by reducing heat losses and parasitic losses (for instance,
pumping power). Collector cost reduction may come through increased scale in pro-
duction, simpler manufacturing techniques, new materials, new design that results in
reduced weight, and other mechanical variables. System cost can likewise be reduced
in many different ways: in particular, through the reduction of the type and number of
components (this includes pipe length, heat transfer fluid (HTF) volume and pumps,
heat exchangers, and so on). Finally, O&M costs can also be reduced in many different
ways, in particular, through the adoption of new operating and control strategies.

Perhaps the most powerful handle in practically all of these avenues for cost reduc-
tion is the concept of concentration. There are several reasons for this.

1 This chapter is written with thermal energy and thermal energy conversion into electricity in mind; even
though the optical considerations made here could also apply to direct electricity conversion through the
use of PV cells (CPV), LFR optics does not provide solar concentration values high enough to have a
practical application in CPV, an area where the word high (HCPV) is added to really represent concen-
tration values 10 to 20 times higher and readily achievable with 3D optics (including Fresnel lenses).
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First and foremost is the fact that collector losses are directly proportional to
receiver area. Thus, the smaller it is the better. Since concentration is the ratio of aper-
ture area to receiver area, the larger the concentration, the lower the thermal losses will
be on a unit aperture area basis. This results in higher collector efficiency at higher
operating temperatures and, in turn, higher thermodynamic conversion efficiency
from heat to electricity.

However, another effect is the following: for the same receiver (the usual 70 mm
receiver evacuated tube) an increase in concentration means a larger primary aperture
which, in turn, for the same collector field power with several parallel rows of troughs,
would result in less rows, less pipes, less parasitic and thermal losses, less components,
less O&M, and so on.

3.1.2 Concentration

Concentration is deeply and inversely related to the acceptance angle 2q of the concen-
trator, and there is a limit [1] to the concentration that can be achieved for any given
half acceptance angle q which, for 2D or linear optics, is given by

Cmax ¼ Aapert=Areceiver ¼ n=sinðqÞ (3.1)

where n is the index of refraction at the receiver aperture.
Practical concentrators that achieve this limit area said to belong to the category of

nonimaging optics (NIO). Conventional focusing optics, like that of the parabolic
troughs widely used today, falls way short of this limit. For a parabola of aperture
“a” (see Fig. 3.1) and a tubular receiver of radius “r” the concentration [2] is given by

Cpar ¼ a=2pr ¼ n=sin q � sin4=p (3.2)

θ

θ θ

θ
r

a

ϕ

Figure 3.1 Parabolic trough concentrator designed for a tubular receiver and half acceptance
angle of q. The size of the receiver is exaggerated for better viewing.
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with n ¼ 1 and 4 representing the (rim) angle with the optical axis that describes the
extension of the parabolic arc.

The half acceptance angle q is usually chosen to correspond to between two and
three times the half angular width of the sun (0.27 degrees). With the choice of pa-
rameters q ¼ 2.5* (0.27 degrees) ¼ 0.675, 4 z 90 degrees, r ¼ 70 mm [3],
C ¼ 27X (see Eq. 3.2), one gets a ¼ 5.93 m. Most parabolic trough collectors on
the market for solar thermal electricity (STE) production have values corresponding
to these figures.

To increase concentration with PT (Parabolic Trough) technology requires reducing
the angle q (at the extra cost of more precise manufacturing and tracking accuracy) and
that is the way being proposed by some manufacturers. For instance the so called
Ultimate-Trough (about 8 m aperture width) solar concentrator [4].

A further possibility would be to seek ways to bring the focusing parabola closer to
the concentration limit of Eq. (3.1) through the use of second-stage concentrators and
without sacrificing the acceptance angle value, as explained in [5,6]. The result is that
of primaries with more than 11-m aperture width, but that extra size on a tracking
trough does not look practical at all.

Fortunately, there is a completely different alternative and that comes from LFR
technology, the subject of this chapter.

3.1.3 Etendue

Before going into LFR concentrators design, a further comment about the concept of
“etendue” [7] is in order.

Any optical device has an entrance and an exit aperture. Geometrical optics handles
light rays. All that enters the device may or may not exit it. An efficient device is one
that manages to have all entering rays, exiting it as well. The precise way to talk about
this, in geometrical optics, is to talk about “etendue.” The most efficient device is the
one that conserves “etendue,” that is, no light rays are lost.

Simply put, “etendue” is a geometrical quantity [7] that measures the amount of
“room” available for light to pass through. “Etendue” dU is defined (Fig. 3.2) as
follows:

dU ¼ dA � cosq � dU: (3.3)

Spatial “room”: dA * cos q (light is crossing dA in a direction q).
Angular “room” (the solid angle): dU.

In geometrical optics, energy flux is simply a constant multiplying “etendue” in
optical systems with no losses or diffusion.

3.1.4 CAP Concentration acceptance product [7]

Another concept worth recalling, before going into LFR concentrators design, is that of
CAP.
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CAP for any given concentrator is given as

CAP ¼ C � sinq (3.4)

For n ¼ 1, CAP ¼ 1 when C ¼ Cmax, given by Eq. (3.1). Otherwise it is always<1. Its
value gives a measure of how far a given optic is from the limit. CAP of parabolic
troughs (Eq. (3.2)) is typically below 0.3.

3.1.5 Summary: one recipe for low-cost energy delivery

In summary, one recipe for lower-cost energy delivery is to seek higher concentration
and “etendue” conservation. This means that light rays need to be properly handled
through the optics so that as little as possible are lost and, at the same time, to seek
NIO solutions capable of delivering much higher concentration values. That and a
high CAP value are also important, bringing into play the relevance of the acceptance
angle being as large as possible.

It should be noted that reaching the limit of Eq. (3.1) requires “etendue” conserva-
tion. However, “etendue” conservation per se does not imply that the highest concen-
tration will be reached.

3.2 Advanced linear Fresnel reflector concentrators

3.2.1 Conventional LFR

A possible way to concentrate sunlight is using a Fresnel reflector: a large number of
small mirrors (called heliostats) that mimic the behavior of a large concentrator, replac-
ing it. These heliostats move to track the apparent motion of the sun, keeping its light
concentrated onto the receiver.

Fig. 3.3 shows a classic LFR configuration for a flat receiver.

dA cos

dA 

d

θ

θ
Ω

Figure 3.2 Light rays cross section dA at an angle q as a bundle within the solid angle dU [7].
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This optical configuration results from a parabolic trough (see dashed line in
Fig. 3.3) to which the flat mirrors would be tangent and would end up being placed
on a horizontal plane.

The conventional LFR is, thus, also very far from the limits of concentration, as
established by Eq. (3.1).

It is possible to show [7] that the highest concentration achievable in the case of
Fig. 3.4 is Cmax * 0.45 when f ¼ 40.4.2

Fig. 3.4 (a) and (b) helps to understand why the limit is really far away for conven-
tional LFR: the “etendue” of the incoming radiation is not conserved on its way to the
receiver, through shading and blocking from one mirror to the next and eventual loss to
the ground from the space between the mirrors.

Given these limitations, the claim made earlier about the fact that LFRs can be a
solution to the problem of practical high-concentration devices requires further
elaboration.

Parabolic
mirror

ϕ

R

h

θ2

Figure 3.3 LFR for a flat receiver R, 2q acceptance angle, and rim angle f.
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Figure 3.4 (a) Blocking and shading [9]. (b) “Etendue” lost to the ground.

2 With LFR it is hard to have large rim angles; in the case of the parabola a rim angle approaching 90 degrees
gives the highest concentration; with LFR approaching 90 degrees places the flat mirrors at very large
distances and R would be very large for any acceptance angle value.
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3.2.2 Advanced concepts

3.2.2.1 “Etendue” conservation

In order to approach the limit in (1) the first try goes toward taking proper care of the
incoming “etendue.”

The first contribution comes from [8] with the idea that instead of just one receiver a
multiple receiver concept might be considered, as shown in Fig. 3.5. This concept was
baptized as compact LFR, or CLFR for short. Compact signifies that less spacing can
now be left between mirrors for ground loss reduction in larger primaries.

This concept adds a degree of freedom. That of sending the reflected radiation to
one or the other receiver, thereby controlling blocking.

The second concept comes from the idea of placing the mirrors on an “etendue”-
conserving curve [9,10], shown in Fig. 3.6.

The “etendue”-conserving curve uses an extra degree of freedom, that of raising/
lowering the height of each mirror with respect to its neighbors and thereby further
reducing (even eliminating) shading and blocking.

3.2.2.2 Toward maximal concentration

Some LFRs on the market [11,12] already incorporate a further step in the right direc-
tion: the use of second-stage concentration to enhance the overall concentration of the
device. Fig. 3.7 shows two examples.

The collector in Fig. 3.7(b) is designed for a primary width of 16.45-m counting the
spacing between mirrors and a total mirror width of 12 m. This figure should already
be compared with about 6-m aperture width of the conventional parabolic troughs. It
already clearly goes in the right direction of reducing the number of rows, components,
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C1 C2

φφ1 2

R1 R2
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Figure 3.6 (a) “Etendue” conserving curves in a CLFR concept [9]. (b) A practical case [9].
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Figure 3.5 Multiple receiver LFR concept, CLFR.
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and so on, referred to in the preceding paragraphs as quite important for cost reduction.
Because mirrors are relatively small and lie low, LFR solutions need to cover less
ground for the same peak power, when compared with parabolic trough fields and
they possess another simplifying and important feature: the receiver is fixed, that is,
only the primary mirrors track.

However, in both cases (a) and (b), this conventional Fresnel primary/second
stageetype combination does not yet reach the maximum concentration possible
and does not conserve “etendue.” These optics also do not attempt at solving or
reducing the gap problem; that is, there is a large distance between the receiver tube
and the outer glass tube in and the same distance between the start of the CPC-type
concentrator cusp and the atmospheric receiver (see Fig. 3.7 (b)); a number of rays
get lost because they go through the gap without reaching the receiver (see also [2]).

To come closer to the limit, there are many different possible ways to follow the
recipe presented earlier. In what follows a few of these are shown.

The receiver may be atmospheric or in an evacuated environment. For very high
temperatures (above 400�C up to 600�C), as of 2016, there are no selective coatings
for atmospheric receivers (tubular or not) with guaranteed long-term stability/dura-
bility, and therefore the following discussion concerns only evacuated tube
technology. Even so the reader is referred to [9,14] for a detailed solution.

All solutions shown in the following paragraphs are designed for the same evacu-
ated tubular receiver, a sort of standard in the market today, the 70-mm receiver [3,4]
and thus results can be intercompared at once.

Beside the already-mentioned CPC-type concentrator [1,2] there are several other
second stageetype concentrators that can be combined with a primary concentration
stage. Examples are compound elliptical concentrator (CEC) [1,2,7], tailored-edge
ray concentrator (TERC) [7,15], simultaneous multiple surface (SMS) [7,16], and
aplanatic optics [7,19].

In theory it can be shown that TERCs provide the highest possible concentration,
since they are explicitly designed for the limit in Eq. (3.1). However, they must be
severely truncated since by definition they extend from the secondary to the primary,
and the resulting full shadow would make them useless.

Figure 3.7 (a) LFR with second-stage CPC-type reflector and a 70-mm receiver evacuated tube
[11]. (b) LFR with second-stage CPC-type reflector and a non-evacuated 70-mm tube [12].
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Fig. 3.8 [17] shows a solution for evacuated tubular receivers, using a TERC-type
secondary and the primary mirrors placed on an “etendue”-conserving curve [17,18]. It
is also a CLFR solution. The “upper” part of the second-stage concentrator is the usual
involute-type mirror [1,2,7].

The overall concentration is C ¼ 50X for a half acceptance angle q ¼ 0.47 degree.
The primary has z31 m, a highly desirable feature, when talking about system

costs, as explained. Tower height is 6.5 m, mirror lengths are 0.52 m, 0.86 m, and
1.15 m, and maximum height on the “etendue”-conserving curve is 1.3 m, referenced
to the lowest point on the same curve.

Another possible solution [19] is presented in Fig. 3.9. It is an SMS single receiver
solution with a very large primary (20 m) designed for the 70 mm evacuated tube and

Involute mirror

Involute mirror
TERC mirror

TERC mirror Glass cover
Receiver

(a) (b)

Figure 3.8 The CLFR “etendue-matched” concentrator. (a) Overview of the concentrator.
(b) Details of the secondary mirror adapted to an evacuated tubular receiver.

Figure 3.9 The Fresnel XX SMS concentrator.
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to solve the gap problem (losses in gap) at the same time reducing the losses through
the fact in the other solutions some rays still need to traverse several times the outer
glass envelope. This SMS solution strives for having the largest number of rays going
only once through the glass envelope. The “etendue” is conserved through the SMS
solution development condition, of simultaneous primary and secondary optimization.
C achieved is 73.71X and q ¼ 0.44 degree for a CAP of 0.57 [13].

However, it should be noted that the SMS solution of Fig. 3.9 has a second-stage
concentrator with a size that is typically larger than other types, as, for instance
CECs [6]. A larger second stage means larger shadow over the primary for off-axis
incidence angles. The last configuration [20], shown next, proposes a second stage
of the CEC type and some of the other features of the preceding solution.

V-groove

L

L1

h

Involute

Receiver
CEC

CECGlass cover

(a)

(b)

Figure 3.10 (a) Cross section of the asymmetric dual macrofocal CEC LFR concentrator. (b)
Details of the second stage showing asymmetric CEC, the involute part, and the V-groove
addition, for zero gap losses.
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It is a multiple (2) receiver solution, as the TERC solution of Fig. 3.8, but the two
receivers are placed on a single tower. The idea is to join two asymmetric solutions, as
shown in Fig. 3.10(a) and (b).

The second stage is composed of two macrofocal CECs [7], asymmetric, and con-
taining a V-groove section that is designed to eliminate the possibility of rays
escaping through the gap between receiver and outer glass tube. The total primary
width is now 26 m. The configuration shown was designed for a slightly lower con-
centration (45X) but with a much higher full acceptance angle 2q ¼ 2 * 0.75 degrees
to relax tolerances for tracking accuracy, manufacture, and installation. Yet its
CAP ¼ 0.58, a very high value indicating an optical behavior approaching the limits,
as commented earlier. Compared to the CAP of the parabolic trough and for the same
acceptance angle, one can see that this configuration achieves about double the
concentration.

The performance of some of these advanced concepts are presented in Chapter 15 -
“Linear Fresnel reflector (LFR) plants using superheated steam, molten salts, and other
heat transfer fluids”.

3.3 Conclusion

What these advanced concepts accomplish is to provide much higher concentration
values (more than the double of what parabolic troughs provide). This means less ther-
mal losses at higher temperatures, themselves associated with larger efficiency conver-
sion from heat to electricity and a number of other advantages like substantially larger
apertures, thus a substantial reduction of rows in a collector field, less HTF, less com-
ponents, less parasitic losses and thermal system losses, and less O&M.

The advanced LFR solutions shown correspond to very large primaries, larger than
20 m. The last one (Fig. 3.10) with 26 m, implies, when compared with 6 m aperture
PTs in collector field, to a potential reduction of the number or rows by a factor larger
than 4. This is a substantial reduction of the number of pipes, valves, bents, HTF fluid
volume, thermal and parasitic pumping power losses, and so on, also with benefits on
O&M tasks and costs.

On top of this, one should add the inherent advantages of LFR systems, more
compact (tighter ground cover) and with fixed receivers, a substantial simplification,
since it eliminates the need for flexible hosings or swivel-type joints, present in all
PT fields. Other ones are the lowest cost associated with flat mirrors, simple tracking
mechanisms, better response to high winds.

However, LFRs have, in comparison with parabolic troughs, an extra penalty from
effects arising from cosine of incidence angle. The question is: can the advantages of
the advanced LFR concepts, compensate for this? The answer is yes, and is given in
Chapter 15.

As a final remark, LFRs have a great potential for cost reduction but some inherent
problems to solve as well. These problems are mainly related, as mentioned earlier, the
optical losses due to the cosine effect. In this sense, future developments will be strongly
connected with more advanced designs and configurations, seeking maximum concen-
tration, and maximum efficiency in order to compensate the aforementioned losses.
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4.1 Introduction

Solar receiver tubes are among the most important components in a solar thermal elec-
tricity (STE) plant, and they are subject to considerable technical and scientific devel-
opments with continuous improvements to increase optical and thermal properties and
durability.

Main components of a heat collecting element or solar receiver are shown in
Fig. 4.1, and they are:

• metallic pipe;
• glass pipe;
• selective absorber;
• antireflective coating (ARC);
• getters;
• glassemetal welding;
• bellows.

Borosilicate glass cover with AR
coating

Evacuation nozzle
Glass-metal seal

“Getters” and vacuum
check spot

Selective absorber
α = 95%, ε400 < 15%

Bellow

Metallic pipe

Figure 4.1 Receiver tube main parts.
Courtesy of Flagsol.
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The glass cover is connected to the steel pipe using metallic expansion bellows to
compensate different linear thermal expansion of glass and steel, when solar receiver is
working at nominal temperature. The glass to metal welding is used to connect the
glass cover and the flexible bellows, and it is shielded from concentrated solar radia-
tion to avoid the thermal and mechanical stress that could affect welding performance
and durability. The heat thermal fluid (HTF) is pumped into the metallic pipe to collect
thermal energy absorbed by the selective absorber and vacuum is established in the
annulus to reduce thermal losses.

Parabolic trough technology needs to increase performance to achieve a solar field
system with improved efficiency and lower operation and maintenance (O&M) costs.
The performance of the STE plant is mainly related to the optical and thermal proper-
ties of the collector system and to the maximum operation temperature. The commonly
used oil-based HTFs, however, are restricted to operation temperatures of 400�C, and
therefore limit the overall plant efficiency. The key innovation to overcome this lim-
itation is the use of high-temperature HTF, such as molten salts or direct steam gener-
ation (DSG), which enables operation temperatures up to 550�C. On the other hand,
project execution and solar field construction costs can be significantly reduced,
with a potential reduction of levelized cost of electricity (LCOE), at higher operational
temperatures in a molten salt power plant with thermal storage unit, of above 20%
compared with a nonstorage standard HTF plant and 15% to an oil-based HTF plant
with thermal storage [12].

Main two challenges in parabolic trough receivers are cost-reducing measures
(including manufacturing, installation, and maintenance) and durability.

Cost reduction can be afforded in several ways: using cheaper materials without
affecting performance and durability; increasing tube length from actual 4 to 6 m or
even longer sizes and with new simpler and innovative designs such as re-evacuable
tubes or dynamic vacuum systems. Longer pipes present a higher useful surface,
less costly welding between pipes, larger collectors that require fewer servomotors
and controls, and so on.

Main degradation problem observed in receiver tubes, operating in commercial so-
lar power plants, is vacuum loss in the inner annulus produced by hydrogen diffusion
from oil-based HTF through metal pipe wall. Getters have been extensively used to try
to reduce hydrogen partial pressure in vacuum annulus, but the 25 years expected
durability is not achieved. Moving from oil-based HTF systems to molten salts or
DSG will reduce vacuum degradation problems and will help to reduce receiver
tube cost.

4.2 Glass cover

Glass cover is used in heat collector elements (HCEs) to reduce convective thermal
losses and to preserve selective absorber from outdoor exposition. It is a glass pipe,
concentric to metallic absorber pipe, and it needs to have high solar transmittance
and a low thermal expansion coefficient to provide good thermal shock resistance,
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close to the thermal expansion coefficient of metallic absorber pipe at operating tem-
perature, in order to reduce mismatch between both linear expansion coefficients.

Vacuum is stablished in annulus between glass and metallic pipes to reduce thermal
losses by conductioneconvection and to avoid thermal oxidation of the selective
absorber deposited on metallic pipe. This annulus is sealed with a glassemetal weld-
ing, and a metallic bellow is used to compensate the mismatch expansion coefficient
between glass and metal pipes.

4.2.1 Glass composition

The glass material used as glass cover in HCE has to be borosilicate glass. This glass is
characterized by the presence of substantial amounts of silica (SiO2) and boric oxide
(B2O3 > 8%) as glass network formers. In glasses used in industrial applications,
B2O3 content is 12e13% and the SiO2 content is over 80% that provides high chemical
durability and low thermal expansion (3.3 � 10e6/K). In order to increase expansion
coefficient to a value closer to stainless steel, alkaline earths and alumina are added. In
addition to about 75% SiO2 and 8e12% B2O3, these glasses contain up to 5% alkaline
earths and alumina [18]. To this subtype of slightly softer glasses (as compared with
nonalkaline-earth borosilicate glass), which have thermal expansions between
4.0 � 10e6/K and 5.0 � 10e6/K, belong the chemically high-resistant varieties used
in receiver tubes. High-borate borosilicate glasses containing 15e25% B2O3,
65e70% SiO2, and smaller amounts of alkalis and Al2O3 as additional components,
have low softening points and low thermal expansion.

Borosilicate glasses have a solar transmittance from 0.91 to 0.93, good thermal
shock resistance, and good outdoor durability. Most common borosilicate glasses
used in solar receivers are:

• Borosilicate 5.1 (linear expansion coefficient of 5.1 � 10e6/K) that presents alkaline earths
and alumina in its composition. It has a solar transmittance of about 0.92 and good chemical
and mechanical properties to be employed in this application.

• Normal borosilicate 3.3 (linear expansion coefficient of 3.3 � 10e6/K) without alkaline
earths and alumina in its composition. It has a solar transmittance of about 0.92, good chem-
ical properties, and the lowest thermal expansion coefficient that provides the highest thermal
shock resistance. Its linear thermal expansion coefficient is lower, so it has better thermal
shock resistance than borosilicate 5.1 glass, but elongation mismatch between glass and
metallic pipes are higher.

4.2.2 AR coating

The glass jackets of receiver tubes are coated by a film on both sides (inner and outer)
to reduce the reflection losses in the glass, thereby increasing the optical efficiency of
the receiver tube. This film, known as ARC has to satisfy two requeriments (related to
coating thickness, and refractive index value) to obtain the destructive interference
of light which is reflected at the glassecoating interface and at the coatingeair inter-
face. These values come from solving Fresnel’s law equations for normal incidence
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and for a determined wavelength. The wavelength value selected is usually around
600 nm for solar applications, as this wavelength value is centered in the maximum
irradiance zone of solar spectrum. In this way, the optimal ARC must have a thickness
of about 150 nm and a refractive index value of 1.22.

The material most widely used as ARC on glass is silicon dioxide (SiO2), and the
low refractive index value is achieved by introducing porosity in the coating. This
porous nature, necessary to increase the glass transmittance, is the weak spot of this
material in terms of durability. These pores easily absorb water and other volatile
organic components, increasing the refractive index of the coating and lowering the
transmittance. This process, mostly reversible, is known as “breathing of the coating”
[26]. Another consequence of the porous structure is the weak mechanical perfor-
mance coming from the weak binding force between the silica particles and substrate,
as well as between the particles [19].

The technology most widely used for preparing the ARC on glass receiver tubes is
solegel dip-coating method. It allows to coat both sides of the tubes at the same time,
and it is a low-cost technology and is easy to scale up. The porous silica coatings can
be produced by two routes: from colloidal solutions (obtained by basic catalysis of
metal alkoxides or commercial SiO2 colloidal dispersion), which is the route used
by Schott [36], or from polymeric solutions (obtained by acid catalysis of metal alk-
oxides) where the porous structure is achieved by adding a compound to the solution
which is removed during a heat treatment, leaving pores in its place [23]. This is the
route used by Archimede Solar. The first one produces coatings with excellent optical
properties but with poor mechanical properties, and improvement methods have been
developed to get better coating adhesion on the glass and better mechanical properties
[16, 36]. The second route produces coatings with better mechanical properties,
although these coatings can undergo the same process of water adsorption in the pores
or quick soiling due to the porous structure.

At the end, the big challenge in the ARC is to solve the contradiction of the porous
structure between low refractive index and high stability, and future trends and devel-
opments go toward this goal.

The modification of the porosity type in the silica coating can increase the durability
of the ARC. For example, DSM has developed a porous silica ARC coating for photo-
voltaic (PV) glass covers, with close surface porosity and strong binding with the glass
that increase the coating durability [7]. Other important development work is referred
to develop multifunctional coatings that work not only as ARC but also as easy-to-
clean or self-cleaning coating. In this way, they will increase the receiver efficiency
and moreover they will minimize the costs associated to clean receivers in solar plants.
The soiling of glass tube receivers in solar plants decreases significantly the optical ef-
ficiency. Moreover, the porous nature of the ARC makes it more liable to soiling than
bare glass or mirrors. There are two strategies for obtaining these easy-to-clean or self-
cleaning surfaces: applying a treatment or coating that makes the surface hydrophobic
and applying a photocatalytic coating that produces hydrophilic surface [20]. The
mechanisms that take place in both strategies are different but both give place to sur-
face that avoid the soiling of the coatings by any cause. The key points of these multi-
functional coatings are the stability of them and, overall, to producing anti-soiling
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behavior without decreasing the transmittance. Future researches have to focus on
these restrictions.

4.3 Steel tube

HTF is pumped into the receiver metallic pipes along collector lines to be heated by
solar concentrated radiation. Hence, metallic pipe needs to fulfill several requirements:

• Good thermal conductivity to transfer heat collected by the selective absorber deposited on
its outer surface.

• Good mechanical properties to withstand high temperature and operation pressures.
• Good corrosion resistance regarding HTF employed in the system.

4.3.1 Steel composition and durability

Metals with high thermal conductivity, such as copper or aluminum, cannot be used for
this application because of their poor mechanical properties at high temperatures and
pressures required for this solar application, hence steel is commonly used.

Carbon and low-alloyed stainless steels have better thermal conductivity than high-
alloyed austenitic stainless steel, and they are cheaper but these steels have lower
corrosion resistance than austenitic stainless steel.

Carbon steel ASTM 335 grade P22 has been used in DISS facility in PSA, with
DSG with water as HTF, and corrosion problems were observed due to erosion and
cavitation produced by biphasic flow. Now, in this technology, producers are using
AISI 316 austenitic stainless steel to guarantee mechanical robustness against high
operating pressures and radial temperature gradients produced by biphasic flow.
Receiver thickness increases dependently on the maximum operative pressure
(100 bar), and it leads to a thicker tube (>4.5 mm) that directly reflects into an effec-
tive cost increase of the technology [5].

When synthetic oil and organics such as biphenyl/diphenyl oxide systems are used
as HTF, austenitic AISI 321L stainless steel is the usual option due to its lower
hydrogen permeation in comparison with other austenitic stainless steel. Hydrogen
diffusion is the major drawback of this technology because of HTF thermal degrada-
tion, and high hydrogen partial pressures are achieved in vacuum annulus [21]. Typical
wall thickness employed is 2 mm.

Molten salt receiver tubes commonly use a mixture of NaNO3 (60 wt%)eKNO3

(40 wt%) salts (solar salt) or a mixture of NaNO3 (7 wt%)eKNO3 (53 wt%)eNaNO2

(40 wt%) salts (HITEC). There are several reports in the literature on corrosion issues
of these molten salts with metallic alloys, and it was found that the nickel alloys with
15e20% chromium content performed the best corrosion resistance, whereas iron al-
loys with low or almost zero nickel content showed poor corrosion resistance at high
temperatures [10, 15, 38]. Hence, AISI 321 stainless steel is commonly used in molten-
salt receiver tubes.
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Other HTF materials, such as superheated steam [14] or cooled gasses [24, 25], are
now being studied in order to increase thermal efficiencies of solar power plant, and
they open the possibility to reduce requirements and cost of the metallic tube used
in receiver tubes.

4.3.2 Selective absorber

Selective absorber is the main responsible of optical and thermal efficiency of a
receiver tube. It absorbs concentrated solar radiation that reaches the metallic pipe,
and the collected energy is transferred to the HTF. Receiver tube thermal losses by
conduction and convection are reduced with vacuum environment within metal and
glass pipes and radiative losses are minimized by the low thermal emittance of the se-
lective absorber.

Selective absorbers have to withstand temperatures between 30 and 50�C over
nominal temperature depending on wall pipe thickness and pipe material. Absorber
collects solar radiation and has to transfer heat to the HTF, hence increasing wall thick-
ness and decreasing steel heat transfer coefficient lead to a higher absorber temperature
[32].

Also the intensity distribution on the absorber surface has an impact on the stresses
on the absorber system, because due to the concentrator system, usually one side of the
absorber tube receives an overwhelming fraction of the total irradiation on the tube.
For parabolic trough the outside part of the pipe receives just nonconcentrated radia-
tion (900 W/m2), whereas the side facing the reflector in the average receives about
35e40 kW/m2.

Main degradation processes in selective absorbers can be summarized as follows:

• Thermal stress: Temperature differences within the high-temperature receivers, and even for
homogeneous temperature fields, the nonmatching thermal expansion coefficients of adja-
cent layers, may lead to thermally induced stresses on the individual layers. This in turn
may induce flaking or chipping off of layers. Cracks are developed and barrier layers are
destroyed locally. The problem could be solved by introducing special adhesion layers
between problematic materials.

• Oxidation: If vacuum is lost in the receiver tube, a strong degradation is produced due to
oxidation in high-temperature absorbers. Metallic layers of the infrared (IR) mirror and/or
the metallic particles in the cermet layer are subject to oxidation. It has to be considered
that antireflective and barrier layers that protect absorber and IR reflector are quite thin
layers, and they do not protect effectively the absorber system against degradation.

• Diffusion: Diffusion processes may take place between substrate and absorber systems or
within the individual absorber layers. Hence, it is required to use thin and dense barrier layers
between substrate and IR reflector and, usually, between IR reflector and absorbing layer.
Barrier layers of Al2O3 and SiO2 have been successfully used to reduce diffusion.

Commercial selective absorbers have been improved dramatically since the first
black chrome absorber used in SEGS LS-2 solar collectors [8]. First developed sput-
tered cermet, MoeAl2O3 coating, demonstrated good thermal performance in evacu-
ated HCE configurations, but showed limited durability when exposed to air at
parabolic trough operating temperatures. When vacuum is reduced and absorber is
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exposed to air at temperatures above 300�C, the MoeAl2O3 cermet degrades and coats
the glass tube with an opaque white precipitate similar to a fluorescent light [13]. This
strong absorber degradation impacts strongly solar field performance. Air leakage at
the glass to metal seal appears to be the primary cause of failure, resulting in a loss
of vacuum and oxygen exposure of the cermet coating. Historically, HCE failure rates
were about 3e4%/year [29]. Molybdenum was removed from cermet composition to
avoid this problem.

As of 2016, sputtered cermets from various suppliers present better optical proper-
ties than original Mo/Al2O3, but thermal stability in air is still not available. Only
Archimede Solar Energy sputtered cermet shows a relatively good stability in air at
high temperature up to 450�C and good optical properties, with solar absorptance
(a) > 0.95 and ε400�C < 0.10 [30].

Huiyin Group, in China, has developed a sputtered selective absorber cermet with
good optical performance, and it has been successfully used in Fresnel systems without
thermal degradation.

In order to avoid absorber thermal degradation in air at high temperature, it is neces-
sary to carefully select both the IR reflector and absorber material. Commonly used IR
reflectors, such as copper, silver, or molybdenum are not stable in air and, if vacuum
were affected, IR reflector oxidizes and optical properties are degraded. b-Tungsten is
the most promising metal to be used as IR reflector. It has a high thermal stability in air
at high temperature, and it can be deposited by sputtering [2, 35].

Absorber cermets present a similar problem as IR reflectors. Metal particles are not
stable in air, and they are oxidized at high temperature if air enters vacuum annulus. A
quite promising absorber has been used for flat collectors and medium temperature ap-
plications produced by solegel deposition technology that uses a CuMnO4 spinel
mixed oxide [3]. This absorber is stable in air at temperatures higher than 1000�C,
and it is almost transparent to IR radiation. This absorber has been optimized with a
dense and a porous antireflective layers, and thermal emittance as low as 0.05 at
400�C can be obtained with a solar absorptance as high as 0.95 [22], using an
aluminum IR reflector. Combining this spinel absorber with an IR reflector stable at
high temperature, such as platinum or b-tungsten, it is possible to prepare a selective
absorber stable in air at temperatures of 550�C.

4.4 Vacuum maintenance

Receiver tubes have vacuum in the annulus between metallic and glass pipes, usually
lower than 10�3 mbar, to reduce conductiveeconvective thermal losses and to pre-
serve selective absorber from air oxidation. Annulus space is sealed using a glasse
metal welding that attaches borosilicate glass cover with a metallic ring that is finally
welded to a bellow installed to compensate dilatation mismatch between glass and
steel pipes.

Vacuum maintenance is one of the most critical issues in solar receivers’ design,
construction, and maintenance cost. Vacuum degradation leads to a dramatic increase
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in thermal losses due to conductioneconvection; it can produce selective absorber
degradation and it implies that tube needs to be replaced. Replacing pipes represents
a high cost because it is necessary to disconnect its collector line in the solar field until
a new receiver is procured and the pipe is replaced.

Most usual problems in vacuum maintenance, observed in plant operation, have
been glassemetal welding failure and hydrogen diffusion from HTF to vacuum
annulus, minimized with getter materials, hydrogen-permeable membranes, using a
low partial pressure of an inert gas in vacuum gap or receiver pipes that can be evac-
uated in plant operation when getters are exhausted and hydrogen content is too high.

Assuming that there are no vacuum leakages in receiver tubes, vacuum mainte-
nance can be affected by hydrogen diffusion from oil-based HTF through metal
pipe wall to vacuum annulus, due to thermal oil degradation at high temperature.

There are three ways to reduce or avoid hydrogen diffusion problem:

• replacing oil-based systems by molten salts or DSG in future solar power plants;
• using hydrogen diffusion barriers on steel pipe to block hydrogen diffusiondas of 2005 such

barriers tested had not produced desired effects [17];
• removing or reducing hydrogen content from HTF using filters with any material that ad-

sorbs hydrogen or the simplest and probably also the most cost-effective approach that con-
sists of venting the fluid system on a regular basis so that the gas does not migrate through the
steel receiver wall [21].

Once hydrogen has entered in the vacuum annulus, heat losses are typically
increased by a factor of six compared with the vacuum original situation. Hence, it
is critical to avoid this scenario reducing hydrogen partial pressure in oil-based HTF
or reducing or removing hydrogen in vacuum annulus.

4.4.1 Glass to metal seal

One of the problems related to constructing glass to metal seals lies in the fact that
metals generally have a linear thermal expansion coefficient considerably greater
than typical borosilicate glasses, and this leads to the establishment, in the constructed
joint, of mechanical stresses that can easily lead, during thermal heating to which the
joint is subjected both in the step of manufacturing and using the collector, to breaking
the joint.

In order to solve the problem of mechanical stresses in the seal, there are several
approaches:

Glass to metal joints are made with metals or alloys having a value of coefficient of
linear thermal expansion very close to that of the glass used in the temperature range
comprised between ambient temperature and the glass annealing one. Kovar has a
linear thermal expansion coefficient value of 5.5 � 10e6/K from 20 to 200�C and
4.9 � 10e6/K at 400�C, and it is quite close to that of alkaline earths borosilicate
glasses (Schott 8414). Kovar has extensively been employed to make glass to metal
seals in Schott’s HCE [9].

Kovar has now been replaced by cheaper metal alloys such as SS AISI 430 in
Archimede’s HCE [1, 31], which has an intermediate value between 3.3 borosilicate
glass and AISI 321 SS.
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Housekeeper method in which AISI 321 stainless steel is welded directly to boro-
silicate 3.3 glass tube, is the simplest and cheaper solution and, although it had prob-
lems in the past, it has successfully employed in Huiyin’s receiver tubes [37].

In first solar power plants, main operation failure was vacuum loss due to glasse
metal welding breakage. This degradation problem has been considerably reduced,
but still some glassemetal welding breakage has been reported in commercial power
plants.

Another factor observed in HCE initial generations, which produced receiver tubes
failure, is concentrated solar radiation that reaches directly the bellow, especially dur-
ing low-sun-angle operating conditions [28], and glassemetal welding that induces
thermal stresses in the welding producing glassemetal welding failures. Hence, effi-
cient internal and external shields need to be employed to completely cover bellows
and glassemetal welding from concentrated solar radiation.

4.4.2 Getters

Since the construction of the first solar trough systems, it has been a common practice
among manufacturers of receiver tubes to incorporate so-called “hydrogen getters” in-
side the vacuum space of each HCE. These materials absorb any traces of hydrogen
gas that might be formed over time as a result of thermal degradation of the HTF.
The getter consists of a material that adsorbs hydrogen to form a hydride and thereby,
removes hydrogen from the annular volume. The limitation of this method is the finite
capacity of the getter for hydrogen. Once the getter saturates, it cannot adsorb addi-
tional hydrogen allowing the concentration of hydrogen in the annulus to increase.

Observations, however, indicate that the long-term exposure of the organic HTF to
400�C temperatures can lead to hydrogen pressures that exceed the gas-absorbing ca-
pacity of the hydrogen getters, thereby causing the significant heat losses that are
currently observed in several solar trough plants. Solar receiver producers [33] claims
for an effective partial pressure of dissolved hydrogen lower than 30 Pa and thermal
oils, after several hundreds of hours under operation in real conditions, have values
really higher. Getters are quite expensive materials, so the solution would not be to in-
crease the amount of them.

4.4.3 Hydrogen-permeable membranes

Another method to remove hydrogen from the annulus is to locate a hydrogen-
permeable membrane as a barrier between the annular volume and ambient air. The
membrane is most commonly a thin layer of palladium that is selectively permeable
to hydrogen. At elevated temperatures, hydrogen permeates through the membrane
from the annulus to ambient air where it reacts with oxygen to form water. This method
works in principle, but practical implementation results in failure of the palladium
membrane due to corrosion of the membrane or hydrogen embrittlement when oper-
ating at the design temperature, so it is not used in new generation receiver tubes.
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4.4.4 Low partial pressure inert gases

Hydrogen is a quite dangerous gas in vacuum because it has significant thermal con-
ductivity due to its low molecular weight and correspondingly high molecular velocity.
Hence, presence of low partial pressures of hydrogen gas in the annulus significantly
decreases the thermal performance of the HCE.

Moderating the movements of hydrogen with a heavy mass noble gas (e.g., xenon)
the heat loss can be reduced to a level 30e40% above the vacuum (p < 10e3 mbar).

This strategy, to introduce a low partial pressure of a noble gas inside vacuum
annulus, has not been employed yet in commercial pipes because thermal losses are
higher than conventional evacuated pipes. In 2010s, new [33] PTR70 Premium
Receivers incorporate a noble gas capsule that is activated with a laser, breaking it,
reducing significantly thermal losses in the receiver [34] when a significant partial
pressure of hydrogen gas is detected.

4.4.5 Re-evacuable pipes

Probably, the most obvious solution to solve vacuum maintenance problem is to
design solar receivers that can be evacuated during operation on demand. These
receivers can be continuously evacuated in plant operation in a dynamic system or
re-evacuated when hydrogen partial pressure is high enough.

A new absorber tube has been developed by ARIES INGENIERIA company, under
HITECO project from the EU 7th Framework Programme. It presents a continuous
open chamber in which the dynamic vacuum is held and internal steel tube and
external glass tube are totally independent [4]. Vacuum level and gas composition in-
side the chamber can be maintained continuously with minimal thermal losses. ARIES
claims that vacuum does not have to be continuously created; on the contrary, the oper-
ation would have a very large periodicity with little energy consumptiondmonthsd
achieving minimal maintenance by the use of conventional pumping systems [11].
Fig. 4.2 shows the diagram of HITECO receiver.

Huiyin Group has developed a serviceable HCE [37] that provides capability to
evacuate vacuum tubes during operation in a solar plant and regenerate getters located
in a “getter box.” The design is shown in Fig. 4.3. It presents a reusable nozzle to con-
nect a vacuum pump to the vacuum tube under operation in a power plant when
hydrogen pressure increases. During exhausting procedure, it is possible to regenerate
getters, which are located in an external getter box, with an induction heater. It is
known that getters release adsorbed gases at high temperature.

4.5 Bellows

The bellow is the airtight connection of the absorber and the glass envelope. Depend-
ing on the specific receiver design, the bellow might also have to support the weight of
the glass envelope. At room temperature, a typical absorber tube has a length of
4060 mm. At operating temperature of 400�C the absorber tube of the receiver
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expands about 28 mm at 400�C [27], while the glass envelope expands only 5 or 8 mm
if borosilicate 3.3 or 5.1 are used. As the receiver temperature is significantly reduced
during the night, the bellow experiences expansion and compression every day that the
plant is under operation. Considering a solar receiver life time of 25e30 years, the
receiver will suffer about 10,000 expansionecompression cycles from 400 to 100�C.

Main degradation problems observed in metallic bellows is due to the process
known as intergranular stress corrosion cracking (ISSC). This corrosion process is pro-
duced when three conditions are present [6]:

• a susceptible material;
• an aggressive medium;
• stresses on the material produced during welding procedure or plant operation.
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Figure 4.2 Diagram showing new HITECO’s receiver tube.
The research leading to these results is founded from the European Union 7th Framework
Programme (FP7/2007-2013) under grant agreements n� 256830 (HITECO).

Figure 4.3 Re-evacuation system in Huiyin’s receiver tube.
Courtesy of Huiyin.
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Typical susceptible materials are some austenitic stainless steel, such as “H” grades
(C > 0.04%) of 304 and 316 stainless steels, in which chromium carbide precipitation
occurs, at temperatures between 530 and 590�C, producing chromium depletion at
grain boundaries.

Bellows are not in contact with HTF and one bellow part is inside vacuum chamber,
so it is protected against any aggressive medium. The other bellow surface is exposed
to air and it is necessary to avoid the formation of an aggressive environment. Both
solar receiver tube ends are usually covered with an insulating material to reduce ther-
mal losses and it is critical to select a suitable insulating material without chlorides
traces and very low humidity content to preserve receiver from aggressive mediums
than could lead to ISCC.

Residual stresses can be introduced by cold deformation and forming, welding, heat
treatment, machining, and grinding.

In ISCC, usually, most of the surface remains unaffected but with fine cracks pene-
trating into the material. In the microstructure, these cracks can have an intergranular
morphology. ISCC is classified as a catastrophic form of corrosion, as the detection of
such fine cracks can be very difficult, and it can produce vacuum loss and bellow
degradation with complete receiver damage.

Recommended materials for bellows are stainless steels stabilized with titanium
(Grade 321) or niobium (Grade 347) that are less susceptible to suffer ISCC.

Bellow design has been optimized to obtain maximum active length at operating
temperature and now HCE producers present values close to 97% at 400�C.

4.6 Conclusion

HCEs are key elements in the development and performance of parabolic trough col-
lectors. They are the responsible to collect solar energy and to transfer heat collected to
the HTF. Main challenges to be met in the future are to increase durability and to
reduce cost and maintenance. Regarding durability, vacuum maintenance is the major
challenge because thermal losses and selective absorber stability are directly depen-
dent on vacuum level. Vacuum degradation mainly occurs by glass to metal seal fail-
ures due to mismatch between glass and metal linear expansion coefficients, that can
be solved with an adequate selection of metal and glass composition, or hydrogen pro-
duced by synthetic oil thermal degradation that diffuses through stainless steel wall
and reaches vacuum annulus. Hydrogen diffusion problem cannot be avoided only
with getters or selective-permeable membranes and in this way, dynamic vacuum sys-
tems or re-evacuable pipes seem to be the best options for oil systems. The necessity to
increase operation temperature to improve efficiency implies replacing synthetic oil
with other HTFs with higher thermal stability and thermal conductivity, such as molten
salt, and thus, hydrogen diffusion problem can be avoided.

Selective absorber thermal stability, both in vacuum and air, has to be increased to
raise operation temperature in solar thermal plants to improve efficiency and minimize
damage if vacuum is lost. IR reflectors with higher thermal stability in air, such as
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tungsten, and more thermally stable spinel and cermet absorbing layer materials are
now being used, with promising results.

ARCs have to improve mechanical properties to withstand erosion and abrasion
phenomena produced by sand particles in air and cleaning procedure in normal plant
maintenance. Multifunctional coatings that work as ARC and are easy-to-clean or self-
cleaning, are now being developed and soiling of the coatings is strongly reduced.

Finally, bellow design has been optimized to obtain maximum active length at oper-
ating temperature, with values close to 97% at 400�C and efficient internal and
external shields need to be employed to completely cover bellows and glassemetal
welding from concentrated solar radiation.
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Innovative working fluids for
parabolic trough collectors 5
E. Zarza Moya
CIEMAT, Plataforma Solar de Almería, Tabernas (Almería), Spain

5.1 Introduction

Sixty-three solar thermal electric (STE) plants with parabolic trough collectors (PTCs)
were fully operational during mid-2015. Sixty-one of these sixty-three plants were us-
ing thermal oil as working fluid in the solar field, thus proving the commercial maturity
of using thermal oil as working fluid in STE plants with PTCs. The use of thermal oil in
the solar field is usually known as “heat transfer fluid (HTF) technology” because the
thermal oil transfers the thermal energy delivered by the solar field to the thermal en-
ergy storage (TES) and to the steam generating system producing the steam for the
plant power conversion system (PCS).

Thermal oil has been used as working fluid in PTCs since the 1970s, when first
small demonstration projects with PTC were developed in USA and Europe. It was
also used in the experimental distributed collector system (DCS) of the International
Energy Agency (IEA) Small Solar Power Systems (SSPS) project implemented in
Almería (Spain) early in the 1980s, composed of single-axis (ACUREX-3001) and
two-axis (Heliomann-3/32) PTC solar fields. Thermal oil was then also used in nine
SEGS (solar electricity generating systems) installed by the company LUZ Industries
in California (USA) during the period 1985e1991. Subsequently, during the
2007e13, it was used in 45 STE plants implemented in Spain, and in the SOLANA
and MOHAVE solar plants installed later in USA.

Thermal oils available in 2010s have better properties than those available during
1970s and 1980s. The maximum working temperature of the one used in the 1980s
for the IEA SSPS project (i.e., Therminol-55 oil) was 300�C, and the first SEGS plant
used another one, ESSO-500 oil, with a maximum working temperature of 310�C.
Modern STE plants use thermal oils with a maximum working temperature of
398�C (Dowtherm A and Therminol VP-1 oils). This higher working temperature
has allowed higher superheated steam temperature for the PCS and therefore higher
plant efficiencies.

The lifetime of currently available thermal oils exceeds 30 years, if a suitable treat-
ment system (the so-called oil ullage system) is installed in the plant and the maximum
operating temperature is kept below the limit defined by the manufacturer. Another
advantage of thermal oils is the existence of a complete set of thermal oils with
different properties and costs. The selection of the best option for a specific project de-
pends on the required working conditions. There are cheap and low vapor pressure oils
for working temperatures lower than 350�C, while more expensive oils with higher
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vapor pressure are available for temperatures up to 420�C (e.g., Syltherm 800). The
step from 398�C to 420�C in the maximum working temperature imposes a significant
increase in the price. This is the reason why modern STE plants are using thermal oils
with a working temperature limit of 398�C.

The main reasons why thermal oils have been used in solar fields with PTC since
the 1970s are their affordable price, low vapor pressure, good thermal stability, and
long lifetime if the working conditions recommended by the manufacturers are ful-
filled. However, it has been clear from the very beginning that thermal oils are not
the perfect working fluid for PTC, because they also have some important constraints.
The three main constraints associated with them are:

• environmental contamination in case of leaks, because thermal oils are pollutant and the
ground affected by a leak has to be decontaminated, which is expensive and increases the
plant operation and maintenance (O&M) costs;

• fire hazards when there is a leak of hot oil because the fire point is usually below the solar
field working temperaturesdfires of different levels have been reported in many STE plants
due to leaks of hot oil;

• limited working temperaturedthermal oils currently available at affordable prices have a
maximum working temperature of 398�C, which limits the temperature of the superheated
steam delivered to the PCS to about 385e390�C; this limitation jeopardizes the overall plant
efficiency.

Although thermal oils are neither user friendly nor environment friendly, globally
they are currently the best available and fully proven option at commercial scale for
large solar fields with PTC working at temperatures above 300�C. Other alternatives,
like pressurized liquid water, can be a better solution for lower temperatures (<250�C)
because the associated vapor pressure is affordable.

Taking into consideration the limitations and drawbacks of thermal oils when they
are used as working fluid in PTC, several alternative working fluids have been inves-
tigated and important advancements have been achieved during the 1990s and 2000s,
so that thermal oils could be replaced by other fluids in future STE plants with PTC.
Three different working fluids have been investigated so far:

• liquid-water/steam (the so-called direct steam generation, DSG, technology);
• pressurized gases, like CO2, N2 or air;
• molten salts, composed of ternary or binary salt mixtures (potassium and sodium nitrates

mainly).

These three alternative working fluids have advantages and disadvantages when
they are compared to thermal oils traditionally used in PTC. Table 5.1 shows a sum-
mary of main advantages and disadvantages, and it clearly depicts that none of these
fluids is a perfect candidate, because they all have several drawbacks when they are
compared to thermal oils. All the advantages and disadvantages listed in Table 5.1
are discussed and analyzed in detail in the relevant sections of this chapter devoted
to each working fluid.

The global efficiency of an STE plant mainly depends on the efficiency of both the
PCS and the solar field. Concerning the working fluid there are two main parameters
influencing the plant efficiency: the pressure drop in the solar field circuit and the heat
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transfer coefficient in the receiver tubes. The pressure drop has a direct impact on the
plant electricity consumption because the pumping power demanded by the solar field
is the main fraction of the overall electricity consumption of the plant. Concerning the
heat transfer coefficient, a high value of this coefficient is essential for the integrity of
the receiver tubes because a too low coefficient can contribute to the bending and even
breakage of the tubes due to a high temperature difference between the irradiated and
the nonirradiated parts of the tubes. Taking into account the importance of the pressure
drop in the solar field circuit and the heat transfer coefficient in the receiver tubes, these
two parameters are analyzed in this chapter in the relevant section devoted to each of
the three alternative working fluids considered.

5.2 Direct steam generation

In the DSG process liquid water is pumped to the solar field inlet to be preheated, evap-
orated, and converted into saturated or superheated steam (depending on the solar field
design) as it circulates through the receiver tubes. Hence, collector rows in a DSG solar
field are composed of three consecutive sections: water preheating section, water evap-
orating section, and steam superheating section. DSG was the first option considered to
replace thermal oils. In fact, the first large commercial solar plant built in the 20th cen-
tury used DSG. At the beginning of the 20th century the American engineer Frank

Table 5.1 Alternative working fluids versus thermal oils

Fluid Advantages Disadvantages

Direct steam generation
(DSG)

• Simpler plant
configuration

• Higher steam
temperature

• No fire hazard
• No pollutant

• Lack of a cost-effective thermal
storage system

• Complexity of solar field control
• Higher pressure in solar field piping

Pressurized gases • Higher steam
temperature

• Cheaper thermal
storage

• No fire hazard
• No pollutant

• Lower heat transfer coefficient
• Complexity of solar field control
• Higher pressure in solar field piping
• Higher pumping power

Molten salts • Higher steam
temperature

• Cheaper thermal
storage

• No fire hazard
• No pollutant

• Freezing hazard
• Complex solar field design
• Higher electricity self-consumption
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Shuman designed the solar plant that was inaugurated at Meady (Egypt) in 1912 with
PTC evaporating water and producing saturated steam at 0.1 MPa [16]. The operation
of this first DSG plant had already brought out the technical constraints associated with
this technology. The next references found in the literature about the DSG process
were published early during the 1970s and 1980s [25,27,35], with theoretical results
obtained at the University of Tel-Aviv (Israel) and SERI (Solar Energy Research
Institute, USA) about possible flow instabilities and control-related problems in
DSG solar fields.

Later on, in 1988 the company LUZ International (the promoter of the SEGS plants
in California, USA) came to the conclusion, after the implementation of the first SEGS
plants, that in future, thermal oil had to be replaced by another working fluid in STE
plants to improve the plant efficiency and to reduce costs, and they considered DSG the
best option. Therefore, they launched an ambitious research and development (R&D)
program, the so-called Advanced Trough System (ATS) project to fully evaluate this
option and develop a new generation of STE plants based on DSG. However, this pro-
gram was stopped by the bankruptcy of LUZ in 1991.

After the demise of LUZ, several experimental facilities and R&D projects were
promoted in Europe to continue with the study and evaluation of the feasibility of
the DSG process. The HIPRESS facility implemented by the German ZSW [22],
the test facility installed by Belgo Instruments International (BII) in Sde Boker (Israel)
[38], the GUDE project [13,14], the ARDISS project [1], the PRODISS project [12],
the DISS project [39], the DISTOR project [2], and the DUKE project [11] are the best
examples of R&D activities performed during the period 1990e2015 on DSG.

It must be pointed out here the great contribution of the European DISS project to
the development of the DSG technology. The test facility implemented at the Plata-
forma Solar de Almería (PSA) within the DISS-phase I project [17] was the first
life-size DSG test facility available in the world to study the DSG process under
real solar conditions. The experimental results gathered in this facility during the
test campaign performed within the DISS project clarified many of the open technical
questions related to the feasibility of the DSG process. The advantages and disadvan-
tages of the DGS process versus thermal oils summarized in Table 5.1 are further
explained in Section 5.2.1.

5.2.1 Advantages and disadvantages of the DSG process versus
thermal oil

Fig. 5.1 shows the simplified diagram of an STE plant with PTC and thermal oil as
working fluid. The plant is composed of four main subsystems: solar field, TES, steam
generator, and PCS. When DSG is used in the solar field, the steam generator is no
longer needed because the steam for the PCS is directly provided by the solar field.
The way how DSG simplifies the overall plant configuration becomes evident if the
steam generator is removed from Fig. 5.1. The removal of the steam generator has a
twofold benefit: the simplification of the plant configuration and a lower investment
cost because the steam generating system is quite expensive.

78 Advances in Concentrating Solar Thermal Research and Technology



Another important benefit of DSG is the possibility to increase the temperature of
the steam provided to the PCS, thus increasing the overall plant efficiency because of
better thermodynamic parameters of the Rankine cycle. Due to the thermal stability
limitation of thermal oils (w400�C), the maximum steam temperature that can be
achieved is about 385�C, whereas DSG has no thermal limitation and steam at temper-
atures even higher than 500�C can be produced in the solar field.

The nonpollutant nature of water is another benefit of DSG, because water leaks
have neither fire nor contamination hazards, while oil leaks are very dangerous for peo-
ple and for the environment. Fires in commercial STE plants due to oil leaks in the
solar field have been reported by the plant owners and even videos can be found in
Internet (e.g., https://youtu.be/aGyvicfgZm0). Such a problem will never occur if ther-
mal oil is replaced by DSG.

Concerning disadvantages of DSG versus thermal oil, the lack of a suitable and
cost-effective TES is a significant barrier for the commercial deployment of DSG
STE plants. Dispatchability is the main benefit of STE plant when they are compared
with wind farms or photovoltaic (PV) plants. Since dispatchability is provided by the
TES systems, the lack of a competitive TES for DSG is a significant constraint of this
alternative working fluid. Solar plants using thermal oil can be provided with TES sys-
tems based on molten salts (see Fig. 5.1), so that the thermal energy is stored as sen-
sible heat (i.e., temperature increase) of a binary mixture of molten salts, the so-called
solar salt (i.e., 40% of potassium nitrate and 60% of sodium nitrate). This type of TES
system had been implemented in 21 STE plants with PTC at the end of 2015. With a
specific investment cost of about 35e40 V/kWh of capacity, TES systems using
molten salts are cost-effective and they provide the STE plants with an excellent de-
gree of dispatchability. However, this type of TES system is not suitable for solar
plants with DSG, because the steam provided by the solar field will condense as it tres-
passes its thermal energy to a storage media, and condensation is a thermodynamic
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generator
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Figure 5.1 Simplified scheme of an STE plant with thermal oil as working fluid.
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process taking place at constant temperature (phase-change process), and therefore the
released heat cannot be stored as sensible heat, but as latent heat in a storage media
changing its phase (from solid to liquid during the condensation of the steam, TES
charging process). During the TES discharging process the storage media will release
heat at constant temperature during its phase change from liquid to solid. This is the
reason why DGS systems require TES systems based on phase-change materials
(PCM). Although several small prototypes of TES systems based on PCM have
been successfully tested [2,7,8,20], costs are still too high and a suitable design for
large TES systems (i.e., �1 GWh) is not available yet.

Another constraint of DSG is the complexity of the solar field control, because un-
even two-phase flow (i.e., liquid water þ steam) conditions in parallel rows of PTC are
likely to happen during solar radiation transients [36,37] due to the very different den-
sity of the fluid in the three consecutive sections composing each collector row (i.e.,
liquid water at the preheating section, saturated liquid water þ steam in the evapo-
rating section and steam at the superheating section). Since the density of the steam
is much lower than that of the liquid water, the fluid speed inside the superheating
steam receiver tubes is much higher than the speed at the preheating and evaporating
sections, thus provoking a much higher pressure drop per unit length at the superheat-
ing section. Therefore, for instance, for a working pressure of 10 MPa the pressure
drop per meter of receiver tube in the superheating section is about 10 times higher
than the pressure drop per meter in the preheating section (see Section 5.2.2). This
fact makes the superheating section to govern the overall pressure drop in the collector,
so that any change in the length of the steam superheating section has a significant in-
fluence in the overall pressure drop in the complete collector row. During a solar radi-
ation transient due to clouds (see Fig. 5.2(b)), if a control valve is not available at the
inlet of each row, the length of the steam superheating sections of those rows affected
by the shadow of the clouds are reduced because the lower solar radiation impinging
on the collector row requires longer preheating and evaporating sections to convert the
same amount of liquid water into saturated steam, and the length available for steam
superheating is shorter (see Fig. 5.2), thus significantly reducing the overall pressure
drop in the complete row and enhancing the increase of the feed water flow through
the rows affected by the cloud if there is not a control valve at the inlet of each row
to introduce an additional pressure loss and keep stable the pressure at the row outlet.
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Figure 5.2 Simplified scheme of a DSG collector row under a solar radiation transient, (a)
before the transient, (b) during the transient.
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Therefore, control devices must be installed at each row to avoid flow instabilities. This
problem does not happen in solar fields using thermal oil because it remains liquid all
over the solar field and its density is very similar at both solar field inlet and outlet, so
that cloud transients only affect the oil temperature at the row outlet, without disturbing
the feed flow.

Although DSG imposes higher pressures in the solar field circuit (due to the higher
vapor pressure of the water versus thermal oil), this is not really a great problem,
because it can be overcome by the implementation of thicker steel pipes and mechan-
ically more resistant fittings. Since this solution increases the investment cost just little,
it is not really a great problem for the commercial use of DSG instead of thermal oil.

Another experimental result obtained at the PSA DISS test facility is that working
pressures above 100 bar are not recommended for large DSG solar fields because water
leaks at flanges and nonwelded connections will often be likely to occur due to the
daily thermal cycles at the solar field (warming up in the morning and cooling
down overnight).

5.2.2 Thermo-hydraulic aspects

Pressure drop in the solar field and heat transfer coefficients in the receiver tubes with
DSG are analyzed in this section and operational limits are defined according to afford-
able pressure drop and thermal stress in the receivers.

When the design of a DSG solar field is optimized from a thermodynamic stand
point, the number of PTC connected in series within each row is higher than in solar
fields using thermal oil. For instance, the number of PTC to be connected in series
within each row is usually four in STE plants using thermal oil if standard PTC
composed of 12 parabolic trough modules with a parabola width of 5.7 m and a length
of 11.9 m are used, while the optimum number of collectors in each row would be be-
tween six and eight if DSG is used. This fact must be taken into consideration when
comparing the overall pressure drop with thermal oil and with DSG. However, the
greater length of the collector rows is by far compensated by the lower fluid flow circu-
lating through each row, because typical oil flow per row in commercial STE plants is
of about 4e5 kg/s, while in a DSG collector row would be lower than 2 kg/s. This is
the reason why the pumping power required for solar fields with thermal oil is signif-
icantly higher (even more than 20%, depending on the design) than for DSG solar
fields.

Each row of a DSG solar field is composed of three consecutive sections: liquid wa-
ter preheating, evaporating, and steam superheating. The third section does not exist in
those DSG solar fields designed to produce saturated steam. The performance of these
three sections concerning pressure drop and the heat transfer coefficients in the
receiver tubes is very different. The specific pressure drop (i.e., Pa/m) increases
from the preheating section to the steam superheating section, because the density
of the fluid circulating inside the receiver tubes decreases and the velocity increases.
Thus, for instance, the density of the saturated steam is about 10 times lower than
the density of the liquid water for a working pressure of 10 MPa, and the correspond-
ing fluid velocity changes in the same proportion. Since the specific pressure drop for a
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single-phase fluid (i.e., liquid or gas) in a cylindrical pipe is given by the following
equation the pressure drop per unit length obtained when the fluid is steam is about
10 times higher than that obtained for liquid water because the pressure drop is propor-
tional to the square of the velocity. This is the reason why the steam superheating sec-
tion in a DSG solar field is the section governing the overall pressure drop in the solar
field.

Dp ¼ f

2
$r$v2$ð1=dÞ (5.1)

where Dp, specific pressure drop, Pa/m; f, Moody’s friction factor, dimensionless; r,
fluid density, kg/m3; v, fluid velocity, m/s; d, pipe inner diameter, m.

Fig. 5.3 shows the scheme of one row of an optimized DSG solar field to convert
liquid water at 150�C/10.7 MPa into superheated steam at 450�C/10 MPa. The row is
composed of eight northesouth oriented PTCs connected in series, each of them
composed by 12 parabolic trough modules with a parabola width of 5.7 m and a length
of 11.9 m. The direct normal solar irradiance considered for the simulation was 950 W/
m2, with an incidence angle of 15 degrees. The receiver tube diameters considered are
Øext/Øint ¼ 70/59 mm.

Fig. 5.3 shows that the pressure drop along the three consecutive sections of the row
(i.e., water preheating, water evaporating, and steam superheating) is 0.03, 0.37, and
0.3 MPa respectively, in spite of the length of each section (350, 600, and 250 m,
respectively). It is evident that the average specific pressure drop in the steam super-
heating section is 1200 Pa/m, while the specific pressure drop in the preheating and
evaporating sections are 86 Pa/m and 617 Pa/m, respectively. It must be remarked
here that an overall pressure drop lower than 1 MPa in the PTC rows is a good value
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Figure 5.3 Simplified scheme of an optimized DSG PTC row to produce superheating steam at
450�C/10 MPa.

82 Advances in Concentrating Solar Thermal Research and Technology



for DSG because the associated pumping power is affordable and lower than that of a
solar field with the same nominal thermal power and using thermal oil.

One of the open technical questions concerning DSG that were clarified by the
R&D activities performed during the 1990s was the pressure drop associated with
the two-phase flow (i.e., liquid water and saturated steam) existing in the solar field
evaporating section, which has a great contribution to the overall pressure drop in
the solar field because the typical length of the evaporating section at each row is usu-
ally about 50% of the total row length including the three consecutive sections (i.e.,
liquid water preheating, evaporating, and steam superheating). It has been experimen-
tally proven that the correlations proposed by Friedel [10] and Chisholm [6] provide
accurate values of the pressure drop in straight pipes and elbows of the evaporating
section, respectively. Although long evaporating sections are needed in DSG solar
fields because of the high evaporation latent heat of the water, the total pressure
drop in the steam superheating section, which has a quite shorter length, is similar
because the fluid velocity is higher.

Due to the high pressure drop associated with the piping of the steam circuit,
because of the high speed of the steam (the diameter of the pipes would be too big
otherwise), it is necessary to reduce to a minimum the length of the steam header con-
necting the solar field outlet with the PCS inlet. This is the main reason why the effect
of scaling up the size of a DSG solar field is not always favorable, and DSG solar fields
for STE plants with a unit power higher than 50 MWe does not seem to be a good op-
tion. In fact, two 50-MWe DSG plants are more cost-effective than a single 100-MWe
plant [9].

One of the conclusions obtained concerning working pressure for DSG solar fields
is that working pressures lower than 5 MPa are not recommended for solar fields
composed of large collectors (e.g., EuroTrough, and TCP-150 collectors) because
the pressure loss jeopardizes the plant efficiency due to high pumping losses;
7.5 MPa seems to be a good compromise between low working pressures with high
pumping losses and high working pressures suffering from often water leaks in the
flanges and nonwelded connections of the piping due to thermal cycling. However,
working pressures lower than 5 MPa are feasible for smaller collectors used in indus-
trial process heat applications. Even 3 MPa is a feasible working pressure for small
PTC with DSG. Hence, the recommended maximum working pressure depends on
the receiver tubes diameter and row length.

The heat transfer coefficient in the inner side of the receiver tubes in a DSG solar
field is another major technical issue, because the receiver tubes could be damaged if
they are not refrigerated properly by the fluid circulating inside. Experimental studies
developed at the Plataforma Solar de Almería during the project DISS [40] showed that
the heat transfer coefficients in the water preheating section are high enough to guar-
antee a good refrigeration of the receiver tubes. There are different two-phase flow pat-
terns possible in the evaporating section, and Fig. 5.4 shows in a very simplified way
the two-phase flow pattern map for a cylindrical horizontal pipe. As shown in this
figure, four main flow patterns are possible depending on the superficial liquid and
steam velocities, Vl and Vg, respectively, and the convection heat transfer coefficient
inside the pipe strongly depends on the flow pattern. The superficial steam and liquid
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velocities depend on the total water mass flow, qm, the steam quality, x, the liquid and
steam densities, rl and rg, and the inner transversal cross-sectional area of the pipe,
Atube. The intermittent, disperse, and annular flow patterns provide a good heat transfer
coefficient because the inner wall of the receiver tubes are wetted by liquid water. The
stratified flow pattern is more dangerous because the liquid water remains at the bottom
of the pipe while the saturated steam is above the liquid water, and there is no turbu-
lence between liquid water and steam inside the receiver tube.

Due to the liquid water stratification, the heat transfer coefficient at the bottom of
the steel receiver tubes is much higher than at the upper part of the tube and a great
temperature difference there could be between the lower and upper parts of the receiver
tube. This temperature difference is less dangerous when the solar collectors are look-
ing upward (this happens around solar noon when the collector rotation axis is oriented
northesouth, Fig. 5.5(b)) because the concentrated solar flux heats the lower part of
the receiver tube, which is refrigerated by the liquid water. Under extreme working
conditions (low water flow and low level of the stratified liquid water inside the
pipe, hliquid) the temperature difference between the lower and upper part of the
receiver tube can be high enough to bend the steel tube and thus breaking the glass
cover. This problem even happens in solar fields with thermal oil when the oil flow
is too low and the convection heat transfer coefficient is not high enough to provide
a good cooling of the receiver tube. In the case of water stratification, the probability
to have this problem in the solar collectors is much higher, and therefore stratification
must be avoided by keeping a feed flow high enough.

At the steam superheating section there is a single-phase flow: steam, and the con-
vection heat transfer coefficient is the same all around the inner wall of the receiver
tubes. However, the steam flow must be high enough to provide the receiver tubes
with a proper cooling when the incident solar flux is high (around solar noon) and
more heat has to be extracted from the receiver tube by the steam circulating inside.
Since the feed flow is somehow a function of the solar radiation level (i.e., the higher
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Figure 5.4 Simplified two-phase flow pattern map for a cylindrical horizontal pipe.
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the solar flux onto the receiver tubes is, the higher the feed water flow required to keep
the steam temperature constant at the outlet of the solar field) a proper design of the
DSG solar field to assure a suitable feed flow when solar radiation is high is enough
to guarantee the required convection heat transfer coefficient at the steam superheating
section and also avoid stratification in the evaporating section. It has been proven that
convection heat transfer coefficients equal or higher than 800 W/m2$K are good
enough to avoid the bending of the steel receiver tube.

What has been explained concerning pressure drop and heat transfer coefficients in
collector rows with DSG clearly shows that the main challenge in the design process of
a DSG solar field is to achieve a good equilibrium between pressure drop and heat
transfer coefficients. This equilibrium depends on the feed water flow selected for
the design conditions, because it has to be high enough to avoid stratification and
low heat transfer coefficients inside the receiver tubes, while keeping the overall pres-
sure drop at a reasonable limit. Experimental results obtained at the PSA have shown
that this equilibrium can be achieved with feed water flows within a wide range and the
designer only has to be conscious of the necessity of this equilibrium.

5.2.3 State of the art of direct steam generation in parabolic
trough collectors

The technical feasibility of the DSG process has been proven experimentally, and the
knowledge required to design commercial solar fields using this technology exists
nowadays. The DISS test facility of the PSA has been operated for more than
9000 h with encouraging results at three pressure levels (3, 6, and 10 MPa) and a
maximum superheated steam temperature of 400�C [40]. This facility was upgraded
in 2013-4 within the framework of the project DUKE to produce superheated

Receiver tube

hliquid

hliquid

Parabolic trough
concentrator

(a)

(b)

Figure 5.5 Effect of water stratification inside the receiver with DSG when collector rotation
axis is oriented North-South, (a) at Sunrise and Sunset times, (b) at solar noon.
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steam at 10 MPa/500�C. Abengoa Solar has also successfully operated their exper-
imental DSG parabolic trough facility at Sanlucar La Mayor (Sevilla). However,
due to confidentiality issues no detailed experimental results have been published
by Abengoa Solar.

It has been experimentally proved that the best configuration for collector rows with
DSG is that shown in Fig. 5.6, with the end of the evaporating section separated from
the beginning of the superheating section by a liquid-water/steam separator. With this
configuration, the feed water flow at the inlet is higher than the steam flow required at
the outlet, thus assuring an excess of liquid water at the end of the evaporating section.
This excess of liquid water is recirculated to the inlet of the collector row and mixed
with the feed water coming from the solar field feed pump. The control requirements
for the system shown in Fig. 5.6 are very small because the system adapts itself very
well to solar radiation transients. Thus, for instance, the amount of liquid water at the
end of the evaporating section decreases and the steam flow entering the superheating
section increases if solar radiation increases, thus compensating the higher solar flux
impinging the receiver tubes in the steam superheating section. The small amount of
water injected at the inlet of the last collector in the steam superheating section allows
for a very accurate and fast steam temperature control.

The first commercial DSG plant was installed in Thailand and put into operation in
2010 [19]. It is the plant Thai Solar One (TSE-1), with a nominal power of 5 MWe.
The DSG solar field of this plant produces superheated steam at 340�C/3.4 MPa.

Production of saturated steam is easier than superheated steam, because the solar
field can be operated with a feed water flow at solar field inlet higher than the saturated
steam flow to be delivered by the solar field, and the excess of liquid water is then sepa-
rated from the saturated steam at the solar field outlet, so that solar radiation variations
will only modify the amount of saturated steam and liquid water at the solar field
outlet, and the steam pressure and temperature will therefore change only a little.
With an excess of liquid water into the preheating and evaporating sections the control
system required for saturated steam production is simpler than for superheated steam.

Ball joints for DSG systems up to 10 MPa/500�C have been successfully tested at
PSA and technology for compact water/steam separators is also available. However,
TES with phase-change materials have been developed and tested for small capacities
only (�5 MWh).

The use of DSG PTCs to feed industrial heat processes (IHP) is nowadays a very
interesting application for this technology because this type of commercial applica-
tions usually requires saturated steam at low or medium working pressures, and the
state-of-the-art of the DSG technology is already suitable to undertake these
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Figure 5.6 The best configuration for a DSG collector row.
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applications. Since the solar field size required for IHP applications is usually much
smaller than for STE plants, the pressure drop in long steam headers does not exist
in these small- or medium-size applications, while the production of saturated steam
simplifies the solar field control, and the capacity of the thermal storage systems
required is usually small, thus making feasible the use of the PCM technology already
tested successfully for capacities of about 5 MWh.

The DSG technology, including TES with PCM, is therefore already available for
small IHP applications demanding saturated steam. For large DGS solar fields produc-
ing superheated steam, further R&D activities are needed in order to optimize the solar
field control. The feasibility of replacing control valves by orifice plates to avoid flow
instabilities during solar radiation transients must be investigated, together with the
development of commercial compact liquid-water/steam separators for different
mass flows in order to decouple the pre-heating and evaporating sections from the
steam superheating section.

Another interesting R&D topic related to DSG is the investigation of control sys-
tems and operation strategies for superheated steam production without water/steam
separators inserted in the solar field (the so-called once-through solar field
configuration).

R&D activities are also needed to develop TES systems with PCM suitable for large
storage capacities (�1 GWh). Availability of this type of TES is essential for the com-
mercial deployment of large STE plants using the DSG technology.

5.3 Molten salts

As depicted in Table 5.1, the replacement of thermal oil by molten salts has several
benefits. The first one is the possibility to work at higher temperature in the solar field
(550e560�C) thus overcoming the thermal limit imposed by current thermal oils. This
higher temperature at the solar field not only increases the efficiency of the PCS ther-
modynamic cycle, but it also enhances the integration of the TES into the plant because
the heat exchangers (HXs) acting as interface between the TES and the solar field are
no longer needed. Additionally, the investment cost of the TES is significantly cut
down because the inventory of storage media is reduced by 64% due to the higher tem-
perature difference between the cold and hot tanks (from 290�C to 550�C) instead of
90�C (from 290�C to 380�C) with thermal oil. Fig. 5.7 shows the simplified scheme of
an STE plant using molten salt in the solar field. A direct comparison with the plant
scheme for STE plants using thermal oil (see Fig. 5.1) clearly shows the simplification
of the interface between the solar field and the TES.

Molten salts have high density, high heat capacity, high thermal stability, and very
low vapor pressure even at elevated temperatures, what are important features for a
heat transfer fluid. However, working temperatures higher than 400�C with current
molten salts require the use of stainless steel in piping, vessels, and elements, because
of corrosion issues when carbon steel is used for sodium and potassium nitrates at this
temperature [15].
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Another benefit of molten salts is the avoidance of the fire and contamination haz-
ards due to leaks of thermal oil in piping and vessels, because molten salts currently
used (binary mixture of potassium nitrate and sodium nitrate) have been traditionally
used by farmers as fertilizer. Furthermore, when molten salt is poured onto the ground
it freezes immediately and remains as a thick solid film that can be easily recovered and
reused, thus avoiding the high decontamination costs associated with oil leakages on
ground.

Parasitic pumping losses are lower with molten salt because the volumetric flow
and the pressure drop are lower than with thermal oil. This is another benefit of using
molten salts in the solar field.

Nevertheless, the use of molten salts in STE plants with PTCs also has some prob-
lems. The most outstanding problem is the significant freezing hazard due to the high
melting point of the current salts. The salt used in commercial STE plants is not an
eutectic mixture of potassium and sodium nitrate, and therefore the freezing and
melting processes take place in the temperature range from 220�C (melting) to
240�C (freezing). This high freezing temperature introduces a significant hazard of
salt plug formation in the pipes when the plant is not operating and the ambient tem-
perature is low. It has to be taken into consideration that in a 50 MWe STE plant with
1 GWh thermal storage there are more than 80 km of receiver tubes and interconnec-
tion piping in the solar field. The existence of a fluid with a freezing point higher than
225�C in such a complex and large circuit is rather risky.

Salt crystallization inside the pipes, valves, or any other element installed in the salt
circuit (e.g., flow meters and pressure sensors) can lead to a very dramatic situation
concerning not only the availability of the salt system, but also concerning its integrity.
Once a salt plug is formed, the first problem is the difficulty to find its location. This
search for the location of the plug can take a lot of time, and it could even be an
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Figure 5.7 Simplified scheme of an STE plant with molten salt as working fluid.
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impossible task when the circuit layout is very complex (e.g., a high number of valves,
pipe fittings, and accessories). If the search is successful, the second problem to face is
the melting of the salt plug without damaging the element at that place. Salt-specific
volume increases by 4e6% during the melting process, and this volume increase
will produce an extremely high overpressure if melting does not start at either of the
ends of the plug. If melting starts inside the salt plug, the overpressure caused by
the volume increase is likely to burst the pipe or valve casing. The design and imple-
mentation of an efficient heating system is the only way to prevent salt from freezing
and to avoid these problems.

Two different electricity-based concepts are used in solar plants for heating pipe-
lines and components in salts systems: impedance heating and mineral insulated
heat tracing. Impedance heating directly heats the pipeline by flowing electrical cur-
rent through the pipeline wall (Joule effect) by direct connection to a low voltage,
high current source from a dual-winding power transformer. This concept heats uni-
formly the pipe and it is best suited for long straight runs of pipe without compo-
nents, and it is critical that piping and instruments installed in an impedance system
are not grounded. Even though high currents are flowing through the pipes, there is
no safety hazard for personnel because the voltage is low. Impedance heating is the
option used nowadays for the receiver pipes of PTCs using molten salt as working
fluid, because the glass cover surrounding the inner steel pipe makes the use of heat
tracing unfeasible.

Mineral-insulated electrical heat tracing (EHT) is nowadays the most common
option in molten salt applications to maintain the temperature of pipelines (not
the receiver tubes) and components above the salt freezing point, typically at
290�C.This option requires a more careful design and installation than an imped-
ance system, but it represents no risk for the instrumentation or personnel. The elec-
trical consumption of impedance systems in the steady state at 290�C is higher than
in heat tracing systems, mainly due to higher electrical losses in the feed cables and
power transformer [26].

Other options to avoid salt freezing inside the piping and vessels are under study
(skin effect, microwaves, magnetic fields, and so on) but the most developed and
installed options are the EHT or impedance systems. The existence of these systems
increases the electricity self-consumption of the plant to an extent that in cold winter
months with cloudy days the net electricity production of the STE plant could be negli-
gible because most of the electricity produced by the plant would be consumed by the
anti-freezing system.

The need for an anti-freezing system in all the solar field piping, instruments, and
receiver tubes makes the solar field design more complex and expensive. Fig. 5.8
shows an example of heat tracing system (a) and impedance system (b).

The freezing point of the eutectic mixture of potassium and sodium nitrates (221�C)
is a bit lower than the mixture used nowadays with the name of solar salt (240�C), but
the cost would be higher because the percentage of potassium nitrate in the eutectic
mixture (46%) is higher than in the solar salt (40%), and potassium nitrate is more
expensive than sodium nitrate. The reason why the composition of the so-called “solar
salt” is different from the eutectic mixture is only the cost.
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Another drawback of solar salt is its incompatibility with graphite components
used in the sealing and packing of valves and instruments, because it dissolves graphite
and it ages in contact with oxygen.

At present there are several salts available for PTCs, with different melting points
and maximum working temperature. Table 5.2 shows the components, melting point,
and maximum working temperature of the three more common salts commercially
available for solar applications [28].

Thermal insulation
Receiver tube

Power cable

Electrical connection to one
end of the receiver tube

Heat-tracing wire

Metallic clamp

Valve provided with heat-tracing
system in a molten-salt circuit

Connection of an impedance system
to the receiver tubes of a PTC
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Figure 5.8 Detail of a valve with electrical heat-tracing system (a) and receiver tube with
impedance system (b) to avoid salt freezing.

Table 5.2 Main salts currently available for STE plants

Salt Components Melting point (8C)
Maximum working
temperature (8C)

Hitec XL Sodium nitrate
Potassium nitrate
Calcium nitrate

140 500

Hitec Sodium nitrate
Potassium nitrate
Sodium nitrite

142 538

Solar salt Sodium nitrate
Potassium nitrate

240 593
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One of the first detailed studies of a molten salt heat transfer fluid in a parabolic
trough solar field was published in 2003 [18]. A techno-economic assessment of the
potential electricity cost reduction that could be achieved with the replacement of ther-
mal oil by two different molten salts (i.e., the so-called solar salt and Hitec XL) in
PTCs was carried out in that study for a 50 MWe (net power) STE plant provided
with a 6-h two-tank TES system. The same salt was assumed for both the solar field
and the TES. The main conclusion of that study was that in the most favorable case
an LEC (levelized electricity cost) reduction of US $10/MWh could be achieved
with a solar field outlet temperature of 450�C, and US $15/MWh for a temperature
of 500�C.

5.3.1 Thermo-hydraulic aspects

Thermo-hydraulic aspects are not expected to be a problem if molten salts are used as
working fluid in PTCs. The density of molten salts is more than two times higher than
the density of thermal oils. Hence, for instance, the densities of solar salt and VP-1
thermal oil at 350�C are 1868 and 761 kg/m3, respectively. This high density reduces
the pressure loss in the solar field and the corresponding pumping loses, while keeping
a good heat transfer coefficient inside the receiver tubes. In fact, one of the benefits of
using molten salt is the low pressure loss in the solar field, which significantly reduces
the electricity consumption for pumping, thus increasing the overall plant
efficiency [18].

The temperature rise in a solar field with molten salt would be of about 200�C
(assuming an output temperature of 500�C), while with thermal oil it is 100�C
only. The typical temperature rise in a single collector with molten salt would there-
fore be two times higher than with oil. In commercial STE plants the solar field is
composed of parallel rows with four 150-m collectors or six 100-m collectors con-
nected in series in each row. If six 100-m collectors connected in series is assumed,
the typical temperature rise in a single collector with oil is 17�C, while it would be
34�C with solar salt. Table 5.3 shows the pressure drop, the pumping power
required, the heat transfer coefficient and the net thermal gain in a Eurotrough-100
collector working with solar salt and with VP-1 oil under the same solar conditions
(DNI ¼ 900 W/m2 with an incidence angle of 20 degrees) and ambient temperature
(20�C). It is shown in the table that the mass flow and pressure loss is lower with
molten salt, and both effects combineddlow mass flow and low pressure lossdlead
to relatively low pumping power, which is seven times lower than with oil. The ther-
mal gain with molten salt is a bit lower due to higher thermal loss in the collector.
However, the higher thermal loss is more than compensated by the much higher ef-
ficiency of the PCS.

Data given in Table 5.3 clearly depict that no thermo-hydraulic problem is asso-
ciated with the use of molten salt. The low pressure loss and pumping power in the
solar field if molten salt is used makes feasible the use of collector rows with more
PTCs connected in series. A total row length of 800 m with a mass flow per row of
about 8 kg/s is fully feasible concerning pressure loss and pumping power.
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Table 5.3 Mass flow, temperatures, pressures, and pumping power using solar salt and thermal oil VP-1 in
an ET-100 parabolic trough collector, with receiver tubes of fext [ 70 mm and wall thickness of 2.5 mm,
and direct normal irradiance of 900 W/m2 with an incidence angle of 20 degrees

Mass flow and inlet
temperature

Outlet
temperature
(8C)

Density
(kg/m3)

Pressure
loss (Pa)

Pumping
power (kW)

Convection heat transfer
coefficient at inleteoutlet
(W/m2$K)

Thermal
gain (kW)

Solar salt
6.0 kg/s
Tin ¼ 300�C

334 1890 3.01 � 104 0.096 2770e3060 302

VP-1
7.5 kg/s
Tin ¼ 300�C

317 804 7.69 � 104 0.717 5110e5276 303
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5.3.2 State of the art of molten salt as heat transfer fluid in
parabolic trough collectors

At the end of 2015 there were 22 commercial STE plants using molten salt in the ther-
mal storage system, and only one plant was using molten salt as working fluid in the
solar field. This plant is the 5 MWe Archimede solar plant, owned by ENEL and built
at Priolo Gargallo near Syracuse in Sicily, Italy. The solar field of this plant has inlete
outlet temperatures of 290�C/550�C, and it is composed of nine parallel loops with six
100-m and 590 m2 PTCs in each loop. Although this plant was inaugurated in July
2010, no public information has been issued with O&M data (e.g., gross/net electricity
production, solar field performance and investment, and O&M costs). The actual per-
formance of this plant is unknown, and this lack of information could be somehow
discouraging because when a first-of-its-kind plant is successfully built and operated,
information is rapidly disseminated in congresses and specialized magazines.

Also in Italy and since July 2013, a demo plant with PTCs using solar salt is in
operation at Massa Martana (Italy), close to the receiver tubes manufacturing plant
of the company Archimede Solar Energy (ASE). This plant has no PCS, and it is pro-
vided with a steam generating system to evacuate the thermal energy delivered by the
solar field, which is composed of a single loop with six 100-m and 590 m2 PTCs con-
nected in series. The information published by ASE at the end of 2015 did not cover a
complete year and it did not include information about the internal electricity con-
sumption, which would be very useful to evaluate the commercial feasibility of
PTCs with molten salts.

Since the high melting point is the main disadvantage associated with molten salts
when used in solar fields with PTCs, a great effort has been devoted during the past
years to develop new salts with low melting point and good thermal stability. As a
result of this R&D effort investigating new salt mixtures the development of a new
salt fulfilling these objectives has been announced from time to time. However, the
economic benefit of using salt with lower freezing point is not fully clear, because a
techno-economic comparison between two 50 MWe STE plants with 7.5-h TES using
two different salt mixtures as working fluid in the solar field: (1) a binary mixture of
potassium and sodium nitrates with a freezing point of 238�C (the so-called solar salt)
and (2) a ternary mixture of potassium, lithium, and sodium nitrates with a freezing
point of 120�C showed that [32]:

• thermo-physical properties of both salts are very similar, the only significant difference is
their freezing point;

• the cost of electricity produced by both plants is practically the same, because the lower ther-
mal loss at the solar field using the ternary mixture is compensated by the higher cost of the
ternary mixture and the HXs required between the solar field and the TES (solar salt is used in
the TES of both plants due to its lower cost and therefore no HX is needed between the solar
field and TES when the binary mixture is also used in the solar field);

• plant operation is easier in the case of solar salt at both the solar field and TES;
• it is extremely difficult to precisely determine the influence over a plant lifetime of the theo-

retical advantage of using a ternary low-melting mixture in the solar field during maintenance
operations (e.g., pipelines draining and filling); experience gained at the 5 MWe Archimede
solar plant, owned by ENEL, is essential to this extent, but such information is not public.
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In this study, the temperatures considered for the cold/hot storage tanks were:
290�C/550�C when solar salt was assumed in the solar field, and 280�C/540�C
when the ternary mixture was assumed in the solar field. These storage temperatures
imply a temperature rise of about 260�C in the solar field for both cases. The results
obtained by Sau [32] clearly show that development of new salt mixtures with low
melting point will be less useful if the new salt is much more expensive than the solar
salt. The R&D activities aimed at developing new salt mixtures must therefore have a
twofold objective: development of new salt mixtures with lower melting point without
increasing the cost too much. This constraint is probably the reason why the so-called
solar salt and the commercial ternary mixture called Hitec XL are still considered the
best options commercially available nowadays for STE plants, despite the new salt
mixtures that are announced from time to time. An example of innovative salt mixture
that has not achieved commercial success is the novel mixture developed by Ref. [28]
with a low melting point (65�C) and high thermal stability (up to 560�C) The compo-
sition of this advanced salt mixture is:

Component Weight percent (%) Mole percent (%)

LiNO3 8 15

NaNO3 6 10

KNO3 23 30

CsNO3 44 30

Ca(NO3)2 19 15

Since the cost of raw materials for this salt mixture is considerably higher than the
simple binary solar salt, it has not been adopted by the STE sector so far.

There are also many R&D groups investigating the possibility to improve the
thermo-physical properties of salt mixtures using nanoparticles. It has been proven
at laboratory scale that the heat capacity and thermal conductivity can be signif-
icantly improved by adding a small percentage (�1.0 wt.%) of silica or alumina
nanoparticles [5].

As explained in Section 5.3.1 with simulation results, the main barrier at present to
use molten salt in PTCs are not the thermo-hydraulic aspects, but the uncertainties
associated with the O&M requirements over a plant lifetime of a large solar field
piping filled with a fluid of high freezing point.

5.4 Compressed gases

The use of pressurized gases is another option to replace thermal oil in PTCs. They are
safe and clean fluids from an environmental viewpoint because they do not pose the
fire hazards and environmental constraints associated with thermal oils, and they are
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able to work at higher temperatures in the solar field without thermal stability prob-
lems. Additionally to the higher efficiency of the power block due to higher working
temperatures at the solar field, higher temperature differences between solar field inlet
and outlet would enhance and make more efficient the integration of TES systems
based on latent heat (e.g., two-tank molten salt systems), increasing the storage capac-
ity per volume and thus reducing the amount of storage medium. The potential benefits
of using pressurized gases are therefore evident.

However, pressurized gasses also have some disadvantages when compared to
thermal oils. The lower density of compressed gases reduces the heat transfer coef-
ficients in the receiver tubes and increases the required pumping power. The only
way to reduce the negative impact of a lower fluid density is increasing the working
pressure at the solar field piping and associated components (i.e., HXs and vessels),
because the required pumping power of gases to compensate circuit pressure drop is
inversely proportional to the square of the pressure [24]. This is the reason why a
high working pressure is needed to avoid excessive pumping consumptions in
circuits with gases.

The evaluation of the technical and economic feasibility of pressurized gases as
HTF was experimentally addressed by CIEMAT in the gas-cooled solar collectors
project [29]. This project included the analysis of several working gases (helium,
CO2, N2, and air) and the design, construction, and testing at PSA of the first-of-its
kind experimental solar facility composed of two 50-m parabolic-trough collectors
connected to a complete hydraulic circuit using pressurized gases. Fig. 5.9 shows a
photograph and the diagram of the gas-cooled solar test facility installed at the PSA
in 2008 to investigate the feasibility of pressurized gases in PTCs. The two solar col-
lectors can be connected in series or in parallel, depending on the intended outlet tem-
perature (in series for 525�C, or in parallel for 400�C), while the nominal inlet
temperature was 225�C in both cases.

The solar field was connected to a two-tank molten salt TES in order to evaluate the
performance of not only the solar collectors with pressurized gas, but also the overall
performance of the system composed by the solar field and the TES. This facility deliv-
ered very interesting and useful results related to the feasibility of pressurized gases for
PTCs [23,24,29]. A complete description of this facility can be found in Ref. [29].

The requirements in the selection of the proper gas involve thermo-hydraulic and
economical characteristics, keeping in mind the feasibility of a commercial plant.
This principle leads to the gases that have been extensively used in the industry for
similar working conditions. The state-of-the-art drives to reduce the selection to He,
CO2, and N2 (or air, with similar thermo-hydraulic properties to N2). Table 5.4 shows
the main thermo-physical properties of these gases. Considering thermal conductivity
and specific heat, He seems to be a good option. However, He must be discarded
because the small size of its atoms is a serious barrier to avoid leaks, and its high
cost makes it unaffordable for large systems. The other two gases (CO2 and N2) are
widely commercialized, but in the sense of working experience and thermo-
hydraulic behavior, CO2 shows a higher density at the same values of pressure and
temperature. This provides lower pumping consumptions [24], increasing in this
way the overall efficiency of the installation. This is the reason why CO2 is considered
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nowadays the best candidate for using pressurized gas as heat transfer fluid, especially
when working at supercritical conditions (T > 31�C and P > 7.4 MPa).

However, CO2 also has some problems. In case of water presence, CO2 could react
to form carbonic acid (H2CO3), which is corrosive to carbon steel. Since carbon steel is
widely used in solar plants, the use of CO2 would imply that the water content should
be carefully controlled to avoid formation of carbonic acid due to humidity condensa-
tion inside the piping and vessels during cold periods. Another major problem found at
PSA when working with supercritical CO2 at temperatures higher than 400�C was its
incompatibility with the graphite sealing used in the ball joints installed at the end of
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Figure 5.9 Scheme of the PSA test facility to evaluate the feasibility of pressurized gases in
PTCs under real solar conditions.
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the receiver tubes of PTCs to allow their thermal expansion and rotation [29]. The
graphite sealings were damaged very soon at working temperatures higher than
400�C. However, no problem was found for temperatures lower than 400�C. Although
the origin of this problem is not explained in the existing bibliography, it is probably
due to the fact that CO2 always behaves as a “nonpolar ” solvent that selectively dis-
solves the lipids that are water-insoluble compounds such as vegetal oils, butter, fats,
and hydrocarbons.

Although air does not have the strong drying requirements of CO2, it would still
require preventive measures in order to limit the water content in the circuit. On the
contrary, N2 presents less corrosion issues than either CO2 or air and can be obtained
on site in a simple way from compressed air by means of a nitrogen generator. There-
fore, nitrogen could be the most feasible HTF among the proposed gases for PTCs.

The overall costs of a large solar field with nitrogen as HTF will be higher than that
of a synthetic-oil field due to the increasing cost of distributed blowers and HXs. On
the other hand, higher temperature differences in TES imply a lower molten salts in-
ventory and therefore the cost of storage will be lower for the N2 plant. Moreover, the
cost of synthetic oil and the corresponding equipment (pumps, expansion vessels, con-
ditioning system, and so on) will be replaced by a lower cost of nitrogen.

5.4.1 Thermo-hydraulic aspects

The two main thermo-hydraulic aspects that must be considered when evaluating the
feasibility of pressurized gases as HTF in PTCs are: (1) pressure drop in the piping,
and (2) convection heat transfer coefficient in the receiver tubes. As explained in
Section 5.2.1, the pressure loss has a direct and great impact on the overall system
efficiency due to the pumping power required to overcome the pressure loss, while
the heat transfer coefficient affects the lifetime of the receiver tubes and their thermal
efficiency.

It can be theoretically demonstrated [24] that if working pressure is increased 10
times, the pumping power decreases 100 times. Therefore, pumping consumption
using pressurized gas can be kept at a reasonable level rising the working pressure.
However, the length of the piping is also a major parameter influencing the overall

Table 5.4 Gases of interest: thermal properties at 100 bar and 4008C
[21,33,34]

Gas
Density
(kg/m3)

Thermal
conductivity
(W/m 8C)

Viscosity
(kg/m s)

Specific heat
(J/kg 8C)

Prandtl
(L)

Carbon
dioxide

78.83 0.04968 31.48 $ 10�6 1171 0.74

Helium 7.024 0.27840 35.07 $ 10�6 5186 0.65

Nitrogen 47.96 0.05074 32.58 $ 10�6 1114 0.71
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solar field pressure loss, as depicted by (Eq. 5.1), and both parameters (working pres-
sure and piping length) must be carefully defined during the design phase to keep the
overall pressure loss in the solar field at an affordable level.

Table 5.5 shows for a mass flow of 1.1 kg/s of CO2 andN2 the pressure loss (DP), the
convection heat transfer coefficient in the receiver tubes (h), the pumping power and the
maximum temperature gradient in cross sections of the steel receiver tubes of a ET-100
PTC composed of eight 12.2 � 6.76 m modules connected in series and provided with
f70 mm steel receiver tubes made of stainless steel (thermal conductivity 18 W/m$K)
with a wall thickness of 6.5 mm to withstand the high temperatures and pressures.
Table 5.5 shows that pumping power is divided by 10 (approximately) if the working
pressure is increased from 2.5 MPa to 7.5 MPa. However, even for high pressures the
pumping power with CO2 is much higher than for thermal oil. The pressure loss in a
ET-100 PTC using Therminol VP-1 thermal oil with a mass flow of 5 kg/s and an inlet
temperature of 325�C is 3.6 � 104 Pa, which demands a pumping power of 0.24 kW
only (45% of the pumping power with CO2 and 15.5% of the pumping power with
N2, both at 7.5 MPa). This great difference between thermal oil and pressurized CO2
or N2 concerning the required pumping power is even more important when the com-
plete solar field piping is taken into account for pressure loss calculation. The influence
of fittings and ball joints used at the interconnections between adjacent collectors is also
very important when calculating the pressure loss, thus demanding an optimized design
of the collector rows to keep the pumping power at a reasonable level when using pres-
surized gas as working fluid in the solar field.

The many simulation studies performed to find an optimum layout for parabolic
trough solar fields with pressurized gas to keep the pressure loss at an affordable value
have led to a modular design [3] composed by basic collector loops connected in par-
allel to a distribution system that transfers the thermal energy delivered by the mod-
ules to a central thermal storage or steam generating systems using molten salt as heat
carrier and storage media. Fig. 5.10 shows the optimized collector loop recommended
for solar fields using pressurized gases. With this approach, each collector loop will
transfer its thermal energy to a molten salt circuit acting as a heat carrier between the
modules and the central thermal storage system or the HX where the superheated
steam is produced for the power block. Each collector module is composed of four
100-m PTCs (ET-100 type), one blower to pump the pressurized gas, three HXs to
transfer the thermal energy from the module to the molten salt distribution circuit,
and the connecting pipes between components. In nominal operation, the pressurized
gas is heated through each collector from 310�C up to 525�C and then driven through
gas/salt HXs, transferring the useful thermal power, 330 kW in each end HX and
660 kW in the central HX, to the molten salt distribution circuit. With this layout,
the pressure drop is kept low enough not to penalize the overall plant efficiency.
The use of a molten salt circuit to carry the heat from the modules to the central stor-
age system avoids the extremely high pressure loss that would occur if the pressurized
gas is circulated through the piping connecting the collectors to the thermal storage
system.

The reason why the pressurized gas is heated from 310�C to 525�C in only one
100 m collector is the high pressure loss that would result if the temperature step is
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Table 5.5 Temperatures, pressures, and maximum temperature gradient in cross sections using CO2 in an
ET-100 parabolic trough collector, with receiver tubes of fext [ 70 mm and a wall thickness of 6.5 mm,
and direct normal radiation of 900 W/m2

Mass flow and inlet
temperature

Outlet
temperature
(8C)

Inlet
pressure
(MPa)

Pressure
loss (Pa)

Pumping
power (kW)

Convection heat transfer
coefficient at inlet-outlet
(W/m2$K)

Max. DT in cross
sections (8C)

CO2

1.1 kg/s
Tin ¼ 225�C

507 2.5 12.9 � 104 5.24 980e1115 51

500 5.0 6.3 � 104 1.26 1006e1122 50

495 7.5 4.1 � 104 0.53 1034e1129 50

N2

1.1 kg/s
Tin ¼ 225�C

505 2.5 21.1 � 104 13.86 1005e1064 50

503 5.0 10.3 � 104 3.42 1016e1067 50

502 7.5 6.9 � 104 1.55 1026e1071 50
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achieved in a 150 m collector or even in two 100 m collectors connected in series. The
gas flow and therefore the gas velocity would have to be increased if the collector length
is increased, thus increasing the pressure loss significantly according to (Eq. 5.1).
Hence, the configuration shown in Fig. 5.10(a) has a limited pressure loss, while keep-
ing a reasonably good convection heat transfer coefficient at the inner wall of the
receiver tubes.

5.4.2 State of the art of pressurized gases as heat transfer fluids
in parabolic trough collectors

With the optimized solar field design composed of many modules (Fig. 5.10(a)) con-
nected in parallel to a molten-salt circuit, the overall plant efficiency is similar to the
efficiency of a traditional STE plant with thermal oil. Several simulation studies have
been performed during the period 2009e15 to compare the efficiency of a traditional
STE plant with thermal oil and an STE plant with pressurized gas. Due to the problem
detected at PSA with the graphite sealing of ball joints when compressed CO2 at tem-
peratures above 400�C is used, the use of this gas is not foreseen at present for PTCs,
and all these simulation studies have been performed assuming pressurized N2 in the
solar field.

A detailed performance model and annual yield comparison of parabolic trough
STE plants with either pressurized nitrogen or synthetic oil as heat transfer fluid
can be found in Biencinto et al. [4]. Two STE plants with a nominal power of

N2 90 bar/
525°C

N2 90 bar/
310°C

N2 
loop

Blower

Hot salt pipe

Cold salt pipe

Oil 295°C

Oil
 loop

Cold dist. pipe

ET 100 m
collector

HX N2/salt

ET 150 m
collector

Oil 393°C

Hot dist. pipe

(a) (b)

Figure 5.10 (a) Simplified scheme of an optimized collector module for solar fields using
pressurized gases and Rodríguez, M.M., M�arquez, J.M., Biencinto, M., Adler J.P., Díez L.E.
First experimental results of a solar PTC facility using gas as the heat transfer fluid. In:
SolarPACES 2009 Conference. Berlin, Germany. (b) a typical collector module of commercial
STE plants using thermal oil (Biencinto et al., 2014).
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50 MWe, one using pressurized N2 and another one using Therminol VP-1 were
modeled in detail, and their performance was simulated during a whole year. A 6-
h capacity thermal storage system with molten salts in a two-tank system was
assumed for both plants. The net collection area (388.233 m2) and the type of collec-
tor (ET-100) assumed for both plants were also the same. Pressure loss in the solar
field was simulated with a detailed piping model of both plants. The main conclu-
sions from this study are the following:

• The net electricity production of both plants was very similar (only 0.91% lower for the N2

plant).
• The annual parasitic consumption in the case of N2 is 4.6% higher than in the VP-1 plant.
• The higher parasitic consumption of the N2 plant is compensated by the higher efficiency of

its power block due to its higher nominal temperature.
• Higher yields can be expected for the N2 plant in summer months.

In summary, that study proved that similar annual performances can be attained for
parabolic plants using synthetic oil and compressed N2. However, there are significant
uncertainties concerning the investment cost for the N2 plant, because the high number
of blowers (177) and HXs (531) required in the solar field are likely to increase both
the investment and the O&M costs. In order to improve this technology, future works
should investigate new gases as heat transfer fluids with better thermo-hydraulic prop-
erties than N2. Also development of commercial PTCs with larger aperture area and
bigger receiver tubes could help to reduce the number of HXs per collector loop.

Since CO2 has better thermo-hydraulic properties than N2, the investigation of the
incompatibility problem found with the graphite sealing of commercial ball joints is
also an interesting topic for R&D.

The study of the technical feasibility of a mixture of water and N2 seems also an
interesting topic for R&D projects related to this technology, because the mixture of
steam and N2 have better thermo-hydraulic properties than N2 alone. During cold pe-
riods overnight the water can condensate and start-up procedures would be required to
avoid the damage of the blowers due to liquid water.

The pilot plant tested at PSA with pressurized CO2 [29] showed a very user-friendly
start-up and shutdown procedures, together with a good performance and easy control
under solar radiation transients, so that this technology could be an interesting option
for industrial heat applications demanding a moderated amount of heat, because an
automatic operation procedure seems feasible.

5.5 Conclusions

Taking into account the explanations in Sections 5.2, 5.3, and 5.4 concerning the three
options analyzed in this chapter (i.e., water and steam, molten salts, and pressurized
gases) to evaluate their benefits and drawbacks when used as working fluids in
PTCs to replace the synthetic oil currently used in commercial plants, it seems evident
that none of these options is the perfect one in the short term. All of them have either
important open questions that must be further investigated or technical challenges that
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have not been met yet (Table 5.6). Therefore, it is foreseen that thermal oil will still be
used in STE parabolic trough plants in the short term.

Nevertheless, the search for innovative working fluids and the investigation of the
open questions mentioned in this chapter concerning DSG, molten salts, and pressur-
ized gases must continue in parallel with the use of synthetic oil during the next years.

RegardingDSGprocess, the state-of-the-art of this technologyalready allows its appli-
cation in industrial process heat applications demanding saturated steam within the pres-
sure range 0.1e7.5 MPa if no thermal storage is required or its storage capacity is small.
There aremany industrial processes inwhich this technology can be coupled to providing
heat in a clean and environment-friendlyway. It is foreseen that development of this mar-
ket niche will start as soon as public incentives are available. This type of commercial ap-
plications is very suitable for SME and would be a very useful way to reactivate local
economies because most of the components can be manufactured locally.

Commercial development of small-size and compact liquid-water/steam separators
to be inserted in the DSG rows of collectors to separate the end of the evaporating sec-
tion and the beginning of the steam superheating section is also an interesting topic.

Development of mass flow control devices cheaper than conventional control
valves is also an interesting topic because the control of the feed water flow at the inlet
of each collector row seems to be necessary in order to assure a good control of the
steam pressure and temperature at the outlet. At present, the high cost of conventional
control valves is a barrier to be competitive with conventional solar fields using ther-
mal oil, which do not require control valves at the inlet of each collector row.

Nowadays the most important R&D topic related to DSG is the development of a
cost-effective thermal storage system based on latent heat in a temperature range suit-
able for PTCs (T � 300�C). The availability of such storage system would signifi-
cantly enhance the commercial deployment of PTCs with DSG.

Concerning molten salts, a key R&D topic is the development of new salt mixtures
with lower melting point and affordable cost, the lower the better, because molten salts
currently available pose a significant crystallization risk in the receiver tubes and piping
during cold overnight periods. Large commercial plants in routine operation with molten
salts are not likely to be implemented in the short term with the current salts. This is the

Table 5.6 Main technical challenges for DSG, molten salts, and
compressed gases

DSG Molten salts Compressed gases

Latent-heat thermal
storage systems
with phase-change
materials

New salt mixtures with lower
melting point and good thermal
conductivity

New gases mixtures (i.e.,
water and gas) with
good thermos-
hydraulic behavior

Mass-flow control
devices cheaper
than conventional
control valves

Nonrotating devices to absorb
thermal expansion of receiver
tubes

Incompatibility between
CO2 and graphite
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main reason why the investigation of novel salt mixtures is very important nowadays.
As already depicted by Ref. [28], this R&D field is extremely large because the number
of possible combinations with high-order mixtures is huge and it increases exponentially
with the number of components. A eutectic mixture exhibits the lowest melting point of
any similar mixture with the same components and it is quite sensitive to the weight
percent of each component in the mixture. A small deviation may have a significant ef-
fect on the resulting melting point. If it is assumed that the amount of each component in
a salt mixture can be controlled at 1% rate, then with a two-component system there are
101 possible combinations, with a three-component system there are 5151 combina-
tions, and with a four-component system there are 176,851 possible combinations.

Another interesting topic concerning molten salts is the development of suitable de-
vices to replace the ball joints used nowadays to allow thermal expansion of the
receiver tubes in PTCs, because the designs used in thermal oil plants do not perform
well with molten salts. It has been explained in Section 5.3 that sodium and potassium
nitrates dissolve graphite, which is a rather usual raw material in the packing and seal-
ing of ball joints and valves.

R&D activities aimed at improving the thermo-physical properties of molten salts,
heat capacity and thermal conductivity mainly, are also very interesting nowadays. Re-
sults obtained at laboratory scale have proven that the addition of nanoparticles seems
to be a good option to achieve these improvements.

Development of procedures to detect and eliminate salt plugs inside the piping
without damaging the piping due to expansion of the salt during the melting process,
is another interesting R&D topic that would enhance the commercial deployment of
large solar fields with PTCs using molten salts.

For pressurized gasses, large commercial plants using CO2 or N2 do not seem cost-
effective because of the high pumping power required. This technology seems cost-
effective for small systems only, due to its easy control and operation. The use of other
gases should be investigated to check the possibility to find options for Brayton cycles
working at moderate temperature levels. Some studies have shown that this R&D field
is very interesting [30,31].

As explained in Section 5.4.2, the study of the technical feasibility of a mixture of
water and N2 seems also an interesting R&D topic related to pressurized gases,
because the mixture of steam and N2 have better thermo-hydraulic properties than
N2 alone. During cold periods overnight the water can condensate and start-up proced-
ures would be required to avoid the damage of the blowers due to liquid water.
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A new generation of solid particle
and other high-performance
receiver designs for concentrating
solar thermal (CST) central tower
systems
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6.1 Introduction

6.1.1 Background

Higher efficiency power cycles are being pursued to reduce the levelized cost of energy
from concentrating solar power-tower technologies [1]. These cycles, which include
combined air-Brayton, supercritical-CO2 (sCO2) Brayton, and ultra-supercritical steam
cycles, require higher temperatures than those previously achieved using central
receivers. Current central receiver technologies employ either water/steam or molten
nitrate salt as the heat transfer and/or working fluid in subcritical Rankine power
cycles. The gross thermal-to-electric efficiency of these cycles in currently operating
power-tower plants is typically between 30% and 40% at turbine inlet
temperatures <600�C. At higher input temperatures, the thermal-to-electric efficiency
of the power cycles increases following Carnot’s theorem. However, at temperatures
greater than 600�C, molten nitrate salt becomes chemically unstable, producing oxide
ions that are highly corrosive [2], which results in significant mass loss [3].

6.1.2 Technical challenges and requirements

As discussed in Ho and Iverson [4], unique challenges associated with high-
temperature receivers include the development and use of geometric designs (e.g.,
dimensions and configurations), materials, heat-transfer fluids, and processes that
maximize solar irradiance and absorptance, minimize heat loss, and have high reli-
ability at high temperatures over thousands of thermal cycles. Advantages of direct
heating of the working fluid include reduced exergetic losses through intermediate
heat exchange, while advantages of indirect heating include the ability to store the
heat transfer media (e.g., molten salt and solid particles) for energy production during
nonsolar hours.
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Ho and Iverson [4] show that a high concentration ratio on the receiver and reduced
radiation losses are critical to maintain high thermal efficiencies at temperatures above
650�C. Reducing the convective heat loss is less significant, although it can yield a
several percentage point increase in thermal efficiency at high temperatures (note
that the convective heat loss in cavity receivers can be a factor of two or more greater
than that in external receivers because of the larger absorber area [5]). Increasing the
solar absorptance, a, and/or decreasing the thermal emittance, ε, can also increase the
thermal efficiency.

6.1.3 Overview of chapter and introduction to next-generation
receivers

This chapter provides an overview of next-generation high-temperature solar thermal
receivers, including particle receivers and other high-performance receiver designs that
increase solar absorptance while reducing radiative and convective losses. The particle
receivers are categorized as either direct or indirect particle heating receivers. For each
receiver type, the following are presented: operating principle, review of previous
modeling and testing activities, expected outlet temperature and thermal efficiency,
advantages, and remaining challenges.

6.2 Particle receivers1

Falling particle receivers are being investigated to enable higher operating tempera-
tures (>700�C), inexpensive direct storage, and higher receiver efficiencies for
concentrating solar power technologies, thermochemical reactions, and process heat
[6e23]. Unlike conventional receivers that employ fluid flowing through tubular re-
ceivers, falling particle receivers use solid particles that are heateddeither directly
or indirectlydas they fall through a beam of concentrated direct solar radiation.
Once heated, the particles may be stored in an insulated tank and used to heat a sec-
ondary working fluid (e.g., steam, CO2, or air) for the power cycle (Fig. 6.1). Particle
receivers have the potential to increase the maximum temperature of the heat-transfer
media to over 1000�C. Thermal energy storage costs can be significantly reduced by
directly storing heat at higher temperatures in a relatively inexpensive medium (i.e.,
sand-like particles). Because the solar energy is directly absorbed in the particles,
the flux limitations associated with tubular central receivers (high stresses resulting
from the containment of high temperature, high pressure fluids) are significantly
relaxed. The falling particle receiver appears well suited for scalability ranging from
10 to 100 MWe power-tower systems.

1 This section is reprinted with permission from Ho CK. A review of high-temperature particle receivers for
concentrating solar power. Applied Thermal Engineering [in press]. http://dx.doi.org/10.1016/j.
applthermaleng.2016.04.103.

108 Advances in Concentrating Solar Thermal Research and Technology

http://dx.doi.org/10.1016/j.applthermaleng.2016.04.103
http://dx.doi.org/10.1016/j.applthermaleng.2016.04.103


Previous studies have considered alternative particle receiver designs including
free-falling [18], centrifugal [20,21,24,25], flow in tubes with or without fluidization
[15,22,23,26e29], multipass recirculation [9,17] north- or south-facing [6,11], and
face-down configurations [30]. In general, these particle receivers can be categorized
as either direct or indirect particle heating receivers. Direct particle heating receivers
irradiate the particles directly as they fall through a receiver, while indirect particle
heating receivers utilize tubes or other enclosures to convey and heat the particles.

6.2.1 Direct particle heating receivers

6.2.1.1 Free-falling particle receivers

The most basic form of a direct particle heating receiver consists of particles falling
through a cavity receiver, where the particles are irradiated directly by concentrated
sunlight. The particles are released through a slot at the base of a hopper above the
receiver, producing a thin sheet (or curtain) of particles falling through the receiver
(Fig. 6.2).

A number of assessments and studies have been performed on direct free-falling
particle receivers since its inception in the 1980s [6e10,12e14,17e19,31e46]. In
2010, Tan et al. provided an overview of the prior research on free-falling particle re-
ceivers [19]. The majority of those studies focused on modeling the particle hydraulics
and radiant heat transfer to falling particles. Various geometries and configurations of
falling particle receivers have been considered, including north/south-facing cavity re-
ceivers as well as face-down cavity receivers with a surrounding heliostat field
[8,30,39]. In 2008, Siegel et al. performed one of the first on-sun tests (in batch
mode) of a simple free-falling particle receiver [18,47]. Those tests achieved about
50% thermal efficiency, and the maximum particle temperature increase was about
250�C. During 2015 and 2016, Ho et al. performed on-sun tests of a 1 MWth
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Figure 6.1 Falling particle receiver system with integrated storage and heat exchange.
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continuously recirculating particle receiver with bulk particle outlet temperatures
reaching over 700�C, and thermal efficiencies from about 50e80% [48,49]
(Fig. 6.3). Results showed that the particle temperature rise and thermal efficiency
were dependent on particle mass flow rate and irradiance. Higher particle mass flow
rates yielded greater thermal efficiencies but lower particle temperature rise. As the
particle mass flow rate increased (by increasing the particle discharge slot aperture
size), the solids volume fraction increased and the particle curtain became more opa-
que. Thus, while more sunlight was intercepted and absorbed by the curtain for a
greater thermal efficiency, additional shading and blocking reduced the bulk outlet
temperature of the particles for a given irradiance. At higher irradiances of 1000
suns and higher, a greater amount of energy is absorbed by the particles for a given
receiver size with relatively less heat loss than for lower irradiances. Technical chal-
lenges that were identified during the tests included nonuniform irradiance distribu-
tions on the particle curtain, variable mass flow rates, wind impacts, particle loss
through the aperture, particle elevator reliability, and wear on the receiver walls
from direct flux and high temperatures (>1000�C).

Figure 6.3 On-sun testing of a falling particle receiver at the National Solar Thermal Test
Facility at Sandia National Laboratories, Albuquerque, NM.

1.2 m 

Figure 6.2 Falling particle curtain released through 1.2 m � 11.1 mm discharge slot aperture.

110 Advances in Concentrating Solar Thermal Research and Technology



The heat gain and exit temperature of particles falling through concentrated sunlight
depends on the particle mass flow and amount of time spent in the heated region of the
receiver. Increasing this residence time is a critical aspect in achieving desired high
temperatures. One way to increase the residence time is to recirculate the particles
through the receiver multiple times, increasing in temperature over each successive
drop [6,30,38]. Although particle recirculation is an attractive means to increase par-
ticle heating, additional particle elevators or conveyance systems would be required,
which would increase complexity and cost. Previous studies have modeled recirculat-
ing particle flow through the receiver, but prototypes have not yet been demonstrated.

Kim et al. [13] performed tests of particles free-falling along a 3 m drop length to
evaluate the influence of wind direction (induced by fans). They found that the most
particles were lost through the aperture when the wind was parallel to the aperture
and when the cavity depth was shallow. The least amount of particle loss occurred
when the wind was oriented directly toward (normal to) the aperture. Air recirculation
and air curtains have been proposed as a means to mitigate the impacts of wind on par-
ticle flow and to reduce convective losses [19,40,42,50e53]. Tan et al. [19,51e53]
simulated the use of an aerowindow (transparent gas stream along the aperture) to miti-
gate heat loss and wind impacts in falling particle receivers (Fig. 6.4). Tan et al. [53]
found that aerowindows could reduce the heat loss by up to 10% depending on
external wind direction and speed. However, no tests or validation studies were per-
formed, and few parametric analyses have been conducted to evaluate important air-
recirculation parameters. Ho et al. [40,42] performed experimental and numerical
studies that evaluated the impact of an air curtain on the performance of a falling par-
ticle receiver. Unheated experimental studies were performed to evaluate the impact of
various factors (particle size, particle mass flow rate, particle release location, air-
curtain flow rate, and external wind) on particle flow, stability, and loss through the
aperture (Fig. 6.4). Numerical simulations were performed to evaluate the impact of
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Figure 6.4 Left: Air curtain modeling for particle receivers [53]. Right: Experimental system to
test air curtains for particle receivers [42].
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an air curtain on the thermal efficiency of a falling particle receiver at different oper-
ating temperatures. Results showed that the air curtain reduced particle loss when par-
ticles were released near the aperture in the presence of external wind, but the presence
of the air curtain did not generally improve the flow characteristics and loss of the par-
ticles for other scenarios. Larger particles and mass flow rates were also shown to
reduce particle loss through the aperture. Numerical results showed that the presence
of an air curtain could reduce the convective heat losses, but only at higher tempera-
tures (>600�C) when buoyant hot air leaving the aperture was significant.

6.2.1.2 Obstructed particle receivers

Another method to increase the residence time of particles within the concentrated sun-
light is to obstruct the flow with porous structures or an array of obstacles that mechan-
ically impede their descent and slow the downward velocity while still allowing direct
absorption of concentrated solar energy. Early concepts of obstructed flow designs
were introduced by Sandia during the 1980s by using ceramic structures suspended
from the back wall to decelerate the particles [32]. No analytical or experimental
studies were published, however. King Saud University and the Georgia Institute of
Technology investigated the use of interconnected porous structures (metallic or
ceramic foam blocks) to slow the flow of particles [54].

Additional studies evaluated the use of a staggered array of porous mesh structures
[9,55] to impede the flow of particles for increased residence time. In 2015, Ho et al.
performed on-sun tests of a particle receiver consisting of a staggered array of stainless
steel chevron-shaped mesh structures [48] (Fig. 6.5). Peak particle temperatures
reached over 700�C near the center of the receiver, but the particle temperature in-
crease near the sides was lower due to a nonuniform irradiance distribution. At a par-
ticle inlet temperature of about 440�C, the particle temperature increase was nearly
30�C per meter of drop length, and the thermal efficiency was about 60% for an
average irradiance of 110 kW/m2. At an average irradiance of 211 kW/m2, the particle
temperature increase was about 60�C per meter of drop length, and the thermal effi-
ciency was about 65%. While the obstructed-flow design seemed to improve the par-
ticle heating and reduce the impacts of wind and particle loss through the aperture,
there were problems with the stainless steel 316 mesh materials overheating, oxidizing,

Figure 6.5 Images of particle flow over a staggered array of chevron-shaped mesh structures
[48].
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and deteriorating as a result of direct irradiance from the concentrated sunlight and
wear from the particles. New materials and operational strategies are being investi-
gated to mitigate mesh deterioration.

Another obstructed flow design employs a spiral ramp along which particles flow
under the influence of gravity and mechanically induced vibration [56]. Models and
tests in this work demonstrated that the particles could reach the temperature of
650�C at the outlet after 30 min of radiant power of 5 kW at the aperture. The
measured thermal efficiency was about 60%. This design, however, requires beam-
down optics, and a significant amount of particle flow may be challenging with this
design.

A final obstructed flow design that also employs beam-down optics lifts the parti-
cles upward with a screw elevator toward an aperture. The particles are irradiated by
concentrated sunlight before spilling into the hollow screw for subsequent heat ex-
change and reaction. This particle receiver design was developed as part of a thermo-
chemical reactor to reduce particles that are subsequently oxidized to produce either
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Figure 6.6 Schematic of a moving packed bed particle reactor [57].
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hydrogen or carbon monoxide [57]. Fig. 6.6 shows a schematic of the receiver reactor,
which also takes advantage of preheating and recuperation since the heated particles
that fall through the hollow screw also preheat the oxidized particles being lifted up
along the flights of the screw. While analyses have been performed to evaluate the per-
formance and efficiency [58,59], prototype have not yet been tested.

6.2.1.3 Rotating kiln/centrifugal receivers

Rotating kilns were proposed as early as 1980 for use in solar particle heating appli-
cations [22]. The general principle is to feed particles into a rotating kiln/receiver with
an aperture at one end of the receiver to allow incoming concentrated sunlight. The
centrifugal force of the rotating receiver causes the particles to move along the walls
of the receiver while they are irradiated by the concentrated sunlight. Early tests by
Flamant et al. showed that these systems have a very high absorption factor
(0.9e1), but the thermal efficiency was low (10e30%) for heating of CaCO3 at particle
mass flow rates of about 1 g/s. During mid-2010, Wu et al. [20,21,24,25] developed a
centrifugal particle receiver design and prototype that employs a similar concept
(Fig. 6.7). Small bauxite ceramic particles (w1 mm) were introduced into a rotating
centrifugal receiver with different inclination angles at mass flow rates of about
3e10 g/s. The particles were irradiated using a 15 kWth solar simulator with an irradi-
ance ranging from about 300 to 700 kW/m2. For a face-down receiver inclination and
incident irradiance of 670 kW/m2, Wu et al. reported a particle outlet temperature of
900�C and a receiver efficiency of about 75% (�4%) [20]. Challenges include main-
taining a constant and sufficient mass flow rate of particles at larger scales, parasitic
energy requirements, and reliability associated with a large rotating receiver system.
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Figure 6.7 Schematic of a rotary
kiln/centrifugal receiver [25].
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6.2.1.4 Fluidized particle receivers

Fluidization of solid particles in a solar receiver have been proposed for several de-
cades, beginning in the late 1970s and early 1980s by Flamant et al. for thermochem-
ical processing and heating [22,23] and by Sandia for power production [7]. Flamant
et al. [22,23] tested a fluidized-bed receiver that consisted of a vertical transparent sil-
ica tube (15 cm long � 6.5 cm diameter) that was fluidized with compressed air from
the bottom and irradiated at the top. Particles that were tested included zirconia, silica
sand, chamotte, and silicon carbide. For a mean flux density of about 500 kW/m2, the
measured equilibrium temperature of the particles ranged from about 1200 K for silica
sand to over 1400 K for silicon carbide particles. Thermal efficiencies were reported
between 0.2 and 0.4 [23]. The ability to convey the particles and achieve adequate
mass flow rates (for power production or continuous processes) may pose a challenge.

During mid-2010s, researchers at the Chinese Academy of Sciences [60e62] per-
formed numerical and experimental studies on the thermal performance of an air
receiver with silicon carbide particles in transparent quartz tubes. Air is blown upward
through the particles in the quartz tubes while the tubes and particles are irradiated with
concentrated sunlight from a 10 kWth furnace (Fig. 6.8). Results of those tests showed
that the heated air reached over 600�C with minimum temperature differences between
the particles and the air below 10�C, indicating good heat transfer between the air and
the particles.

Steinfeld et al. [29] designed and tested a fluidized-bed receiver reactor that
employed a vortical flow of air in a conical-shaped receiver. The particle/gas stream
was introduced near the aperture, where concentrated sunlight entered the receiver
and heated the swirling particles before the particles exited the receiver. The prototype
reactor was tested to evaluate the thermal decomposition of calcium carbonate at
1300 K. The mean thermal absorption efficiency was 43% with a peak flux of about
1400 kW/m2 at the aperture.

Figure 6.8 Images of testing of a quartz-tube particle air receiver [60].
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A final type of fluidized particle receiver involves the use of very small carbon par-
ticles dispersed in air that flows through the receiver. Concentrated sunlight irradiates
and oxidizes the carbon particles, which volumetrically heats pressurized air passing
through the receiver for high-temperature Brayton cycles. Abdelrahman et al. [63]
and Hunt [64] first introduced this concept in 1979, and Hunt and Brown [65] per-
formed tests on a prototype receiver that heated the air to 1000 K. Miller and Koenigs-
dorff [66,67] developed theoretical analyses and thermal modeling of the small particle
solar receiver. Additional modeling and design optimization of the small particle heat-
ing receiver were performed during mid-2010s as well [68e71]. Potential advantages
include the following: solar radiation is absorbed throughout the gas volume due to the
large cumulative surface area of the particles; higher incident fluxes with no solid
absorber that can be damaged; particles are oxidized leaving a particle free outlet
stream [66]. Challenges include the development of a suitable window for the pressur-
ized receiver and the development of a solidegas suspension system that maintains a
uniform particle concentration and temperature within the receiver.

6.2.2 Indirect particle heating receivers

6.2.2.1 Gravity-driven particle flow-through enclosures

Ma et al. [15,28,72] proposed an indirectly heated particle receiver with particles flow-
ing downward under the force of gravity around a staggered array of tubes within an
enclosure. The tubes were irradiated by concentrated sunlight on the interior surfaces
while transferring heat to the particles flowing around the exterior side of the tubes in-
side of an enclosure (Fig. 6.9). Small-scale tests and models were performed that
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Figure 6.9 Indirect particle receiver with particles flowing inside an enclosure around tubes
whose interior surfaces are exposed to concentrated sunlight [28].
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showed that the heat transfer to the particles was limited in locations around the tubular
structures where the particles lost contact with the heated wall surfaces. Specific data
on particle temperatures and thermal efficiencies were not available, and no on-sun
tests have been performed. Other limitations included maintaining a sufficient mass
flow and obtaining a significant penetration and uniform flux of concentrated sunlight
within the tubular cavities. Advantages to this design include no loss of particles
through an open aperture and reduced heat losses relative to an open cavity receiver.

6.2.2.2 Fluidized particle flow-through tubes

Flamant et al. [26,27,73] have proposed and demonstrated an indirect particle receiver
in which the particles are forced upward through irradiated tubes by airflow, which flu-
idizes the particles and increases heat transfer from the tube walls to the flowing par-
ticles. Particle temperature increases of greater than 200�C were recorded in a 50 cm
long stainless steel AISI 304L tube with irradiances ranging from about 200 to
400 W/m2. Suspension temperatures at the outlet of the irradiated tubes were up to
750�C, and the wall-to-suspension heat transfer coefficient was determined to be
420e1100 W/m2-K for solid mass fluxes of 10e45 kg/m2-s, respectively. Thermal
efficiencies were not reported. Challenges in this system include parasitic energy
requirements to fluidize the particles through the receiver tubes with sufficient mass
flow to meet desired power requirements. The potential for hot spots and significant
tube surface temperatures that radiate energy to the environment also exist.

6.2.3 Summary of particle receiver technologies

Table 6.1 summarizes the different types of direct and indirect particle receiver de-
signs. The achievable outlet temperature and thermal efficiency is reported if data
were available. The benefits and challenges of each design is also presented, along
with relevant references. Overall, each of the particle receiver designs have promising
advantages, along with challenges that need to be addressed. Directly heated particle
receivers have a significant advantage of direct particle heating, but particle loss may
be a problem in open cavities with significant wind effects. Indirect particle receivers
have the advantage of particle containment and no particle losses, but additional heat
transfer resistance between the irradiated surface and the particles is a challenge. Fluid-
izing the particles within tubes has been shown to enhance the heat transfer. For large-
scale electricity production, which will require significant particle mass flow rates,
gravity-driven flow (free-falling or with obstructions) appears to be the most
promising.

6.3 Other high-performance receiver designs

Additional novel receiver designs have been proposed to reduce heat losses and
achieve higher efficiencies. These include designs to increase light trapping and solar
absorption, and air curtains to reduce convective heat losses.
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Table 6.1 Summary of particle receiver designs

Receiver
design

Outlet
temperature/
thermal
efficiency Benefits Challenges/research needs References

Direct particle receivers

Free-falling >700�C/
50e80%

Capable of achieving high temperatures,
direct irradiance of particles reduces
flux limitations (on tubular receivers),
particles can be stored at high
temperatures, particles can be cheaper
than molten salt

Need lower radiative and convective heat
losses, higher concentration ratios,
lower particle attrition, greater solar
absorptance, lower thermal emittance,
increased particle residence time, more
effective particle/fluid heat exchangers

[7,10,14,18,19,
30,32,38,47,49,
51e53,74e77]

Obstructed >700�C/
60e90%

Capable of achieving high temperatures,
obstructions slow particle flow and
increase residence time, flow is more
stable than free fall, less particle loss

Hot spots and continuous flow over
obstructions may cause deterioration or
failure if mass flow and cooling is not
maintained; additional cost of
fabricating obstructions

[48,49,54,78]

Rotating kiln/
centrifugal

900�C/75% High particle temperatures, control of
residence time via rotational speed of
receiver

Maintaining a constant and sufficient mass
flow rate of particles at larger scales,
parasitic energy requirements, and
reliability associated with a large
rotating receiver system

[20,21,24,25]
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Fluidized bed >1000 �C/
20e40%

Excellent heat transfer to fluidized
particles with increased residence time

Parasitic energy requirements to fluidize
particles, maintaining sufficient mass
flow for desired power requirements

[22,23,29,60e62]

Indirect particle receivers
Gravity-driven
flow in
enclosures

No data
available

High particle temperatures theoretically
achievable; no particle loss due to
containment

Additional heat transfer resistance from
irradiated walls to particles; hot spots on
enclosures may cause deterioration or
failure if mass flow and cooling is not
maintained

[15,28,72]

Fluidized flow
in tubes

750�C/
thermal
efficiency
not
reported

Enhanced heat transfer from walls to
particles due to fluidization; no particle
loss due to containment

Parasitic energy requirements to fluidize
particles; maintaining sufficient mass
flow for desired power requirements;
hot spots on enclosures may cause
deterioration or failure if mass flow and
cooling is not maintained

[26,27,73]
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6.3.1 Light-trapping receiver designs

6.3.1.1 Surface features

Garbrecht et al. [79] proposed an external receiver with an array of numerous pyrami-
dal structures on the exterior of the receiver that intercepted incident radiation and
could create a radiation trap (Fig. 6.10). Molten salt flowed from the interior of
each pyramid toward the tip, and then along the sides of the pyramid. Simulations
showed that for an irradiance of 1 MW/m2, this receiver design could achieve a ther-
mal efficiency above 90%. The reflective radiative losses could be reduced to about
1%, and thermal emittance was about 3% of incident radiation. Challenges with this
proposed design include achieving sufficient heat transfer at the tip of the pyramid,
where the greatest flux occurs with the potential for stagnant internal flow. In addition,
costs associated with the complexity of the numerous flow-through pyramidal struc-
tures may be high.

6.3.1.2 Spiky receiver

Lubkoll et al. [80] describe a spiky central receiver air preheater (SCRAP) design that
employs a large number of spikes or tubes that are irradiated from concentrated sun-
light (Fig. 6.11). Each spike consists of an inner and outer tube through which air
flows. Similar to the pyramidal designs, cold air flows through the inner tube toward
the end and then flow back along the outer tube. The temperature of the outer surface of
each tube is anticipated to rise from the spike tip to the interior root of each spike,
where radiation is minimized. The highest cooling effect from the air occurs at each
spike tip, where the irradiance is greatest. CFD simulations showed that radiative los-
ses were only few percent of the total incident power, but convective losses were
significantly higher (w16%) due to the large surface area. The thermal efficiency of
a spike irradiated at 1 MW/m2 with an air outlet temperature of about 800�C was
calculated at about 80%. Challenges include reducing the pressure drop within each
spike and reducing convective losses.

Plane of cross
section in (b)

Edge length B

Apex angle

Outlet (hot salt)
Outer hexagonal pyramid

Inner hexagonal
pyramid 

Pyramid tilt
angle

Concentrated solar radiation Inlet (cold salt)
through central pipe

Concentrated solar
radiation

β

γ

Figure 6.10 Receiver design with array of hexagonal pyramids [79]. (a) Exemplary
arrangement of some receiver pyramids, (b) cross section through a receiver pyramid.
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6.3.1.3 Bladed geometries

Another approach to increase light trapping involves the use of alternative configura-
tions of the tube panels for external receivers. Conventionally, the tube panels are ar-
ranged in either cylindrical or cubical fashion. Any incident radiation that is reflected is
lost to the environment. By arranging the panels in a bladed configuration, reflected
light can be intercepted by the surrounding panels (Fig. 6.12). In addition, by intro-
ducing the cold heat-transfer fluid to the outer regions of the panels first, the hottest
portions of the panels will be near the interior where radiative heat losses are reduced
[81]. CFD simulations showed that the horizontal bladed design yielded the least
amount of radiative and convective losses and highest efficiency [82]. For an average
irradiance of 500 kW/m2 (2 MW incident on 4 m2 of exposed surface area), the ther-
mal efficiency was about 95% with radiative losses of less than 4% and convective los-
ses of less than 1%. Wind effects were not considered. Challenges included structural
considerations to prevent dynamic loading and fatigue from wind effects and the
proper accommodation of headers and static loads in these novel bladed receiver
configurations.

6.3.1.4 Fractal-like geometries

The concept of introducing light-trapping features at multiple length scales was intro-
duced by Ho et al. [83,84]. In this concept, light-trapping features and processes can
occur at the macro scale, meso scale, and micro scale. At the macro scale (meters to
tens of meters), bladed or spiky receiver geometries can be employed as described
in the previous section. At the meso scale (millimeters to tens of centimeters), alterna-
tive shapes and arrangements for the tubes carrying the heat-transfer fluid can be

Insulation

Inner
chamber

Spikes

Insulation

Air out
Air in

Outer
chamber

Figure 6.11 Spiky central receiver air preheater (SCRAP) [80].
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designed and have been shown to increase the effective solar absorptance due to addi-
tional light trapping [83,85,86]. At the micro scale (tenths of a millimeter or less), sur-
face features and texturing can be used to increase light trapping and reduce thermal
emittance. Combined, these features and geometries and multiple length scales may
increase the thermal efficiency significantly. Challenges include reliability and costs
associated with novel features, especially at the smaller scales.

6.3.2 Air curtains

Air curtains have been proposed as a way to mitigate convective heat losses from cav-
ity receivers. Air curtains were proposed for cavity-based solid particle receivers as a
means to reduce both convective heat losses and particles losses through the aperture
[40,42,50e53]. Simulation results showed that the use of an air curtain had the poten-
tial to reduce convective losses by several percentage points, but testing showed that
the air flow could cause particle instability [42]. The use of air curtains in dish-based
cavity receivers was also investigated by Zhang et al. [87]. Different orientations of the
air flow across the aperture of the cavity were investigated numerically, and optimal
configurations were identified. While air curtains may reduce convective heat losses,
a complete demonstration at high temperatures with economic analysis have not been
performed.

6.4 Summary and conclusions

Novel receiver designs that can achieve higher temperatures, reduced heat losses, and
increased thermal efficiency and performance have been reviewed and presented. Par-
ticle receivers enable temperatures significantly higher than conventional receivers
employing molten nitrate salts, which are limited to less than about 600�C. Direct par-
ticle receivers include free-falling, obstructed-flow, centrifugal, and fluidized designs
that irradiate the particles directly. Advantages include the potential for high effi-
ciencies due to direct irradiance of the heat-transfer media. Challenges include main-
taining and controlling sufficient mass flow and reducing particle loss. Indirect particle
receivers include gravity-driven flow in enclosures and fluidized flow in tubes. Advan-
tages include complete containment of the particles, while challenges include

Figure 6.12 Conventional (left) and bladed receiver geometries.
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increasing heat transfer between the irradiated surfaces and particles. Other novel
receiver designs include features and geometries that trap radiation and minimize ther-
mal emittance by reducing localized view factors in the hottest regions and creating a
volumetric heating effect. Finally, the use of air curtains and active airflow have the
potential to reduce convective heat losses from cavity receivers.
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Next generation of liquid metal
and other high-performance
receiver designs for concentrating
solar thermal (CST) central tower
systems

7

M. Romero, J. Gonz�alez-Aguilar
IMDEA Energía Institute, M�ostoles, Spain

7.1 Introduction

This chapter focuses on the use of high thermal conductivity liquid metals as excellent
heat transfer fluids in central receiver systems. The introduction provides the context of
current receiver fluids and the relevance of increasing the solar irradiance onto the
receiver aperture. Then a specific section is dedicated to describe the thermophysical
properties of liquid metals and subsequently the experience gained on some central
receiver systems such as the Central Receiver System (CRS) of the Small Solar Power
Systems (SSPS) project in Spain and the Jemalong Solar Thermal Station in Australia.
Finally, some innovative power conversion cycles involving liquid metals are
presented.

In a solar power tower plant, the receiver is the heat exchanger where the concen-
trated sunlight is intercepted and transformed into thermal energy useful in thermody-
namic cycles [37]. Radiant flux and temperature are substantially higher than in
parabolic troughs, and therefore, high technology is involved in the design and
high-performance materials should be chosen. The solar receiver should mimic a black
body by minimizing radiation losses. To do so, cavities, black-painted tube panels, or
porous absorbers to trap incident photons are used. In most designs, the solar receiver
is a single unit that centralizes all the energy collected by the large mirror field, and
therefore high availability and durability are a must. Just as cost reduction is the pri-
ority for further development in the collector field, in solar receivers the priorities
are thermal efficiency and durability. Typical receiver absorber operating temperatures
are between 500�C and 1200�C and incident flux covers a wide range of flux density,
from 300 to over 1000 kW/m2.

Thermal and optical losses are the key parameters for quantifying the efficiency of a
solar receiver:

hREC ¼ a� ε

s
�
T4 � T4

a

�
C4

� U
T � Ta
C4

(7.1)
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This equation is the result of the energy balance of gains and losses in the receiver,
with an absorber surface at temperature (T), higher than the ambient (Ta), and for a
given direct normal irradiance (4) that is concentrated C times. Then, the concentrated
solar irradiance (C4) is absorbed with an efficiency of a (absorptivity). The loss terms
are of two different types. The most important in a central receiver represents energy
thermally radiated by the absorber through the receiver aperture. These radiation losses
depend on the emissivity of the absorber (ε). The absorber convective and conductive
losses to the atmosphere are determined by the heat transfer coefficient (U), which de-
pends on the temperature and the forced convection due to wind. In good central
receiver designs, U can be sufficiently reduced by thermal insulation and decreased
aperture area, therefore U is basically expressed as a convective loss heat transfer co-
efficient. Generally, this coefficient is obtained from the dimensionless Nusselt number
(Nu) and subsequently as a function of numbers such as Reynolds (Re), Prandtl (Pr),
and Grashof (Gr). Forced convection is determined by combinations of the Re and Pr
numbers, while natural convection is characterized by Pr and Gr numbers.

In a solar tower system, the convective heat loss is calculated differently depending
on whether the receiver is a cavity or a cylindrical external receiver. A typical simple
mixed convection coefficient for an external receiver can be calculated [41] as

Umix ¼
�
h3:2forced þ h3:2nat

� 1
3:2

(7.2)

where hnat ¼ 9.09 (W/m2 K) for an average absorber temperature of 480�C and hforced
is separated into three cases depending on the receiver diameter [25]. In all cases, the
Re ¼ (1.751 � 105) D:

hforced ¼

8>>>>>><
>>>>>>:

0:04199
D

�
0:3þ 0:488Re0:5

�
1:0þ

�
Re

282000

	0:625
0:8�
if D � 4.0 m ðCase 1Þ;

14:0 if 4.0 m < D � 125:0 m ðCase 2Þ;

33:75D�0:19 if D > 125.0 m ðCase 3Þ.
(7.3)

For a cavity receiver, the convective heat loss can be directly calculated as [25]:

Qconv ¼ Qforced þ Qnat (7.4)

Qforced ¼ 7631
A

W2
ap

(7.5)

Qnat ¼ 5077Acav (7.6)

where A is the aperture area (m2), Wap is the aperture width (m), and Acav is the
approximation to total area inside cavity (m2).
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For more detailed correlations applicable to convection losses in different kinds of
solar receivers [3], is recommended.

Fig. 7.1 clearly evidences the dominant effect of radiation losses because of the
exponent of the temperature. For typical operation temperatures in the absorber surface
between 500�C and 800�C, it becomes clear that average C4 values above 500 kW/m2

are required, with peak flux above 1000 kW/m2, to approach receiver efficiencies near
90%.

There are different solar receiver classifications criteria depending on the construc-
tion solution, the use of intermediate absorber materials, the kind of thermal fluid used,
or heat transfer mechanisms. According to the geometrical configuration, there are
basically two design options, external and cavity-type receivers. In a cavity receiver,
the radiation reflected from the heliostats passes through an aperture into a box-like
structure before impinging on the heat transfer surface. Cavities are constrained angu-
larly and subsequently used in polar field (north or south) layouts. External receivers
can be designed with a flat plate tubular panel or a cylindrically shaped unit. Cylindri-
cal external receivers are the typical solution adopted for surround heliostat fields. Re-
ceivers can be directly or indirectly irradiated depending on the absorber materials
used to transfer the energy to the working fluid [38]. Directly irradiated receivers
make use of fluids or particle streams that are able to efficiently absorb the concen-
trated flux. Particle receiver designs make use of falling curtains or fluidized beds.
Darkened liquid fluids can use falling films. In many applications, and to avoid leaks
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concentration ratio, assuming Tamb ¼ 20�C, 4 ¼ 770 W/m2, and a ¼ ε ¼ 0.95.
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to the atmosphere, direct receivers should have a transparent window. Windowed re-
ceivers are excellent solutions for chemical applications as well, but they are strongly
limited by the size of a single window, and therefore clusters of receivers are
necessary.

The key design element in indirectly heated receivers is the radiative/convective
heat exchange mechanism. Basically, two heat transfer options are useddtubular
panels and volumetric surfaces. In tubular panels, the cooling thermal fluid flows in-
side the tube and removes the heat collected by the external black panel surface by con-
vection. It therefore operates as a recuperative heat exchanger. Depending on the heat
transfer fluid properties and incident solar flux, the tube might undergo thermo-
mechanical stresses. Since heat transfer is through the tube surface, it is difficult to
operate at an incident peak flux above 600 kW/m2 when water is used as heat transfer
fluid. Table 7.1 shows how only with high thermal conductivity liquids such as sodium
it is possible to reach in tubular panels operating fluxes above 1 MW/m2. Air-cooled
receivers have great potential though they have difficulties working with tubular re-
ceivers because of the lower heat transfer coefficients. To improve the contact surface,
a different approach, based on wires, foams, or appropriately shaped materials within a
volume, is used. In volumetric receivers, highly porous structures operating as convec-
tive heat exchangers absorb the concentrated solar radiation [19]. The solar radiation is
not absorbed on an outer surface, but inside the structure “volume.” The heat transfer
medium (mostly air) is forced through the porous structure and is heated by convective
heat transfer. Volumetric absorbers are usually made of thin heat-resistant wires (in
knitted or layered grids) or either metal or ceramic (reticulated foams, monoliths,
and so on) open-cell matrix structures. Good volumetric absorbers are very porous,
allowing the radiation to penetrate deeply into the structure. Thin substructures (wires,
walls, or struts) ensure good convective heat transfer. A good volumetric absorber pro-
duces the so-called “volumetric effect,” which means that the maximum temperature is
achieved inside the absorber. Under specific operating conditions, volumetric ab-
sorbers tend to have an unstable mass-flow distribution. Receiver arrangements with
mass-flow adaptation elements (e.g., perforated plates) located behind the absorber,
as well as appropriate selection of the operating conditions and the absorber material,
can reduce this tendency.

Table 7.1 Operating temperature and flux ranges of solar tower
receivers

Fluid
Water/
steam

Liquid
sodium

Molten salt
(nitrates)

Volumetric
air

Flux (MW/m2)
• Average
• Peak

0.1e0.3
0.4e0.6

0.4e0.5
1.4e2.5

0.4e0.5
0.7e0.8

0.5e0.6
0.8e1.0

Fluid outlet temperature
(�C)

490e525 540 540e565 700e1000
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Selection of a particular receiver technology is a complex task, since operating
temperature, heat storage system, and thermodynamic cycle influence the design.
In general, tubular technologies allow either high temperatures (up to 1000�C) or
high pressures (up to 120 bar), but not both [28]. Directly irradiated particle receivers
or volumetric absorbers allow even higher temperatures but limited pressures
(Fig. 7.2).

7.2 Thermophysical properties of liquid metals

Central receiver systems have a consolidated scheme when subcritical Rankine cycle is
used and storage determines the dispatching economic feasibility of the project. In this
case molten nitrate salts are becoming the reference design material since nitrates are
cheap and provide high storage capacity. As of 2016, solar receivers cooled with ni-
trate molten salts are referring to thermal efficiencies of 88%. However, there are
two essential factors in the short to medium term that make it necessary to look for
alternatives, such as the upper temperature limit that as of 2016 is about 580�C and
the high melting point that requires trace heating and therefore complicates the oper-
ation and maintenance.

As can be observed in Fig. 7.3 and Table 7.2, some mixtures of liquid metals such
as NaeK or PbeBi eutectic (LBE) may lead to a very wide range of operation
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temperatures in liquid phase [34]. In some cases like the eutectic composition of NaeK
with 78% potassium, the melting temperature is as low as �11�C [17,27], facilitating
its use as heat transfer fluid in solar thermal power plants without making use of heat
tracing systems that usually increment costs of maintenance and are parasitic.

Sodium gathers extensive experience since it is proposed in nuclear industry for
liquid metal fast breeder reactors, existing practical know-how in sensitive aspects
such as safety and control, and hardware validation of key components such as pumps,
valves, lines, and steam generators. Its boiling temperature is substantially higher than
solar salts and presents outstanding thermal conductivity. The vapor pressure at 595�C
is only slightly above atmospheric pressure. Its main shortcoming is that it reacts with
water and air, and therefore high maintenance costs are associated. The highly reactive
nature of sodium and water is an important consideration in the design of sodium com-
ponents, principally the sodium steam generator, and potentially increases the cost of
these components. Melting point is relatively high (98�C), because of which heat
tracing is required in the heat transfer fluid loop like in the case of molten salts.

In short, molten salt is cheaper than sodium by a factor of two and has a three-to-one
advantage in its volumetric heat capacity, factors that are particularly important in the
thermal storage subsystem. On the other hand, sodium has a five times higher heat
transfer rate, which means that sodium receivers (such as water/steam receivers) can
be single pass; that is, the entire temperature rise of the fluid from about 260�C to
540�C takes place in a single pass through the solar flux [15].

LBE is recently being proposed as a good alternative. Even though thermal conduc-
tivity is significantly lower than sodium, it provides a wide range of temperatures for
operation. However its high density diminishes the heat capacity in storage systems. In
addition, promising fluids such as LBE and Sn present large corrosion rates [35]. LBE
presents a high solubility limit for both nickel and copper, up to few weight percent at
600�C [22]. As a consequence, inhibitors or protective layers are required to use
nickel-based alloys and steels with high nickel content because of the limited compat-
ibility. Similar problem is found with molten tin above 600�C, since there is lack

Table 7.2 Comparison of physical properties of several liquid metals
versus molten nitrate solar salt (60% NaNO3 and 40% KNO3)

Sodium NaeK LBE Solar salt

Melting point (�C) 98 �11 125 220

Boiling point (�C) 890 785 1533 565

Thermal conductivity (W/m K) 119.3 26.2 13.7 0.53

Density (kg/m3) 820 749 10,139 1804

Specific heat capacity (kJ/kg K) 1.256 0.937 0.143 1.52

Dynamic viscosity (Pa s) 0.000149 0.000176 0.00144 0.00169

Prandtl number 0.0016 0.0063 0.015 4.85
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of information regarding suitable metallic materials for operation, and only some
potential options proposed are graphite, molybdenum, tungsten, or rhenium [44] or
perhaps the use of some ceramics and refractory materials [35].

Although sodium has much better heat transfer characteristics than LBE, the strin-
gent safety measures associated have motivated formulation of new approaches among
the concentrating solar community by adopting LBE as a potential intermediate stage
in the process of understanding solarization. A small concentrating solar power system
in the 10 kW thermal range is under construction in Germany within a joint initiative
launched by the Karlsruhe Institute of Technology (KIT) and the Solar Institute of the
German Aerospace Centre (DLR). The system consists of a heliostat parabolic dish so-
lar furnace and liquid metal test loop with a pump, a cooler, an electric heater, and the
thermal receiver [16].

Apart from usable range of temperatures of operation, the main asset of the liquid
metals is their higher thermal conductivity that makes it possible to reduce the size of
the heat exchangers and the solar receiver. Liquid metals present low Pr number lead-
ing to turbulent flow with high conductivity. Boerema et al. [8] developed a simple
receiver model to determine the influences of the fluids’ characteristics on receiver
design and efficiency. They found that Hitec has a high Pr number (z45e1), depend-
ing on temperature, while liquid sodium has a very low Pr number (z0.01e0.004),
with only relatively small variation over the temperature range. The study also found
for liquid sodium a high heat transfer coefficient (an order of magnitude greater than
Hitec) and a low heat capacity (30e50% lower than Hitec salt).

The low value of Pr number and the high conductivity for liquid metals make it
difficult to use typical Nusselt correlations, usually expressed as a function of Re
and Pr number for the calculation of heat transfer coefficient. Liquid metals do not
fall in the validity domain since the dominant parameter is the Peclet number (Pe)
that is defined as the ratio of the rate of heat advection over the rate of heat diffusion,
which leads to its formula being the product of Re and Pr (Pe ¼ Re$Pr). In a 2016 re-
view, Benoit et al. [7] assessed in detail the most usual correlations proposed for liquid
metals by LyoneMartinelli [30], SleichereRouse [42], and ChengeTak [12]. They
concluded that LyoneMartinelli correlation tends to overestimate the experimental
data for Pr¼ 1 and recommend the ChengeTak correlation in order to obtain the Nus-
selt number:

Nu ¼ Aþ 0:018Pe0:8 (7.7)

with

A ¼

8>><
>>:

4:5 when Pe � 1000

5:4� 9� 10�4Pe when 1000 < Pe � 2000

3:6 when Pe � 2000

(7.8)
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Fig. 7.4 shows a comparison of Re number for different heat transfer fluids at the
same velocity. It was assumed a value of 2 m/s as representative of operation of liquid
fluids in solar thermal power plants. Sodium and LBE have substantially higher turbu-
lence than molten salts.

The thermal conductivity of liquid metals leads to high heat transfer coefficients.
For flow velocities of 1 m/s for a single tube with D ¼ 12 mm at 400�C, molten salt
reaches about 4600 W/m2 K, whereas over 50,000 W/m K can be achieved with liquid
sodium [18]. Fig. 7.5 shows the evolution of heat transfer coefficient for different
liquid metals and solar salts. Coefficients for LBE are twice as much as those of solar
salts and five times in the case of Sn. Sodium shows one order of magnitude higher
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values. It should be noticed that for the case of sodium the heat transfer coefficient de-
creases when the temperature increases because thermal conductivity decreases with
temperature.

Using a fixed receiver length (4 m) and altering the mass flow rate such that the
desired fluid exit temperature is achieved, the efficiency and maximum surface temper-
ature (temperature at pipe exit) were calculated for various pipe diameters in a simpli-
fied model [8]. Fig. 7.6 shows that the efficiency and the pipe surface temperature at
the receiver exit using liquid sodium are quite stable for increasing pipe diameters,
whereas for Hitec both magnitudes are highly dependent on the pipe diameter. This
is important as the use of larger diameter pipes reduces the number of pipes needed
for the receiver and thus the manufacturing costs.

At the same flux density than molten salts, sodium decreases the thermal gradient of
convection on the inner tube wall surface. This also reduces tube wall temperature and
the risk of temperature hot spots and thus pipe stresses as well. A goal in the design of
solar receivers is to achieve 30-year lifetime. One cycle per day for 30 years would add
up to about 11,000 cycles over the lifetime. An issue is the part of lifetime reserved to
cover for weather and other transients which also cause receiver thermal cycles. Anal-
ysis of 1984 weather data at Barstow combined with thermal hydraulic analysis of the
fluid in the tubes and structural analysis of the tubes has led to a recommended peak
allowable incident flux of 0.85 MW/m2 for molten salt and 1.75 MW/m2 for sodium,
in fabricated receivers using 316 stainless steel [26]. However, variations in flow rates
or in the location of the peak flux on the receiver will lead to a different flux limit
within the ranges as shown on Fig. 7.7.
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Higher flux densities lead to smaller receivers for the same power output. The
reduction of absorber surface decreases material and manufacturing costs. According
to preliminary receiver performance studies, liquid sodium leads to an absorber area
reduction of up to 57%, compared to solar salt and an absolute efficiency increase
of 1.1% by utilizing higher concentration ratios [8]. In addition, due to the absorber
area reduction, radiation and convection losses might also decrease. Hence, both op-
tions imply higher receiver efficiencies and performance.

7.3 Liquid metals in central receiver systems

7.3.1 Experience in central receiver systems

Early experimental solar tower facilities started operation in the 1980s. In general
terms, as observed in Table 7.3, they were characterized as being small demonstration
systems between 0.5 and 10 MW [15,21,37]. The thermal fluids used in the receiver
were at that time liquid sodium, saturated or superheated steam, and nitrate-based
molten salts. Important to remark that from the very beginning liquid sodium was
considered as a technical option together with steam as heat transfer fluid. The
CRS-SSPS facility in Almería (Spain) was promoted by 10 countries within the
SSPS Implement Agreement of the International Energy Agency and started operation
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in 1981. The different projects that are included in Table 7.3 had as main objective to
demonstrate the technical feasibility of solar tower power plants.

One of the main conclusions after the comparative assessment carried out, once
experimental campaigns were completed, was that solar receivers with proper designs
could work at relatively high efficiencies (above 80%) for temperatures high enough in
the absorber material to heat up thermal fluids able to produce superheated steam
above 500�C. A comparison of solar receivers tested at different power loads in early
experimental facilities was done in 1988 [4] and is depicted in Fig. 7.8. At nominal
power load, the liquid sodium receiver achieves thermal efficiencies near 90%. As
mentioned in previous section, thermal efficiencies at nominal load can be slightly
higher than molten salts (about 1%).

The use of liquid metals such as sodium, NaeK, or LBE mixtures in solar receivers
may lead to very compact designs of the aperture since the high conductivity improves
the heat transfer through the absorber wall [13]. The absorber can work at high fluxes,
above 2 MW/m2, since thermal stress is reduced and temperature gradient between the
tube wall and the bulk of the fluid is minimized.

All of them can easily be represented by flow charts, where the main variables are
determined by working fluids, with the interface between power block and the solar
share. Fig. 7.9 illustrates the flow diagram of a central receiver system with liquid
metal as heat transfer fluid. It is very similar to the scheme commonly used for molten
salts, and typically includes two circuits the primary solar loop with the HTF and two
storage tanks and the secondary loop with water/steam. The heat transfer between
loops takes place in the steam generator.

7.3.2 The CRS-SSPS project of the International Energy Agency

The most extensive operational experience of liquid metal solar receivers took place in
Almería, Spain, within the framework of the International Energy Agency (IEA) SSPS

Table 7.3 Early experimental solar tower facilities in the world

Project Country
Power
(MWe)

Heat transfer
fluid Storage media

Beginning
operation

CRS-SSPS Spain 0.5 Liquid sodium Sodium 1981

EURELIOS Italy 1 Steam Nitrate salt/water 1981

SUNSHINE Japan 1 Steam Nitrate salt/water 1981

Solar One USA 10 Steam Oil/rock 1982

CESA-1 Spain 1 Steam Nitrate salt 1982

MSEE/Cat B USA 1 Nitrate salt Nitrate salt 1983

THEMIS France 2.5 Hitec salt Hitech salt 1984

SPP-5 Russia 5 Steam Water/Steam 1986
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project. The project was developed during 1982e1986 and two receivers were
analyzed. The first receiver was a north-facing cavity type, having a vertical
octagonal-shaped aperture (Table 7.4). The receiver was designed by Interatom (Ger-
many) and manufactured by the Sulzer Company (Switzerland). The absorber panel
was a cylinder segment of 120 degrees with 4.5 m diameter. Sodium was flowing
through six horizontal parallel tubes (38 mm OD and 35 mm ID) which was winding
in a serpentine from the inlet header on the bottom of the cavity to the outlet header at
the top (Fig. 7.10). The tubes were not welded along their length but individually sup-
ported. Sodium entered the inlet header at 270�C and exited through the outlet header
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at 530�C. The location of the absorber panel inside the cavity was such that the peak
heat flux density reached 0.63 MW/m2 with an average value of 0.16 MW/m2 [20].
The cavity receiver accumulated 1005 h of operation during 1981e1983. The receiver
performed reliably but with lower thermal efficiency than expected. The calculated
instantaneous peak receiver efficiency from steady-state data was 87 � 5% [2], and
daily average efficiency as 66.7%.

The second receiver, so-called advanced sodium receiver or ASR, was external and
formed by five panels arranged to form a rectangular absorber (Table 7.4). ASR was
designed and manufactured by Franco-Tosi Industriale (Italy) and AGIP SpA (Italy).
Each panel consisted of a tube bundle with 39 tubes (14 mm OD and 12 mm ID). The
top header could move vertically to accommodate the thermal growth of the panel. The
irradiated tubes were assembled in groups of three (Fig. 7.11). These triplets were able
to grow axially with respect to the frame and even rotate.

Some concentrated solar flux was passing along the tube gaps and heated up the
back-wall structure. Therefore, a double shielding of high refractory alumina-based

Table 7.4 Technical specifications of cavity and external sodium
receivers tested in project CRS-SSSP, Almería, Spain

Receiver specifications Cavity External

Number tubes 6 5 � 39

Tube diameter (mm) 38 14

Tube wall (mm) 1.5 1

Tube material AISI 304 H AISI 316 L

Aperture area (m2) 9.7 7.9

Single flow path length (m) 87 23.5

Active surface (m2) 17

Total surface (m2) 62

Total tube weight (kg) 710 300

Coating: Pyromark 2500 2500

Peak heat flux (MW/m2) 0.63 1.38

Average heat flux (MW/m2) 0.16 0.35

Inlet/outlet temperature (�C) 270/530 270/530

Mass flow (design) (kg/s) 7.3 7.3

Pressure (bar) 2.6 6

Pressure drop (bar) 1.5

Input/output power (MW) 2.8/2.4 2.8/2.5
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material was located behind the tube bundle system to protect the back structure from
the incident radiation and to reflect and radiate this energy back to the tubes. The panel
was designed for a peak heat flux density of 1.38 MW/m2, with 0.35 MW/m2 as
average value.

Both receivers were able to produce 2.4e2.5 MW thermal power [3]. In addition,
the second receiver ASR could be tested up to its very limits by exerting a peak flux
density of 2.5 MW/m2 on its absorbing surface which is still the highest flux sustained
by a solar receiver (see Fig. 7.12).

In the case of the external receiver, there were five panels 2.85 m height and con-
nected in series with each panel consisting of 39 vertical tubes that were connected in
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Figure 7.11 Billboard external sodium receiver ASR of SSPS project.
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parallel. This means that for the design liquid sodium flow of 7.3 kg/s the correspond-
ing mass flow rate per tube was 0.187 kg/s with a series tube length of about 14 m. The
tube internal diameter was 12 mm resulting in a design flow velocity of about 2 m/s, an
Re number of 8e104, and a pressure drop of about 3300 Pa/m [40]. Inlet and outlet
temperatures tested were 200/480, 270/530, and 280/560�C. At the most irradiated
tube sections in the central panel, the maximum tube temperature measured was
690�C (design 590�C) and a maximum temperature difference between the tube sur-
face and bulk sodium of 180�C (design 95�C). Maximum temperature could be
reduced by using in the future tailored tube layouts [9]. Regarding temperature differ-
ence across the panel width, it was measured 41�C for the three-aiming point strategy
and 84�C for one-aiming point strategy. Metallurgical analysis was conducted to
detect eventual prompt failures and confirmed that creep damage was not found.
This fact contributed to the decision to include high flux tests up to 2.5 MW/m2.
The receiver presented a 5% improvement in average daily efficiency with the
one-aiming point strategy, facilitating early startup at 200 W/m2 DNI instead of
300 W/m2 at design point (Fig. 7.13).

Unfortunately, a sodium fire occurred at the IEA/SSPS central receiver plant in
1986. It resulted from nonconventional repair procedures undertaken to replace a valve
in a sodium line [23]. The consequence was a sodium spray which resulted in 14 tons
of sodium being released over 30 min (Fig. 7.14). Due to the nature of sodium fires
(short flames, strong aerosol production) fire propagates by natural convection so its
spread was limited; however, the accident implied the decommissioning of the facility
and the interruption of the R&D activities. Since then much development has been
done to model the behavior of sodium combustion and fire extinguishing [33]. In addi-
tion the cost of the fluid remains as another important factor against liquid metals since
they are relatively expensive [35]. The cost of sodium (US $2/kg) is four times more
expensive than solar salt typically used in current solar towers (60e40%wt NaNO3e
KNO3) and LBE is about 26 times more expensive (US $13/kg).
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Figure 7.12 Peak flux obtained at the ASR sodium external receiver for different aiming point
strategies and incident power [39].
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7.3.3 Other projects with liquid metals in solar receivers

CRS-SSPS has been the only project offering experimental data after an extended test
campaign. Few other initiatives can be acknowledged from a literature survey. A pio-
neering project took place during the early 1980s by Rockwell International and the
US Department of Energy whose results were instrumental for the design of the
SSPS receivers. The development involved the construction and testing of a 3.6 m2

sodium-cooled test receiver for evaluation at the Central Receiver Test Facility
(CRTF) in Albuquerque, New Mexico [36]. The receiver aperture was 3.0 m high
by 1.2 m wide, and consisted of three 21-tube panels operating in parallel (AISI

Figure 7.14 Sodium fire at the CRS-SSPS facility in 1986, Almería, Spain.
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316, 5.3 m long, 19 mmOD, with wall thickness 1.2 mm). The plant operated for 75 h in
1981/1982 at power levels up to 2.85 MWth, 288�C/593�C inlet/outlet temperatures, so-
lar flux up to 1.53 MW/m2, and demonstrated satisfactory receiver control with no major
receiver subsystemproblems. Thermal efficiency reportedwas higher than90%, although
with large uncertainty in the flux measurement system and the flow meter [13].

As of 2016 the only known project of a solar thermal power plant based upon the
use of liquid sodium as heat transfer fluid is Jemalong Solar Thermal Station1 devel-
oped in Forbes, New South Wales, Australia by the company Vast Solar. Jemalong is a
small plant of 1.1 MWe (6 MWth) that aims at operating connected to the local grid,
with 3 h of thermal storage in two tanks of liquid sodium. It presents the classical
flow diagram as described in Fig. 7.9, with receiver operating at 270�C inlet temper-
ature and 560�C outlet temperature.

Vast Solar tested in 2012 employs a sodium loop with a tubular receiver of
1.2 MWth that is able to reach peak flux of 1.5 MW/m2. The system consists of 700
small heliostats, a thermal receiver mounted on a 25-m tower, a simple heat exchanger
(boiler), and energy storage tank (Fig. 7.15).

The 6-MWth project started erection in 2014 and involves a multitower layout
composed of five towers with 1.2-MWth receiver each. The pilot plant is planned as
the necessary step to scale up to a commercial plant of 30 MW.

Unfortunately, in June 2015 a fire started from a tank leaking metallic sodium,
prompting the evacuation of workers and neighbors (Fig. 7.16).

The fire, however, was appropriately handled and the project continued its normal
development, with the commissioning of the pilot plant started in 2016.

Figure 7.15 1.2-MWth sodium receiver at Vast Solar’s Jemalong Solar Thermal Station, Forbes,
Australia.

1 http://www.nrel.gov/csp/solarpaces/project_detail.cfm/projectID¼4284.
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7.4 Innovative power conversion cycles with liquid
metals as heat transfer fluid

After the safety issues with the liquid metal storage system during operation of IEA-
SSPS and Jemalong projects, it becomes clear that the use of a sodium/salt binary
scheme is needed. It seems necessary to minimize the volume of sodium by restricting
its use to the solar receiver loop and then use an intermediate loop with a different heat
transfer fluid (e.g., solar salt) for the storage and heat transfer to the steam generator.
With this strategy the system will take advantage of the main benefits of sodium and
other liquid metals regarding efficiency, size, and aperture area of the solar receiver,
where the heat transfer rates are important, and will avoid the low heat capacity and
operational risks associated with storage and exchanger involving steam [15]. Howev-
er, the binary system has an additional level of complexity resulting from the extra heat
transfer loop and introduces a new source of risk in case of a leakage in the sodium/salt
heat exchanger because the reaction would be strongly exothermic. Another critical
issue is that the potential improvement of efficiency in the receiver compared to an
all-salt plant would be slightly more than 1%. Because of that, there is little chance
that liquid metals replace the well-understood solar salt central receiver systems for
typical Rankine subcritical cycles.

As an alternative, future technologies may address receivers based on heat pipe con-
cepts such as the ones already implemented in dish-Stirling systems for distributed
generation [31]. Typically, in dishes with solarized Stirling engines, the receiver ab-
sorbs the light and transfers the energy as heat to the working gas, usually helium
or hydrogen. Thermal fluid working temperatures are between 650�C and 750�C.
This temperature strongly influences the efficiency of the engine. Because of the
high operating temperatures, radiation losses strongly penalize the efficiency of the
receiver; therefore, a cavity design is the optimum solution for this kind of system.

Figure 7.16 Sodium fire at Jemalong Solar Station in June 2015.
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Two different heat transfer methods are commonly used in parabolic dish receivers
to be used with Stirling engines or at solarized reactors for thermochemical applica-
tions [14]. In directly illuminated receivers, the same gas fluid used inside the engine
is externally heated in the receiver through a pipe bundle. Although this is the most
conventional method, a good high-pressure, high-velocity, heat-transfer gas such as
helium or hydrogen must be used. In indirect receivers, an intermediate fluid is used
to decouple solar flux and working temperature from the engine fluid or the chemical
reactor. One such method is heat pipes, which employ a metal capillary wick impreg-
nated with a liquid metal heated up through the receiver plate and vaporized. The wick
structure distributes sodium across a solar-heated dome, and thermal energy is
removed as sodium evaporates typically at a temperature range between 700�C and
850�C. The vapor then moves across the receiver and condenses in a cooler section,
transferring the heat to the engine (Fig. 7.17). Evaporation/condensation processes
guarantee good temperature control, providing uniform heating of the Stirling engine
[32]. Sandia National Labs in USA demonstrated heat pipes at up to 115 kWth
throughput and 1 MW/m2 peak flux. The experience with heat pipe sodium receivers
has been successful also in achieving hybrid co-fired designs with extended testing
campaigns at the Plataforma Solar de Almería in Spain [29].

A review published in 2015 provides insight into different design alternatives, still
at conceptual level, that result from adapting solar dish technology to central receivers
in solar towers with liquidevapor phase change sodium [13]. However, it is advanced
that a high risk might be associated with unstable boiling within a tube, producing hot
spots and subsequent flash and steep temperature drop. Therefore, experimental testing
and research is necessary to assess controllability of temperature gradients on material
surface and potential failures prior to scaling up the technology.

If the technical challenges regarding materials and heat transfer in liquidevapor so-
dium phase change receivers are eventually solved, the technology maybe used up to
850�C to power high-temperature thermodynamic cycles such as supercritical steam,
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Figure 7.17 Sodium reflux
solar receiver used as a buffer
to control temperature and
thermal transients in dish-
Stirling systems [14].
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air Brayton, and combined cycles [45]. Higher temperatures, beyond 1000�C, might be
achievable with other liquid metals such as LBE in future developments. However, it
should be noted that the impact on plant efficiency is only incremental, given the
convolution of efficiencies in the different subsystems, such as heliostat field, receiver,
heat transfer fluid loop, heat exchangers, storage, and thermodynamic cycles. In
Table 7.5 it can be observed the differences in theoretical performance for a generic
CRS plant making use of molten salts and a subcritical Rankine cycle and three other
advanced solutions like an intercooled-regenerated air Brayton cycle at 1000�C, a
combined cycle with solar receiver working at 650�C plus additional fossil backup
up to 1000�C, and a supercritical carbon dioxide Brayton cycle operating at 650�C.
All plants are dispatching 57 MW receiver thermal outlet in nominal conditions and
have a solar multiple of 2 and a 6-h equivalent thermal storage. As it can be observed,
less than 2%maximum improvement in nominal efficiency can be achieved. It is there-
fore not trivial to assess if there is a real niche for technical solutions integrating liquid
metals where still costly hardware, technical challenges and risks associated need sub-
stantial R&D effort. At present there are strong competitors in other heat transfer fluids
also looking for higher operating temperatures like, for example, air streams highly
charged in particles [6] or new formulations of molten salts such as carbonates or
chloride-based salts. Molten salts are considered nowadays the commercial mature op-
tion of CRS plants, though still a major issue is their relatively high corrosive nature to
metal alloys. Many new molten salts are being proposed, but their corrosion character-
istics are not available in the literature [43].

An important medium- to long-term niche for the application of sodium, and other
liquid metals, is the integration into direct conversion systems where sodium might be
the working fluid itself in the cycle, and therefore provide disruptive schemes with
high efficiency and the removal of the turbomachinery and the entire power block.

Table 7.5 Performance of central receiver systems making use of
different thermodynamic cycles (reference case 57 MW receiver
thermal outlet, heliostat field with solar multiple 2 and 6 h of
thermal storage)

Nominal rate operation Units
Brayton
1000oC

Combined
cycle

Brayton
sCO2

Molten
salts

Heliostats efficiency [%] 67.8 72.1 72.1 72.1

Receiver efficiency [%] 72.2 83.1 79.7 87.5

Thermal power to storage/
power block

[MW] 20.6 23.7 22.7 25.7

HTX efficiency [%] 95.0 95.0 95.0 99.0

Net electrical power [MW] 9.4 21.5 10.4 10.0

Net power cycle efficiency [%] 47.9 42.6 48.2 40.0

Total efficiency [%] 22.3 24.2 26.4 24.9
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In particular there are two technologies that are retained for CSP integration studies at
system level, such as AMTEC (Alkali Metal Thermal to Electric Converter) cells and
LMMHD (Liquid Metal Magneto-Hydro-Dynamic) power conversion systems.
Studies in 2015 focused on conceptual insight and thermodynamic analysis [18].

AMTEC can benefit from previous experience in heat pipes with liquidevapor
phase change in solar receivers. The AMTEC is an electrochemical device that uses
a recirculating alkali metal (sodium or potassium) working fluid passing through a
solid electrolyte in a closed circuit to produce an electron flow in an external load.
Typical solids used are ceramic electrolytes such as b00 or P00 alumina, which are
very good conductors of ions but poor conductors of electrons, due to their crystal
structure. In addition they withstand high temperature differences between anode
and cathode surfaces. The liquid metal is driven around a closed thermodynamic cycle
between a heat source and a heat sink held at different temperatures and, during the
vapor phase of the cycle, the available work from the isothermal expansion of the
working fluid as it passes through the electrolyte is converted directly into electric po-
wer. The AMTEC device is characterized by high potential efficiencies and no moving
parts except the liquid metal itself. It accepts a heat input in a range from about 600�C
to 1000�C and produces direct current with predicted device efficiencies of 10e30%.
It can be used as a topping cycle with a bottoming Rankine cycle [18]. Most of solar-
ized liquidevapor sodium heat pipes in the past made use of embedded systems into or
attached to the receiver to improve the isothermal characteristics of the receiver wall or
to enhance heat transfer with the heated fluid (thermal carrier); however, 2015 exper-
imental research at laboratory-scale has demonstrated the attractiveness of using loop-
pipe configurations. Loop-type heat pipe has the potential to enhance thermal transport
capabilities by separating the liquid and vapor lines and thus reducing the fluid dy-
namic resistance at the liquidevapor interface that results from liquid and vapor flow-
ing in the opposite direction to one another. Considering that a solar receiver is usually
tilted, a thermosiphon heat pipe can be utilized, as long as the condenser section of the
heat pipe is located in a higher position in the gravity field [10].

In an LMMHD generator, a highly electro-conductive two-phase mixture
composed of a liquid metal and a gas (or vapor) moves across a magnetic field and
thus generates electrical power. The two-phase flow is propelled by the expanding
gas bubbles and the gas goes through the thermodynamic cycle. Research and devel-
opment on LMMHD energy conversion systems was started in the beginning of the
1960s and some solar-assisted designs have been proposed since 1980s [24]. In
many cases, solar designs have been conceived for low temperatures from 80�C to
300�C [11]. At low temperature operation of the solar assistedeLMMHD power
generator, the MHD duct becomes free from many problems, namely electrode and
duct life, erosion-corrosion, preheating, cooling, and so on, and the overall system
is free from the emission of any type of environmental-unfriendly chemical species.

In order to accelerate the liquid metal flow, there are several possibilities. In a one-
component flow, the liquid metal becomes partially gaseous in the receiver and then
the changes of density accelerate the flow. In a two-component operation, the thermo-
dynamic working fluid (gas/steam) and electrodynamic fluid (liquid metal) are mixed.
Possible combinations are alkali metals with helium or argon, but also lead or lead al-
loys with water. This mixer is similar to a direct contact heat exchanger and acts in fact
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like a pump. A tentative flow diagram integrating a CRS plant with an LMMHD gener-
ator is depicted in Fig. 7.18. The LMMHD generator can be used as a toping cycle with
a bottoming Brayton or Rankine cycle [18]. The theoretical efficiencies of the device
can exceed 60% [1].

7.5 Conclusions and outlook

Sodium has been considered as a good candidate for heat transfer fluid in solar thermal
power plants already at early experimental projects such as the IEA/SSPS in Spain.
Sodium gathers extensive experience, since it is proposed in nuclear industry for liquid
metal fast breeder reactors, existing practical know-how in sensitive aspects as safety
and control and hardware validation of key components like pumps, valves, lines, and
steam generators. Its boiling temperature (890�C) is substantially higher than solar
salts and presents outstanding thermal conductivity. The vapor pressure at 595�C is
only slightly above atmospheric pressure. Its main shortcoming is that it reacts with
water and air, and therefore high maintenance costs are associated. The highly reactive
nature of sodium and water is an important consideration in the design of sodium com-
ponents, principally the sodium steam generator, and potentially increases the cost of
these components. Melting point is relatively high (98�C) and because of that heat
tracing is required in the heat transfer fluid loop like in the case of molten salts.

Molten salt is cheaper than sodium by a factor of two and has a three-to-one advan-
tage in its volumetric heat capacity, factors which are particularly important in the ther-
mal storage subsystem. On the other hand, sodium has a five times higher heat transfer
rate, which means that sodium receivers (like water/steam receivers) can be single
pass. The thermal conductivity of liquid metals leads to high heat transfer coefficients.
For flow velocities of 1 m/s for a single tube with D ¼ 12 mm at 400�C, molten salt
reaches about 4600 W/m2 K, whereas over 50,000 W/m2 K can be achieved with
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Figure 7.18 Conceptual scheme for the integration of a liquid metal magneto-hydro-dynamic
converter into a solar central receiver system [18].
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liquid sodium. As a consequence, liquid sodium receivers may operate with high peak
flux of solar radiation (1.4 MW/m2), much higher than solar salts (0.8 MW/m2), and
therefore an absorber area reduction of up to 57% can be achieved.

Two 2.5-MW sodium receivers were tested at the IEA/SSPS project between 1983
and 1986, one of them in a cavity and second one external. Extended test campaigns
could demonstrate high efficiency of about 90% for inlet/outlet temperature of 280/
560�C. High flux tests could achieve peaks of 2.5 MW/m2. In spite of the outstanding
thermal performance of the receiver, a fire accident in 1986 supposed the decommis-
sioning of the facility and the interruption of the R&D activities. Only a significant
follow-up project can be reported since then, corresponding to the Jemalong Solar
Thermal Station in Forbes, Australia, a multitower system of 6 MWth. Once again
the risks associated with maintenance and the existence of a fire at the storage tanks
are raising uncertainty for the future use of this technology.

Alternative approaches are taking place tomove forwardwith the use of liquidmetals
efficiently and safely. Other liquid metals like NaeK mixtures or LBE are being
explored at laboratory-scale to assessing performance and understanding operational is-
sues. Regarding sodium, after the problems encountered with the operation and main-
tenance of storage tanks, it seems reasonable to limit its use confined to the receiver that
is where the heat transfer properties of liquid metals are advantageous. In that sense, the
adoption of evaporation/condensation exchangers as heat pipe solar receivers is pro-
posed for future projects. Liquidevapor phase change sodium integrated receivers
may reach temperatures above 800�Cproviding CRS plants access to the use of Brayton
cycles or advanced direct conversion systems. In particular, there are at present two
direct conversion technologies that are retained for CSP integration studies at system
level, such as AMTEC cells and LMMHD power conversion systems.
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8.1 Introduction

Over the past few years there has been a growing interest in generating electricity using
solar thermal energy due to the potential of low-cost thermal-energy storage. Among
the solar thermal power technologies, the power tower has shown the best promise
because of its higher operating temperatures, which leads to better thermal-to-electric
efficiency and lower overall cost. If molten salt is used as the heat transfer fluid (HTF),
the temperature of the fluid leaving the receiver is about 550�C. Higher temperatures
are achievable by using other types of HTFs such as air. As of 2016, traditional subcrit-
ical steam Rankine cycle (SRC) is being employed in these plants, which limits the
efficiency. Therefore, it is clear that the potential of power-tower plants will not be
fully utilized until new types of power cycles are put into service [11]. According to
goals set in the SunShot program by the US Department of Energy (DOE), next gen-
eration of power blocks should offer a thermal efficiency close to 50% in comparison
with today’s SRC efficiency of 42% or less. Such high thermal efficiency needs to be
achieved under dry cooling conditions because solar power plants are typically located
in arid areas where water is most scarce [14]. In this chapter, supercritical SRCs, air
and helium Brayton cycles, and supercritical carbon dioxide power cycles are
described and discussed as the near-term potential candidates, which can fulfill such
requirements.

Power conversion efficiency can be further increased by using combined power
cycles [9]. In this case, a bottoming cycle utilizes the waste heat from the top cycle
resulting in higher efficiency and less heat rejection to the environment. Depending
on the operating temperatures, different power cycles can be employed as bottom-
ing cycles including the subcritical SRC. In this chapter, organic Rankine cycle
(ORC), supercritical organic Rankine cycle (SORC), and two absorption power
cycles, namely Kalina cycle and Goswami cycle, are discussed as potential
candidates.
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8.2 Stand-alone cycles

In this section, stand-alone cycles that can be used for power generation in concen-
trating solar thermal (CST) plants are described. The section is divided into two
main categories of SRCs and gas Brayton cycles.

8.2.1 Steam Rankine cycles

The SRC has been used in all existing CST plants. A schematic of a typical SRC cycle
including feed water heaters and a reheater is shown in Fig. 8.1. The operating condi-
tions are mainly dependent on the solar technology. In solar energy generating systems
(SEGS) plants which use parabolic trough concentrators as the solar collectors and
synthetic oil as the HTF, superheated steam is generated at 371�C and 100 bar. Using
molten salt as the HTF or direct steam generation in solar power-tower plants increases
the steam temperature to about 540�C, resulting in higher thermal-to-electric efficiency
in the range of 42% with a wet-cooled condenser [14].

Beside increasing the temperature, elevating the steam pressure to more than its
critical pressure (222 bar) leads to supercritical steam Rankine cycles (SSRCs), which
give higher thermal efficiency [30]. Although SSRCs have not been utilized in the cur-
rent CST plants, they have been successfully deployed in fossil fuel power plants [2].

Depending on the cycle configuration and operating temperatures, there is an opti-
mum pressure above which the thermal efficiency does not improve much. For
example, in a reheat cycle for the main/reheat temperatures of 600�C/620�C,
increasing the main steam pressure above 300 bar does not offer any further economic
advantage [8]. As of 2016, the high temperature of SSRCs is limited to about 627�C
because of the limitation of ferritic steels. Other materials are under evaluation to oper-
ate at higher temperatures while special attention is being given to high-nickel alloys
[32].

It is noteworthy that improvement in the efficiency by using supercritical steam,
instead of superheated steam, comes at higher material costs. Cheang et al. [2] inves-
tigated the associated costs of the two cycles in CST plants. They concluded that using
supercritical steam leads to an efficiency improvement of 4.6% while the power block
capital cost is increased by 31.9%. They found the cost per kilowatt for the two plants
to be about the same, which does not justify using the high-pressure working fluid.
This conclusion may not hold for fossil fuel power plants, where saving fuel over
the lifetime of the plant, as well as taking advantage of economy of scale (more
than 400 MW), results in a lower operating cost of the SSRCs. Therefore, comprehen-
sive lifetime cost analysis is required before deploying SSRC in the CST plants.

8.2.2 Gas Brayton cycles

Although all the operational CST plants are based on using SRCs, there is a growing
interest in generating power at higher temperatures, and consequently, higher
efficiencies. This requires the use of high-temperature solar receivers. Gas Brayton
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cycles, which have already been employed for a long time in fossil fuel power plants,
are potential candidates for use in the future CST plants. Air, helium, and carbon
dioxide can all be used as the working fluids.

8.2.2.1 Air Brayton cycle

Integration of the solar power-tower technology with existing gas turbines is a prom-
ising concept, which reduces the capital, and operational and maintenance costs. In this
kind of technology, CST is used to preheat the pressurized air before entering the com-
bustion chamber of the gas turbine (Fig. 8.2). Solar air preheating increases the com-
pressed air temperature which leads to less fuel consumption. Moreover, in spite of the
fluctuations in solar power input, the turbine inlet temperature remains constant and the
output power is fully dispatchable. This reduces the losses due to frequent start-ups and
shutdowns and part-load operation in the conventional CST plants, which results in
higher system efficiency [28]. As shown in Fig. 8.2, an SRC can also be used as a
bottoming cycle to further improve the thermal efficiency.

The temperature of the air entering the combustion chamber is dependent on the
type of the solar receiver. Both molten salt [26] and pressurized volumetric receivers
[15] can be employed. In the case of volumetric receivers, the operating pressure is in
the range of 15e20 bar.

8.2.2.2 Helium Brayton cycle

Closed-loop Brayton cycles are recognized as highly efficient power cycles at rela-
tively moderate top cycle temperatures. The high-temperature fluid leaving the turbine
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Figure 8.2 Air Brayton cycle with solar preheating.
Adapted from Schwarzb€ozl P, Buck R, Sugarmen C, Ring A, Crespo MJM, Altwegg P, Enrile J.
Solar gas turbine systems: design, cost and perspectives. Solar Energy 2006;80(10):1231e40.
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goes through a heat recovery unit where its thermal energy is transferred to the stream
leaving the last compressor (Fig. 8.3). Using intercooling between the compressors and
reheat between the turbines can further improve the efficiency. However, the efficiency
benefit of reheating and intercooling decreases with every additional stage [8].

A closed-loop Brayton cycle with helium as the working fluid has been considered
for nuclear applications. It has been shown that a net cycle efficiency up to 48% can be
achieved when the turbine inlet temperature is around 850�C to 900�C. However, for a
sodium cooled fast reactor, the maximum working fluid temperature is limited to
500e550�C [39], which is achievable in the power-tower plants.

8.2.2.3 Supercritical carbon dioxide Brayton cycles

Carbon dioxide is a nontoxic, inexpensive, nonflammable, and highly stable com-
pound with low critical properties, that is, 7.38 MPa and 30.98�C (314.13 K). Around
the critical point, CO2 is not an ideal gas, and its behavior is very sensitive to pressure
and temperature. In other words, the fluid properties vary significantly around the crit-
ical point. Fig. 8.4 shows the density variations of CO2 at different operating condi-
tions. As can be seen, the density is very high around the critical point and
comparable to liquid density. Therefore, the compression work is considerably
reduced if carbon dioxide enters the compressor close to the critical condition, which
is the main advantage of supercritical carbon dioxide (s-CO2) over the other working
fluids. Wright et al. [33] compared the density of s-CO2 in a closed-loop Brayton cycle
with that of water. At the specified condition, the density of the CO2 at the inlet of the
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Figure 8.3 Closed-loop Brayton cycle.
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compressor is 60% of the density of water, which results in low compression power
requirement.

In addition to the density, other properties of CO2 also change drastically around the
critical point. As can be seen from Fig. 8.5, the thermal conductivity of CO2 maximizes

close to the critical point reaching 148.95 mW
m�K at 305 K. From Refprop [16], the
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thermal conductivity of water at 305 K is 618.41 mW
m�K, while the thermal conductivity

of air is 26.355 mW
m�K at the atmospheric pressure and 305 K temperature.

Fig. 8.6 shows how the specific heat of CO2 changes close to the critical point.
Large variations in specific heat affect the recuperator design in the power cycle. It
is known that for a certain operating condition, a pinch-point exists in the recuperator.
The pinch-point is the location where the temperature difference between the hot and
cold streams is the lowest. As the specific heat varies radically with the changes in
pressure and temperature, the temperature difference between the fluids varies widely
within the recuperator. Consequently, the pinch-point location may be found some-
where inside the recuperator. Therefore, more detailed analysis of the temperature pro-
files is necessary to evaluate the performance of the recuperator [6]. Moreover, the
recuperator size and efficiency are directly affected by the operating pressure. There-
fore, unlike the recuperators for ideal gases, such as helium, where the temperature dif-
ference is almost constant and dependent only on the pressure ratio and temperatures,
the operating pressure is also important and has to be optimally determined. In addi-
tion, the high specific heat of CO2 close to the critical point requires high mass flow
rate of cooling water in the precooler which increases the parasitic losses [6].

There are multiple configurations of s-CO2 Brayton cycle in the literature. The three
configurations that are introduced in this chapter are, simple, recompression, and
partial cooling cycles.
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Simple cycle
The simple cycle configuration and the corresponding temperatureeentropy (T-s) di-
agram are shown in Fig. 8.7. Similar to the helium Brayton cycle, a heat recovery unit
is used to transfer thermal energy from the high-temperature fluid leaving the turbine to
the low-temperature stream. Intercooling and reheat can further increase the thermal
efficiency.

Recompression cycle
In this configuration (Fig. 8.8), the fluid leaving the low-temperature recovery (LTR)
unit is divided into two streams. One stream goes through the precooler, main
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compressor and LTR while the other stream is directly pressurized by a recompression
compressor. The two streams are mixed before the high-temperature recovery (HTR).
Then, thermal energy is added to achieve the required turbine inlet temperature. After
expanding in the turbine, the flow is directed into HTR and LTR to preheat the high-
pressure, low-temperature stream. The main advantage of this configuration over the
simple cycle is more efficient heat recovery. By splitting the flow, the heat capacity
of the high-pressure stream in the LTR decreases, which helps to avoid common
pinch-point problems. The fraction of the flow going through the recompression
compressor is an important design parameter, which directly affects the cycle thermal
efficiency.
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Partial cooling cycle
This configuration (Fig. 8.9) has one more compressor and cooler in comparison with
the recompression cycle. Before entering the precompressor, the low-pressure stream
leaving the LTR is cooled. Then, the flow pressure is increased to an intermediate
level. Next, the flow is divided into two streams. One stream enters the main
compressor after rejecting heat and the other goes through the recompression
compressor. The two streams are mixed before entering the HTR. Two-stage compres-
sion and the additional cooler lead to lower compression work in comparison with the
previous configurations. Among these configurations the simple cycle is the least effi-
cient. However, its simplicity and fewer numbers of components increase the potential
of early commercial market entry. No definite conclusion can be reached yet, as to
which of the other two configurations is more advantageous for future CST plants.
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Modeling the two cycles with the same effectiveness values for the heat exchangers
leads to quite similar thermal efficiencies. However, more detailed analysis shows
that the partial cooling cycle reaches higher efficiency than the recompression config-
uration when the two are compared, based on equal recuperator conductance values
(UA). The difference between the thermal efficiencies can be as high as 4% for low
UA values, and becomes almost zero when the UA is higher than 15 MW/K [21].
Therefore, assuming the cost of the cycle is largely dependent on the recuperator
conductance, the partial cooling configuration is superior for low conductance values.

In addition, numerical analysis shows that the temperature difference between the
inlet and outlet of the primary heater (states 4 and 5) is 23e35% larger in the partial
cooling cycles in comparison to the recompression configuration. Higher temperature
difference leads to the lower required fluid volume when sensible heat storage is
employed. Therefore, the partial cooling cycle results in more cost-effective sensible
heat storage. Higher temperature gradients in the receiver reduce the heat loss to the
environment by lowering the average operating temperature. Moreover, partial cooling
cycles operate at comparatively lower pressures, which is advantageous in terms of
component designs [21].

On the other hand, a detailed analysis by [1] showed that the recompression cycle
has a higher potential to be used as the top cycle in a combined s-CO2-ORC configu-
ration. The efficiency benefit is about 2% in comparison with the combined partial
cooling s-CO2-ORC cycle. Moreover, Padilla et al. [22] carried out a comprehensive
exergy analysis on different s-CO2 cycle configurations, and concluded that the recom-
pression cycle with an additional intercooler for the main compressor has the best exer-
getic performance.

It is noteworthy that this information is based on specific operating conditions and
modeling approaches, and cannot be considered as conclusive. More studies are
required in this area to further investigate the advantages and disadvantages of each
cycle.

8.2.3 Comparison of the presented cycles

Dostal et al. [7] compared the thermal efficiency of a recompression s-CO2 cycle with a
superheated steam Rankine, supercritical steam Rankine, and helium Brayton cycles.
More detailed information about the configuration of each cycle can be found in
Ref. [7]. As can be clearly seen from Fig. 8.10, s-CO2 cycle always outperforms the
helium Brayton cycle for the entire temperature range. In addition, the s-CO2 cycle
is more efficient than the SRC when the turbine inlet temperature is higher than
550�C. Therefore, the optimal operating temperature range for s-CO2 cycle is above
550�C. This is the temperature range that can be easily achieved in solar power tow-
ers.The expected efficiency for s-CO2 cycle in the CST plants is in the range of
43e54% under wet-cooling conditions. However, CST plants are usually located in
the areas where water resources are limited; therefore, dry cooling would be preferred
over wet cooling. Even under Dry-cooling conditions, close to 50% efficiency is
achievable, which is consistent with the goals of the DOE SunShot program [25].
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As stated earlier, the s-CO2 cycle has high efficiency due to low compression work,
as the density of CO2 increases substantially around the critical point. Higher density
of the working fluid also means smaller power conversion components which is
another advantage [18]. Table 8.1 shows the turbine size, shaft speed, and CO2
mass flow rate for power ratings of 0.3, 3, and 300 MW. As can be seen, for 3 MW
power, the turbine wheel diameter is only 15 cm with a speed of 50,000 rpm. There-
fore, it is possible to place the power block inside the tower. In other words, power can
be generated inside the tower right after the receiver and the fluid does not need to flow
through long pipes. Hence, the system can be compact, and the pressure drop and heat
loss are reduced, which consequently leads to higher efficiency and lower cost.
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Table 8.1 CO2 turbine size at different power rates [18]

Power rate
(MW)

Turbine wheel
diameter (m)

Desired shaft
speed (rpm)

CO2 flow
(kg/s)

0.3 0.04 125,000 3.5

3 0.15 50,000 35

300 1.5 3,600 3,500
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8.3 Combined cycles

Combined cycles can improve the overall efficiency of power conversion for CST. In
this section, we introduce potential bottoming cycles that can be used in a combined
cycle configuration. Any of the stand-alone cycles introduced in the previous section
can serve as the topping cycle.

8.3.1 Organic Rankine cycle

The principle of operation for ORC is similar to SRC; however, an organic fluid is used
instead of steam as the working fluid. Organic fluids generally have low boiling points,
which makes recovering heat from low-grade heat sources possible [31]. The perfor-
mance of an ORC is substantially affected by the selection of the working fluid.

Organic fluids can be categorized as dry (positive slope), wet (negative slope), and
isentropic (vertical slope) fluids, depending on the slope of their saturation curves in
T-s diagrams (Fig. 8.11).

The wet fluids such as water need to be superheated, while dry and isentropic fluids
do not need superheating. The isentropic and dry fluids are for ORCs to protect the
turbine blades from liquid droplets during expansion. However, if the fluid is “too
dry,” the vapor will leave the turbine with substantial “superheat,” which adds to
the cooling load of the condenser. This energy can be used to preheat the liquid before
entering the evaporator to increase the cycle efficiency [4].

There is no best fluid for heat sources with different temperatures and one needs to
consider multiple criteria and concerns before selecting a working fluid. These criteria
are extensively discussed in [4,27,29] and can be summarized as:

1. Types of the working fluids: Dry, wet, or isentropic.
2. Latent heat, density, and specific heat: High latent heat, high density, and low liquid specific

heat are favorable.
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3. Critical properties: Critical properties of a fluid determine the operating conditions of tem-
peratures and pressures in the cycle. Fluids with low critical temperatures (e.g., below 300 K)
have difficulties in condensation and are usually not considered.

4. Stability of the fluid, compatibility with materials in contact, ozone depletion potential
(ODP), global warming potential (GWP), the atmospheric lifetime (ALT), availability, and
cost: All these are of great importance.

5. Thermal efficiency: Thermal efficiency of the cycle using the selected working fluid.
6. Turbine outlet/inlet volume flow ratio: Lower ratio allows the use of simpler and cheaper

turbines.

Chen et al. [4] tabulated the thermodynamic and physical properties of 35 organic
fluids which comply with environmental and safety regulations. Using the listed prop-
erties, one needs to select the potential working fluids for the heat source and sink tem-
peratures. Then, analyzing the thermodynamic cycles with the selected working fluids
can determine the best candidate for the specified conditions.

Besarati and Goswami [1] studied integration of an ORC bottoming cycle with each
of the s-CO2 cycle configurations introduced in the previous sections. The best organic
fluids for each configuration were shortlisted based on thermal efficiency and expan-
sion ratio of the ORC turbine. The largest efficiency increase, close to 7%, was
achieved by using a simple s-CO2 as the top cycle. However, as discussed previously,
this cycle is less efficient than the recompression and partial cooling cycles. The
maximum combined cycle efficiency (i.e., 54%) was obtained by the recompression
s-CO2-ORC cycle using R245fa as the working fluid. The efficiency of the stand-
alone cycle under the same operating conditions was around 49%.

8.3.2 Supercritical organic Rankine cycle

The principles of operation are similar to ORC, however, the working fluid with low
critical properties is directly compressed to its supercritical state, bypassing the two-
phase region [17]. Fig. 8.12 compares the thermal match between the heat source
and two different working fluids, one in ORC and another in SORC, for the same
maximum temperature and pinch-point limitation [27]. As can be seen clearly, the
mean temperature difference between the heat source and the working fluid is less
in the SORC, resulting in less entropy generation (lower irreversibility). On the other
hand, SORCs normally operate at higher pressures than ORCs, which may lead to
higher equipment costs and safety concerns.

Carbon dioxide has been frequently studied as the working fluid in SORCs
[35,37,38]. The main challenge for using CO2 is its low critical temperature (i.e., about
31�C), which makes the condensation process difficult. Isobutene, propane, propylene,
difluoromethane, and R-245fa are some of the other working fluids that have been
studied for SORCs [4].

Another approach to reduce irreversibility and improve the system efficiency is us-
ing zeotropic mixtures of working fluids [3]. The main advantage is that the conden-
sation process is not isothermal, and there is a better thermal match between the

170 Advances in Concentrating Solar Thermal Research and Technology



working fluid and the coolant. Fig. 8.13 depicts the condensation process of a zeotropic
mixture of R134a and R32. As can be clearly seen, there is a thermal glide when the
mixture is condensed at constant pressure. Therefore, the condensation process can be
designed in a way that the temperature profile of the cooling water parallels that of
SORC working fluid, resulting in less irreversibility.
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8.3.3 Absorption power cycles

In these type of power cycles, an ammoniaewater mixture is generally used as the
working fluid, where the concentration of ammonia varies at different points of the cy-
cle. As ammonia is a more volatile component than water, it tends to vaporize at a
lower temperature than pure water. Therefore, during the heating process, concentra-
tion of ammonia in the liquid working fluid decreases, resulting in a better thermal
match with the heat source and lower irreversibility. Kalina and Goswami cycles
are two absorption power cycles that can be used as the bottoming cycle in CST plants.

8.3.3.1 Kalina cycle

Kalina proposed a novel cycle in 1984 to be used as a bottoming cycle utilizing waste
heat from the exhaust of gas turbines [13]. The proposed configuration was called
Kalina cycle system 1 (KCS 1). This cycle uses ammoniaewater mixture as the work-
ing fluid where the concentration of ammonia varies along the cycle. Since then, the
cycle configuration has been modified for different applications and each is identified
by a unique system number. For example, KCS 2 is intended for low-temperature
geothermal applications and KCS 5 is applicable to direct fuelefired plants. Different
Kalina cycles along with their applications are well documented by Ref. [36]. The
layout of a Kalina cycle is shown in Fig. 8.14.
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Figure 8.14 A Kalina cycle.
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In comparison with the Rankine cycle, the Kalina cycle is more complex and re-
quires more components. On the other hand, the variable concentration of ammonia
in the binary mixture provides the possibility to alter the properties of the working fluid
at different locations in the cycle in order to maximize the thermal performance.

El-Sayed and Tribus [10] compared the thermal performance of steam Rankine and
Kalina cycles when both are used as bottoming cycle with the same thermal boundary
conditions. The results show that using the Kalina cycle leads to 10e20% improve-
ment in the thermal efficiency. Other research papers have also indicated the advan-
tages of Kalina over Rankine cycle (in a combined cycle configuration) from both
first and second laws points of views [12,19].

Neises and Turchi [20] analyzed the performance of a combined steam Rankinee
Kalina cycle in a parabolic trough solar thermal plant. It was concluded that such com-
bined power cycle can overcome some of the drawbacks of the stand-alone SRC.
These drawbacks can be summarized as:

1. Limitations in generating power during the low solar insolation periods when the steam tem-
perature and flow rate are not satisfactory.

2. Large condensing unit due to very high specific volume of steam at the turbine outlet.
3. Vacuum pressure at the condenser.
4. Lower performance of the condensing turbines when they are used at small scales.

In their proposed cycle, condensing steam turbines are replaced by back-pressure
turbines. The cycles operate in two different modes during high and low insolation
modes. The Rankine cycle is bypassed during the low insolation periods (typically
300e400 W/m2). Under these conditions, the temperature of the HTF can still exceed
300�C, which is high enough for operating the Kalina cycle. When the insolation level
is high, the Kalina cycle operates as the bottoming cycle utilizing the waste heat from
the SRC. Operating the power block in two different modes improves the plant avail-
ability. Moreover, the condensing pressure of the combined cycle is above atmo-
spheric, which is due to the high concentration of ammonia in the condensing unit.
Moreover, back-pressure turbines operate efficiently at 5e20 MW size, which makes
implementation of the technology possible for small- and medium-size power plants.
A techno-economic analysis for a 50 MW parabolic trough power plant indicated that
a 4e11% electricity cost saving could be achieved by replacing a stand-alone Rankine
cycle with the combined RankineeKalina cycle.

In another study Peng et al. [24] investigated using Kalina cycle to utilize waste heat
from a gas turbine. A solar power tower was used to preheat the air. A simulation
showed that using Kalina instead of SRC as the bottoming cycle reduces the exergy
destruction and leads to a peak solar-to-electric efficiency of 27.5% for the turbine inlet
temperature of 1000�C.

8.3.3.2 Goswami cycle

Goswami proposed a thermodynamic cycle in 1995 which can be used either as a
stand-alone cycle for low-temperature heat sources or a bottoming cycle [11,34]. An
ammoniaewater mixture is used as the working fluid and the cycle can produce
both power and refrigeration, although other fluid pairs could also be used.
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Fig. 8.15 shows a schematic of the cycle. The binary working fluid leaves the
absorber with a relatively high ammonia concentration. It is then pressurized and re-
ceives heat from the returning weak ammonia liquid solution in the recovery heat
exchanger. Next, the basic solution is partially boiled to produce a two-phase mixture.
The vapor with high ammonia concentration is separated from the liquid and enters the
rectifier. The rectifier cools the saturated ammonia vapor to condense out any remain-
ing water. The liquid mixture with low ammonia concentration goes through the heat
recovery unit and is throttled to the cycle’s low pressure. Additional heat can be trans-
ferred to the ammonia vapor in the superheater before expanding in the turbine.

The temperature of the vapor leaving the turbine is significantly below the ambient
temperature, which provides cooling in the refrigeration heat exchanger.

Similar to the Kalina cycle, the irreversibilities associated with heat transfer from a
sensible heat source are reduced by boiling the ammoniaewater mixture. Almost pure
ammonia is expanded in the turbine. It is noteworthy that the cycle operating condi-
tions can be optimized depending on the demand profile to generate maximum power,
maximum cooling, or a combination of the two [5].

Rectifier

Separator

Boiler

Recovery
heat exchanger

Refrigeration
heat exchanger

Throtting
valve

Pump

Absorber

Turbine

Superheater

Figure 8.15 Schematic of the Goswami cycle.

174 Advances in Concentrating Solar Thermal Research and Technology



Padilla et al. [23] analyzed a 50-MW parabolic trough solar power plant with Gos-
wami cycle serving as the condenser of a SRC. His analysis indicated that replacing the
traditional condenser with the Goswami cycle reduces energy losses, and eliminates
the high specific volume and poor vapor quality presented in the last stages of the
turbine.

8.4 Summary and conclusions

In this chapter, power cycles that can be utilized in future CST power plants are
reviewed. The Supercritical steam cycle is a highly promising candidate as the SRC
is already in service at all CST plants. However, more development is required in terms
of materials to enable the operation of the cycle at higher temperatures. Moreover, life
cycle analysis is necessary to make sure the additional cost of using supercritical cycle
does not outweigh the efficiency benefit. The air Brayton cycle is a promising candi-
date when a CST plant is added to an operational gas turbine to reduce fuel consump-
tion. Direct and indirect receivers are under development with HTF exit temperatures
of around 1000�C. Although helium Brayton cycle is being considered in nuclear po-
wer plants, its lower efficiency in comparison with s-CO2 Brayton cycles is a major
obstacle for future development. Supercritical CO2 power cycles are superior to other
stand-alone cycles at turbine inlet temperatures greater than 550�C. Both partial cool-
ing and recompression configurations are promising and more detailed comparison is
required before deploying in a power plant. Despite all the positive aspects mentioned
for these types of power cycles, there are some uncertainties about utilization of s-CO2
in CST plants. The main concerns are the high pressure of the fluid and lack of expe-
rience in operating closed-loop Brayton cycles.

This chapter also describes some lower-temperature power cycles that can be used
as potential bottoming cycles. Using a bottoming cycle can further improve the power
cycle efficiency by minimizing the rejected heat to the environment. ORC and Kalina
cycles are more developed alternatives, which have already been used to generate po-
wer from low-temperature heat sources at medium scales. The SORC and Goswami
cycle can also be considered as options due to their simplicity and smooth heat addi-
tion. The efficiencies shown for each cycle in this study are dependent on the operating
conditions and may differ depending on the system requirements.

Although developing new types of power cycles has been an active area of research
for a number of years, additional effort is required to model the performance of power
cycles, in particular at off-design conditions, which are frequently expected at the solar
power plants. In addition, new types of low-cost turbo-machines need to be developed
to operate at high efficiencies over a broad range of part-load conditions. The turbo-
machines must respond quickly to frequent startup/shutdown operations. Moreover,
employing high-temperature power cycles demands high-temperature solar receivers.
Although new thermal receiver concepts such as, particle and micro-channel receivers
are under development, extensive research is required before utilizing them in a solar
power plant. In addition, increasing the maximum temperature of the power cycle has
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to be accompanied by a cost-effective thermal-storage approach. Thermochemical
storage can be considered as a viable option for high temperature systems. Further-
more, low-cost recuperators need to be developed to address a challenge with s-CO2

cycles, which is the required substantial heat transfer area. Moreover, testing different
types of materials such as nickel alloys is needed to find their expected thermo-
mechanical properties under severe pressure and temperature conditions.
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Advances in dry cooling for
concentrating solar thermal (CST)
power plants

9
K. Hooman, Z. Guan, H. Gurgenci
The University of Queensland, Brisbane, Queensland, Australia

9.1 Introduction

All thermal power plants (including concentrating solar thermal, CST) need a cooling
system to cool the turbine exhaust. It is well known that the Carnot cycle efficiency�
hthermal ¼ 1� TL

TH

�
is maximized with the highest possible heat source temperature

TH and the lowest possible heat sink temperature TL. According to this correlation,
a cooling tower must be designed and built to provide the lowest possible heat sink
temperature and is an integral part of a thermal power plant.

Fig. 9.1 shows a simplified CST plant with parabolic trough for electricity genera-
tion. As the figure shows, the parabolic trough consists of a linear parabolic reflector
that concentrates light onto a receiver (tube) positioned along the reflector’s focal line.
The reflected sunlight heats up the fluid flowing through the tubes. The hot fluid is used
to boil water in a conventional steam-turbine generator to produce electricity. Once the
steam has passed through a turbine for electricity generation, it has to be condensed
into water by the cold water from the cooling tower. The function of the cooling tower
is to continuously provide cold water to condense the turbine exhaust steam. Colder
water cools the exhaust steam more effectively and more net power can be generated
from the plant.

In general, water and air are the two mostly used cooling media in a cooling tower.
According to the primary cooling method used, cooling towers can be classified as

Parabolic
trough

Turbine +
generator

Condensor

Cooling tower

Figure 9.1 Concentrating solar thermal (CST) power plant with parabolic trough.
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either wet or dry cooling. Wet cooling towers reject heat through the direct contact of
the water with the flowing air and the cooling is achieved primarily by evaporation.
Dry cooling towers transfer heat through air-cooled heat exchangers that separate
the working fluid (steam or water) from the cooling air.

Wet cooling is more efficient than the dry counterpart at the expense of water loss to
the ambient. For instance, it has been reported that the steam-cycle cooling accounts
for over 90% of water consumption in a typical wet-cooled CST plant [1]. The
consumption of large quantity of water is to be limited by policy or cost in arid remote
area, where CST plants are most likely to be located in future. Therefore, dry cooling
will be the cost-effective option for CST plants.

While dry cooling has advantages for water conservation and environmental protec-
tion, it suffers from lower efficiency when ambient air temperature is high [2]. Accord-
ing to the experiences gained from coal-fired power plants, it is expected that the CST
plants using dry cooling will suffer from the low efficiency during hot periods, which
are often the periods of peak system demand and higher electricity sale price. Thus,
new technologies offering an increase in electricity generation from CST power plants
during high ambient temperature are required.

9.2 Current cooling technologies for concentrating
solar thermal power plants

The cooling technologies available for CST plants can be classified into wet or dry
cooling with respect to the heat transfer mechanism employed. In either case, either
mechanical or natural draft cooling tower can be used to draw air through the tower.

9.2.1 Wet cooling towers

In a wet cooling tower, the water and air are in direct contact, which results in cooling
primarily by evaporation.

As shown in Fig. 9.2, hot turbine exhaust steam is condensed in a condenser by the
cold water pumped from the bottom of the cooling tower. After the heat exchange
between the hot exhaust steam (from the turbine) and the cold water (from the cooling
tower), the cold water gains heat and becomes hot while the exhaust steam is con-
densed. The hot water in the tower loop is then piped to the cooling tower and is
distributed onto the fill material. Air is introduced across the fill material by either
mechanical draft (fans as shown in Fig. 9.2) or natural draft (tall tower) as shown in
Fig. 9.3 [3]. In the fill material, the moving air makes direct contact with the hot water
and carries the heat away resulting in cooling the hot water. The cooled water is then
collected in a cold water basin below the fill from which it is pumped back to the
condenser. The fill material increases both the water/air contact area and the contact
time for better cooling performance.

Wet cooling towers transfer the heat from the water stream to the airstream by evap-
oration, which raises the air temperature and its relative humidity to 100%. The saturated
air is then discharged into the atmosphere. Because the performance of wet cooling is
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dependent on the ambient air wet bulb temperature, it has higher cooling efficiency
than dry cooling which relies on the air dry bulb temperature.

The heat transfer in wet cooling tower is mainly by latent heat through water evap-
oration and only partially (marginally in most cases) by sensible heat transfer. As such,
large quantities of water evaporate into the moving airstream to be discharged into the
atmosphere on leaving the tower. The water lost to the evaporation must be continu-
ously replaced. In addition, because evaporation concentrates impurities in the water,
some of the circulating water is deliberately drawn off to prevent extensive scale

Condensate

Condenser

Turbine exhaust

Turbine

Fills

Figure 9.2 Mechanical draft wet cooling tower.

Surface
condenser

Evaporative
cooling (wet)

Natural draught
cooling tower

Figure 9.3 Natural draft wet cooling tower (Kelvion Thermal Solutions).
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formation. This is called “blowdown.” The moving air also carries away some water
droplets, which are called drift. The evaporation loss, blown-down water, and drift
water correspond to the total water loss in a wet cooling system. Turchi et al. reported
that wet cooling takes more than 90% of water consumption in parabolic trough CST
power plants [1], and the average water consumption per megawatt power generation
for the wet-cooled parabolic trough CST plants is 3.5 m3/MWh. Williams and Rasul
[4] reported the water evaporation rate for a coal-fired power plant of 350 MW capac-
ity in Queensland, Australia, was around 1.8 m3/MWh power generation. This is about
630 cubic meter water per hour or 5.5 million cubic meters per year for a 350 MW
coal-fired power plant. NETL [5] reported that a total makeup water of 5188 gpm
was consumed for a 520 MW power plant in USA, among which, the evaporation
water was 3891 gpm and the blown-down water was 1297 gpm. The water consump-
tion is about 2.27 m3/MWh power generation.

Except for the large amount of water consumption, a wet cooling tower requires
frequent water treatment to minimize the scaling and fouling; to prevent growth of bac-
teria, fungi, and algae; and to eliminate the growth of Legionella that causes Legion-
naires’ disease. Wet cooling towers also cause other environment impact such as fog
producing.

9.2.2 Dry cooling towers

Dry cooling towers conduct heat transfer through air-cooled heat exchangers that sepa-
rate the working fluid from the cooling air. Because there is no direct contact between
the working fluid and the ambient air, there is no water loss in this system. Dry cooling
towers have two basic types: direct and indirect systems.

In a direct dry cooling tower, turbine exhaust steam is condensed directly through
an air-cooled condenser (ACC). As shown in Fig. 9.4, the turbine exhaust flows
directly into the tubes of ACC. A large-diameter piping is used at the turbine outlet
to accommodate the relatively low steam densities (compared with water) and reduce
the pressure drop through the route. The exhaust steam flows inside the tubes of ACC
and is condensed by transferring the heat to the flowing air outside the surface of the
heat exchanger.

With indirect dry cooling tower, as shown in Fig. 9.5 [3], the turbine exhaust steam
is condensed in a surface heat exchanger called condenser where the heat of the
exhaust steam is transferred to the cold water pumped from the air-cooled heat
exchanger located inside the cooling tower. The cooling water gains the heat in the
condenser and is pumped back to the heat exchanger inside the cooling tower. Air
is introduced to flow across the exterior surface of the heat exchanger to cool the
hot water inside the heat exchanger tubes. The cooled water inside the heat exchanger
tubes is then pumped back to the condenser. The turbine exhaust is condensed by the
circulating water rather by the ambient air directly; hence, it gets the name of indirect
cooling.

In a dry cooling tower, air can be introduced either by mechanical draft (fans as
shown in Fig. 9.4) or by natural draft (tall tower as in Fig. 9.5) to move the air across
the ACC/air-cooled heat exchangers. Increasing volumetric flow rate of air through
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heat exchangers improves the performance of the cooling system which ultimately
depends on the air dry bulb temperature.

For a CST power plant, the choice between wet and dry cooling systems involves
a number of trade-offs including the availability and cost of water, environmental
aspects, and the cost of electric power. Because CST power plants, in general, are
located in arid areas, water conservation is a major factor favoring for dry cooling
towers.

Although dry cooling has advantages for water conservation and environmental
protection, it suffers from lower efficiency when ambient air temperature is high. Thus,
new technologies in increasing CST power plant production during high ambient tem-
peratures are required.

Surface
condenser

Air-cooled heat
exchangers (dry)

Natural draught
cooling tower

Figure 9.5 Schematic of indirect dry cooling tower (Kelvion Thermal Solutions).
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Figure 9.4 Direct dry cooling tower (commonly known as air-cooled condenser, ACC).
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9.3 Air-cooled heat exchanger and cooling tower sizing

Air-cooled heat exchanger is a key element of a dry cooling system. Thermal charac-
teristics and pressure drop are the two most important parameters for evaluating the
performance of a dry cooling system.

9.3.1 Thermohydraulics of air-cooled heat exchanger

In a dry cooling system, the hot fluid flows inside the heat exchanger tubes while the
ambient air flows outside the tubes. Because the air-side heat transfer coefficient is
much lower than that of the hot fluid inside the tubes, the surface area of the heat
exchanger has to be increased by adding fins onto the bare tubes to achieve the
required heat transfer rate. This type of heat exchanger is called finned tube heat
exchanger as shown in Fig. 9.6.

The selection of finned tube heat exchanger parameters and the material is based on
the fluid temperature, fouling and cleanability, environment (corrosion), and cost.

Models predicting thermohydraulics of air-cooled heat exchangers have been
developed by various researchers for sizing (and also rating) the heat exchanger and
cooling tower [2,6]. These parameters are also provided by heat exchanger manufac-
turers, usually in the form of factory test data.

The heat exchange rate of an air-cooled heat exchanger can be expressed in the form
of [2]:

Q ¼ UAFTDTlm (9.1)

where U is the overall heat transfer coefficient referred to the area A, W/(m2 �C); A is
any convenient transfer area pertinent to U, m2; FT is the correction factor.

For counterflow arrangement, DTlmdlogarithmic mean temperature difference,
�Cdis calculated as:

DTlm ¼ ðTh2 � Tc2Þ � ðTh1 � Tc1Þ
ln½ðTh2 � Tc2Þ=ðTh1 � Tc1Þ� ¼

DT2 � DT1
lnðDT2=DT1Þ (9.2)

Figure 9.6 Finned tube heat exchanger.
Gatton Tower, Gatton campus of the University of Queensland.
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where Th2 is hot fluid outlet temperature; Th1 is hot fluid inlet temperature; Tc1 is cold
fluid (air) outlet temperature; Tc2 is cold fluid inlet temperature.

The product of the overall heat transfer coefficient and the transfer area (UA) should
always be used. When different areas are used, the result of U will be different, but the
product of U and A will always be the same.

With finned tube heat exchangers, the total air-side area Ao includes both the fin
area and the exposed tube root area. When calculating this total area, fin efficiency
must be taken into account. In this case, the outside area Ao is calculated as:

Ao ¼ Ar þ hf Af (9.3)

where Ar is the exposed root area of the tube, Af is the fin area, and hf is the fin ef-
ficiency. The fin efficiency is an indication of the effectiveness of the fin.

Based on air-side area Ao of a finned tube heat exchanger, the overall heat transfer
coefficient U can be calculated using the following equation:

U ¼
�

Ao

hiAi
þ Ao lnðro=riÞ

2pLk
þ Rfo þ 1

ho

��1

(9.4)

where Ai is the tube-inside area; hi and ho are the convection heat transfer coefficient of
the fluid inside and outside; ro, ri, and L are the outside radius, inside radius, and length
of the tube, respectively; k is the thermal conductivity of the tube material; and Rfo is
the resistance caused by fouling, corrosion, etc.

U can be either obtained from the heat exchanger manufacturers directly or derived
by Eq. (9.4). Because convection heat transfer coefficients hi (inside fluid) and ho
(outside air) are velocity dependent, various empirical models have been developed
to predict these two parameters (hi and ho) when Eq. (9.4) is used. These two convec-
tion heat transfer coefficients are expressed in terms of dimensionless Nusselt number.

Different equations have been derived for laminar/transition/turbulent flow of fluid
inside the tube. Hausen [7] proposed the following equation for turbulent flow in tubes
which can be used for calculation of the convection heat transfer coefficient hi:

Nu ¼ hid
k

¼ 0:0235
�
R0:8
e � 230

��
1:8P0:3

r � 0:8
��
1þ

�
d
L

�0:667	
(9.5)

where Nu is Nusselt number, d is the diameter of the tube, Re is the Reynolds number,
Pr is Prandtl number, and L is tube length.

For the convection heat transfer coefficient of air-side ho, Briggs and Yang [8] pro-
posed a generic equation for a six-row, staggered (set on equilateral triangle) finned
tube heat exchangers:

Nu ¼ hodr
k

¼ 0:134P0:33
r R0:681

e

�
2ðPf � tfÞ
df � dr

	0:2�Pf � tf
tf

�0:1134

(9.6)

where dr is fin root diameter, df is fin diameter, Pf is fin pitch, and tf is fin mean
thickness.
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Eq. (9.6) is valid within the following limits:

1000 < Re < 18000

11:13 mm < df < 40:89 mm

1:42 mm <
df � dr

2
< 16:57 mm

0:33 mm < tf < 2:02 mm

1:30 mm < Pf < 4:06 mm

When quoting the value of overall heat transfer coefficient U given by the manufac-
turers rather than using the previous equation, it is important to identify the reference
area associated with the value.

When using Eq. (9.1) to calculate the heat transfer of an air-cooled heat exchanger,
one needs to know all four terminal temperatures to obtain the logarithmic mean temper-
ature [Eq. (9.2)]. In practical design of CST power plants, outlet temperatures of the hot
fluid, Th2, and the outgoing temperature of the cooling air, Tc1, are not known and need
to be found by an iterative procedure based on the following heat balance equations.

Heat rejected from the hot fluid inside heat exchanger:

Qw ¼ mwcpwðTh1 � Th2Þ (9.7)

Heat transferred to the air outside heat exchanger:

Qa ¼ macpaðTc1 � Tc2Þ (9.8)

Heat transfer through heat exchanger can be calculated by Eq. (9.1). The heat trans-
fer rate by heat exchanger, by hot fluid inside and by air-side must be balanced.

With the heat balance, Q ¼ Qw ¼ Qa

The inlet temperatures of the hot fluid (Th1) and the ambient air (Tc2) are known
from the power plant design data, which leaves three unknowns: the two exit temper-
atures (Th2, Tc1) and the heat transfer rate (Q). These unknowns can be determined
from the three Eqs. (9.1), (9.7), and (9.8) through an iterative procedure.

The effectiveness-NTU method can be used for thermohydraulic performance
prediction without applying the previously mentioned iterative procedure. The effec-
tiveness of a heat exchanger, e, is defined as the ratio of the actual rate of heat transfer
to the maximum possible rate of heat transfer (e ¼ Q/Qmax). The maximum possible
rate of heat transfer can be expressed as Eqs. (9.9) and (9.10) depending on which
of the heat capacity rates (product of the mass flow rate and specific heatdmwcpw
and macpa) are smaller.

Qmax ¼ CminðTh1 � Tc2Þ (9.9)
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where Th1 is inlet hot fluid temperature; Tc2 is ambient air temperature; and Cmin
is the smaller heat capacity rate between the hot fluid mwcpw and the cooling air
macpa.

The actual heat transfer is then given by

Q ¼ eQmax (9.10)

Calculation of the effectiveness, e, can be found in various literatures [2,9]. The
equations for calculation of a counterflow heat exchanger are given below:

For counterflow, indirect dry cooling system,

e ¼ 1� exp½�Nð1� CÞ�
1� C exp½�Nð1� CÞ� (9.11)

For ACC (direct cooling),

e ¼ 1� expð�NÞ (9.12)

where N ¼ NTU ¼ UA/Cmin; C ¼ Cmin/Cmax; Cmin is the minimum of macpa and
mwcpw; and Cmax is the larger one.

When using the effectiveness-NTU method for thermal characteristics prediction,
the first step is to calculate the effectiveness, e, by using Eq. (9.11) or (9.12).
Once the effectiveness has been obtained, the actual heat transfer, Q, can be derived
by Eq. (9.10). Once Q is known, the two outlet temperatures of the fluid and air
(Th2, Tc1) can be calculated using Eqs. (9.7) and (9.8), obviously, without any iterative
procedure.

Similar to the heat transfer, the air-side pressure drop of a finned tube heat
exchanger is velocity dependent. The friction and contraction cause pressure drop
when air flows through the heat exchange. Air-side fouling has a significant impact
on air-side pressure drop. The pressure drop data can be either obtained from heat
exchanger manufacturers or derived from empirical models reported in the open
literature.

In 1966, Robinson and Briggs [10] developed a correlation that was frequently used
for pressure drop prediction for staggered or equilateral tube setting pattern:

Eu ¼ raDP

G2
c

¼ 18:93nrRe
�0:316

�
Pt

dr

��0:927�Pt

Pd

�0:515

(9.13)

where Eu is Euler number, DP is the pressure drop, Pt is transversal tube pitch, nr is
number of tube row, and Gc is mass velocity. Pd is diagonal pitch as given in the
following equation:

Pd ¼
h
ðPt=2Þ2 þ P2

l

i0:5
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Eq. (9.13) is valid within the following limits:

2000 < Re < 50; 000

39.68 mm < df < 69.85 mm

18.64 mm < dr < 40.89 mm

10:52 mm <
df � dr

2
< 14:48 mm

42.85 mm < Pt < 114.3 mm

2.31 mm < Pf < 2.82 mm

42.85 mm < Pt < 114.3 mm

1:8 <
Pt

dr
< 4:6

The pressure drop of a heat exchanger can be expressed in the form of loss
coefficient as in Eq. (9.14):

DP ¼ 1
2
Kherv

2 (9.14)

where Khe is the loss coefficient of heat exchanger.

9.3.2 Mechanical draft cooling tower

When mechanical draft is used in an indirect dry cooling tower, the turbine exhaust
steam is directed to and condensed in a condenser, where the cooling water is also
directed to the same condenser to take the heat away from the exhaust steam. This
heat carried by the water is rejected in the cooling tower through air-cooled heat
exchangers. In this case, the hot fluid flowing inside the heat exchanger is the cooling
water flowing through the condenser. The airflow around the exterior surface of the
heat exchanger is caused by fans.

When mechanical draft is used in a direct dry cooling tower, turbine exhaust steam
is condensed directly through ACC as shown in Fig. 9.4.

Design of mechanical draft dry cooling tower (direct or indirect) requires the heat
transfer and pressure drop calculations. The former is needed for sizing the heat
exchangers while the latter is used for the fan selection.

The heat transfer of the ACC shown in Fig. 9.4 can be expressed as

Q ¼ macpaðTao � TaiÞ ¼ mcifg ¼ e macpaðTc � TaiÞ (9.15)
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e ¼ 1� exp½UA=macpa� (9.16)

where ma is the air mass flow rate; Tao is the air temperature exiting the ACC; Tai is the
air inlet temperature; mc, ifg and Tc are the mass flow rate, latent heat and the tem-
perature of condensate, respectively.

For fan selection, the pressure drop of the cooling system must match the fan
performance curve. The fan must deliver airflow rate ma efficiently to meet the require-
ment in Eq. (9.15).

The pressure drop of the ACC system consists of pressure drops caused by heat
exchanger support DPts, plenum resistance DPpl, screen DPsc, and heat exchanger
DPhe, etc. The total pressure drop of the ACC system can be expressed
as follows:

DPt ¼
X 1

2
Kiriv

2
i (9.17)

where Ki is the loss coefficient due to the heat exchanger support (Kts), fan plenum
(Kpl), screen (Ksc), heat exchanger (Khe), etc., respectively; ri is the air density at these
locations; and vi is the air velocity at these locations.

The pressure drop of the ACC cooling system (system curve) obtained from
Eq. (9.17) is drawn on the related fan performance curve as shown in Fig. 9.7 to check
if the airflow rate meets the design requirement.

The fans can be selected based on the air volume flow ratema/r and pressure drop to
achieve the maximum fan efficiency.

9.3.3 Natural draft cooling tower

The performance of a natural draft dry cooling tower (NDDCT) is influenced by
the characteristics of heat exchanger, the tower geometry, and ambient conditions.
An NDDCT must meet the heat balance and draft equation at the specified ambient
conditions.
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Figure 9.7 A schematic fan selection curve.
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For an indirect dry cooling tower, the heat transfer by air and water and the overall
heat transfer are expressed in the following equations:

Q ¼ macpaðTao � TaiÞ ¼ mwcpwðTwi � TwoÞ ¼ UAFTDTlm (9.18)

DTlm ¼ ðTwo � TaiÞ � ðTwi � TaoÞ
ln½ðTwo � TaiÞ=ðTwi � TaoÞ� (9.19)

where Twi and Two are the inlet and outlet temperatures of the water.
The draft equation for a natural draft cooling tower takes the following form:

P
flow resistance ðtower þ heatexchangerÞ ¼ natural draft force of the tower

yðrao � raiÞgH
(9.20)

The flow resistance of the tower and heat exchanger are shown in Fig. 9.8 as
proposed by Kr€oger [2] and can be expressed as

DP ¼
X 1

2
Kiriv

2
i (9.21)

Ki represents the loss coefficient at tower support Kts, losses due to separation and
redirection of flow at the lower edge of the tower shell Kct, losses at heat exchanger
supports Khes, contraction losses Kctc, frictional losses at heat exchanger Khe, expan-
sion losses at heat exchanger Kcte, and losses in kinetic energy at the outlet of the tower
Kto, respectively, as shown in Fig. 9.8. The details of calculating these loss coefficients
can be found in Ref. [2].

1

Tower supports, Kts

Tower outlet
Kto + dynamic loss

Heat exchanger
Kctc + Khe + Kcte

Tower inlet Kct + Khes2
3

4

5

Figure 9.8 Flow resistance of the tower and heat exchanger [2].
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On top of the three unknowns of Tao, Two, and Q, which need to be solved by the
equations, there is an extra unknown (ma), which is also needed to be solved. There-
fore, iterative processing has to be applied in NDDCT design.

9.4 Advances in dry cooling technologies for
concentrating solar thermal power plants

In a dry cooling system, because the heat transfer coefficient of the air-side is much
lower, an improvement on air-side heat exchange rate will increase the net power
output of a power plant. According to dry cooling tower design, heat rejection by
air-side of the heat exchanger is expressed in Eq. (9.22). To maximize the air-side
heat rejection rate, Qa, by dry cooling system, one can either increase the air mass
flow rate (ma) or decrease the air inlet temperature (Tai).

Qa ¼ macpaðTao � TaiÞ (9.22)

The given two approaches (increasing ma or decrease Tai) have been implemented
in the advanced hybrid cooling technologies developed by the Queensland Geothermal
Energy Center of Excellence (QGECE), the University of Queensland. These advanced
hybrid cooling technologies include solar hybrid natural draft cooling, water hybrid
cooling, and windbreak wall enhancement hybrid cooling.

9.4.1 Solar hybrid natural draft dry cooling tower

NDDCTs function according to the simple principle of the stack effect. Because warm
air inside the tower is less dense than the ambient air outside the tower, warm air rises
due to buoyancy and a natural circulation occurs. The driving force for the natural cir-
culation of air is proportional to the difference in air density between the inside and
outside of tower and the tower height. Solar energy is used in this technology to
heat up the air inside an NDDCT further to increase the density difference.

The solar hybrid NDDCT exploits the solar energy during the hottest periods at
which the conventional dry cooling tower would suffer the lowest performance. The
concept of the proposed system is shown in Fig. 9.9. The solar-enhanced hybrid cool-
ing system includes a natural draft steel tower, sunroof, and heat exchangers. The sun-
roofs are arranged radially at the base of the tower, and the heat exchangers are placed
vertically at the outside edge of the sunroof. As the Sun heats the sunroof, the air under
the sunroof is heated up. Warm air naturally rises through the tower and fresh air is
sucked in, thus providing a cooling airflow through the heat exchanger bundles. By
this arrangement, it would enhance the performance of an NDDCT by increased ma
due to the added solar energy to the airstream after the heat exchanger. The extra
heat from the solar collectors increases the buoyancy of the air inside the tower and
helps to drive more air through the heat exchangers. Higher air mass flow rate, ma

as indicated in Eq. (9.22), has been achieved by this technology.
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Zou et al. [11,12] used a 50-MWe geothermal power plant proposed for Cooper
Basin, Australia, as a case study to demonstrate the improved performance of the pro-
posed solar hybrid cooling tower. The global and direct hourly solar irradiance and
average air hourly temperature records from Refs. [13,14] were used to represent a
typical summer day in Cooper basin as reproduced in Fig. 9.10.

Other parameters selected in this case study include 182 six-row heat exchanger
bundles, 4000 kg/s water flow rate inside the heat exchanger, 120 m tower height,
15% efficiency of the geothermal power plant, 27�C ambient temperature at the design
point, and 450 m solar collector in diameter.

If the same tower height and heat exchanger area are used for both the solar hybrid
natural draft cooling tower and the conventional natural draft cooling tower, solar
hybrid cooling system is able to generate more power as shown in Fig. 9.11.
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Figure 9.10 Solar irradiance and temperature data near Cooper Basin, Australia.
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Figure 9.9 Concepts of solar hybrid natural draft dry cooling tower.
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From Fig. 9.11, it is shown that the net power output decreases with increasing
ambient temperatures no matter which cooling system is used. However, the net power
reduction is less with solar hybrid cooling tower than without it (NDDCT) during the
hottest part of the day; when the ambient temperature increases from 28.6�C at
8:00 a.m. to 36.7�C at 14:00 p.m., the net power suffers about 50% reduction with a
conventional natural draft cooling tower. It is also noted that a relative high solar
irradiance, from 12:00 noon to 14:00 p.m. and, when this solar energy is used in solar
hybrid system, about 3 MW net power loss can be avoid at 14:00 p.m.

In the design of a cooling system for a particular power plant, the height of
the tower has a reverse relationship with the area of heat exchangers, i.e., a higher
tower requires smaller area of heat exchangers and vice versa. The trade-off between
the heat exchange area and tower height can be optimized based on the minimum cost.

Once the height of the tower and the area of the heat exchangers are determined,
selecting the right diameters of the sunroof and the arrangement around the sunroof
becomes an important issue in the design of solar hybrid cooling tower.

Theoretically, increasing the solar sunroof size will increase the heat rejection rate
as shown in Fig. 9.12. However, bigger solar roof size does not only increase the
investment, but also may affect the airflow through the heat exchangers and affect
the cooling performance. Large sunroof diameters provide a larger space for placing
the heat exchangers, and the selected frontal area of the heat exchangers may not be
large enough to cover the entire area provided by the outside perimeter of the sunroof.
In this case, parts of the sunroof perimeter will need to be blocked, and the 3D numer-
ical model has confirmed that this blockage will have a significant effect on the airflow
and the cooling performance. To maximize the utilization of the sunroof, one design
goal is to make the blocked area as small as possible (or the heat exchange coverage
area as large as possible).

It seems that partial blockage in solar hybrid cooling system is unavoidable with
increased sunroof diameter. The larger the sunroof diameter, the smaller is the heat
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Figure 9.11 Net power generation comparison between the solar hybrid system (þ) and the
conventional natural draft dry cooling tower (o) at a day time.
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exchanger coverage ratio, i.e., the ratio of the total heat exchanger frontal area to the
flow area available at the perimeter of the sunroof.

3D simulations have been carried out [12] for various coverage ratios in a solar
hybrid cooling tower. Six coverage ratios were modeled in this study: 100%, 60%,
55%, 50%, 45%, and 40%. For the heat exchanger type selected (keep the heat
exchange area constant), these coverage ratios relate to sunroof diameters of 195 m
(a), 325 m (b), 354.4 m (c), 390 m (d), 433.33 m (e), and 487.5 m (f), respectively,
as shown in Fig. 9.13.

The heat rejection rate of the proposed solar hybrid cooling tower obtained by 3D
numerical model is plotted in Fig. 9.14 when different sizes of solar roof are selected
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Figure 9.13 Various coverage ratios with different diameters of solar roof.
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resulting in different heat exchanger coverage ratios. However, when the diameter of
the solar roof increases to a limit in which the selected heat exchanger can only cover
40% of the area provided, there is a drop of the heat rejection rate. The plot of the
airflow indicates that vortices are generated at the back of heat exchangers below
this coverage ratio owing to the introduction of large partial blockage required to cover
the rest of the perimeter. These vortices reduce the effective heat transfer area. These
vortices cannot be detected by 1D model as indicated in Fig. 9.14. Therefore, the
maximum size of the solar roof can be used in a solar hybrid cooling tower to guar-
antee a heat exchanger coverage ratio of about 50%. Beyond that ratio, any increase
of the sunroof diameter will generate no further gains.

9.4.2 Water hybrid cooling

In this technology, water is introduced into the inlet airstream of the NDDCT. The
introduced water evaporates and reduces the entering dry air temperature Tai. This
cooler air then cools the dry system more efficiently as indicated in Eq. (9.22).
The introduction of water into the entering air can be achieved by either wet media
or nozzle spray.

Inlet air cooling by spray has been effectively used in gas turbine power plants to
increase power output. The use of spray cooling for power plants has been studied by
the Electric Power Research Institute (EPRI) [15].

The inlet air cooling can provide cost-effective alternatives for thermal power
plants. Based on the previous test results obtained from both the laboratory and field
(field test was on single-cell ACC), the EPRI [15] concluded that the allocation of
cooling water in modest quantities (less than 10e15% of full wet cooling consump-
tion) increased the power output by 50% or more during the hottest period. Ashwood
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and Bharathan [16] conducted modeling analysis using ASPEN Plus to evaluate
various inlet air cooling methods for low-temperature geothermal power production.
A sample of their modeling results is shown in Fig. 9.15. The figure shows that the
net power generated during the hottest hours of the day with water spray can be
significantly higher than that without water assistance. They also identified that the
payback period with spray system could be less than 1 year for the geothermal power
plant studied.

Although inlet air cooling have been successfully applied in the process industry,
gas turbines, and small-scale mechanical draft cooling power plants, there is little
experience for CST power plants, especially in the power plants with natural draft
dry cooling systems. Frequent use of water spray in an NDDCT can cause corrosion,
scaling, and fouling on the heat exchanger bundles if water droplets are carried by the
airstream to the heat exchanger bundles. To avoid this, the system is required to evap-
orate all water in the airstream to prevent water droplet contact with heat exchanger
surface. Special wet media or spray nozzles may be required to meet the requirement.
High-pressure nozzles provide small water droplets but at a higher cost. Water quality
affects the performance of the nozzles and its maintenance cost.

Fig. 9.16 shows the concept of the inlet air precooling hybrid NDDCT. Either wet
media or nozzles are arranged under the tower to introduce the water to the inlet air.

9.4.2.1 Inlet air precooling with wet media

As shown in Fig. 9.16, the heat exchanger bundles are arranged horizontally at a height
slightly above that of the tower inlet. The wet media are placed around the tower base
to cover the whole inlet area. Water is distributed over the top of the media and flows
down by gravity to wet the whole media surfaces uniformly. When ambient air passes
through the wet media surfaces, it causes the water to evaporate and the air is then
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cooled. The cooler air flows through the heat exchanger and the performance of the
cooling system is improved.

One of the main concerns of using wet media for inlet air precooling of an NDDCT
is the pressure drop introduced by the wetted media. The additional pressure drop will
have a strong effect on the air mass flow rate passing through the heat exchangers,
which will then impair the heat rejection. Therefore, there is a trade-off between the
cooling performance and the pressure drop when using wetted media for inlet air pre-
cooling. Experimental study was carried out to identify the best wet media for this
application by QGECE of the University of Queensland.

Numerical model has been developed [17] to predict the performance of an
NDDCT with introducing wet media to precooling the inlet air on hot and dry days.
Significant benefits from the wet media hybrid cooling have been achieved.

Fig. 9.17 shows the simulation results with four different media applied in a natural
draft dry cooling system. The results show that even the air mass flow rate is lower
with wet media as shown in Fig. 9.17(a) (extra pressure drop introduced by the wet
media); the heat rejection rate is still much higher with the wet media precooling
(as shown in Fig. 9.17(b)). Some wet media perform better than other ones.

With the inlet air precooling application for NDDCTs, the high cooling efficiency
of wet medium tends to improve the tower performance by reducing the tower inlet air
temperature, while the extra pressure drop impairs the tower performance through its
contribution to the flow resistances. Because the NDDCT is operated by the balance of
both energy and draft equations, the cooling efficiency and extra pressure drop are all
crucial to the tower performance. Wet media with high cooling efficiency provides
more cooling at the expense of extra pressure drop. The media with low pressure
drop have the advantage of small resistance but produce less cooling. There is a
trade-off between selecting the cooling efficiency and pressure drop of a wet medium.

Heat
exchange

Heat
exchange

Natural draft
cooling tower

Natural draft
cooling tower

Wet media Nozzles

Water tank Water tank

Figure 9.16 Proposed Inlet air precooling hybrid cooling system: wet media (left) and spray
nozzles (right).
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9.4.2.2 Inlet air precooling with nozzle spray

In this system, nozzles are used to spray water on the entering air only on extremely hot
days. The nozzles can be distributed either horizontally under the heat exchanger
bundles (as shown in Fig. 9.16) or vertically around the periphery of the tower. During
high ambient temperature hours, water is sprayed into the inlet airstream to cool the
incoming air by evaporation.
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Figure 9.17 Performance of the natural draft dry cooling tower (NDDCT): (a) air mass flow rate
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flow rate in l/min/m2).
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The major concern for the inlet air precooling with nozzle spray is the water droplet
size. To avoid the problem of heat exchanger corrosion, scaling, and fouling caused by
water spray, the water is required to be fully evaporated before reaching the heat
exchangers to prevent water droplet contact with heat exchanger surface.

Experimental and modeling studies have been carried out to achieve the full evap-
oration by optimizing the nozzle selection.

A 3D computational fluid dynamics (CFD) model with dimensions 5.6 m long and
1 m � 1 m cross section has been developed by Alkhedhair et al. [18] as shown in
Fig. 9.18 to simulate the nozzle spray. The 3D model dimension is the same as the di-
mensions of the testing facility (wind tunnel). Spray injection is placed 0.6 m above the
tunnel floor and 0.55 m from the inlet and directed horizontally in a cocurrent direction
with airflow.

The modeling results of droplet trajectories and equivalent air temperature profile
along the wind tunnel duct at different cross sections are illustrated in Fig. 9.19,
colored by their diameter and local air temperature. It can be seen from this figure
that droplets are either airborne with the airstream to the outlet plane or evaporate
completely before falling on the duct floor.

Unlike the inlet air precooling by wet media, no extra pressure drop is involved with
the inlet air precooling by nozzle spray, and the only negative effect in this system is
the reduction of the air density inside the cooling tower as indicated in Eq. (9.20).

To compare the cooling performance of inlet air precooling by nozzle spray, two
new dimensionless parameters are introduced: the relative performance hQ and
the benefit efficiency bQ. hQ is defined as the ratio of the heat rejection at the
off-design to the heat rejection at the design point. bQ is defined as the ratio of the
heat rejection with the inlet air precooling using the nozzle spray to the heat rejection
without inlet air precooling. The simulation results on the relative performance hQ and
the benefit efficiency bQ are plotted in Fig. 9.20. The results were based on the cooling
tower height of 38 m with the heat rejection capacity of 25 MW.

Fig. 9.20 shows that the relative performance hQ (solid lines) and the benefit
efficiency bQ (dashed lines) at different relative humidity achieved after inlet air
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Figure 9.18 3D model of spray cooling.
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precooling. The figure demonstrates that the overall performance of the NDDCT with
inlet air precooling by nozzle spray has always been improved. More benefits can be
achieved at higher ambient temperature.

9.4.3 Windbreak wall hybrid natural draft dry cooling tower

Traditional NDDCTs are normally built over 100 m in height. No small-sized natural
draft cooling towers were built to suit small-scale power plants. With the increased
desire to build small-scale CST power plants for remote areas in Australia, it is impor-
tant to develop and demonstrate small, high-performance NDDCTs to improve the ef-
ficiency and power output of small CST plants.

A major design issue for small natural draft cooling towers is the negative effect of
the crosswind on the cooling performance, which reduces overall plant efficiency. The
performance degradation caused by crosswind is much more significant for small
towers than for tall ones. QGECE has developed a windbreak wall hybrid solution
to address the crosswind problem for small NDDCTs. By introducing a tri-blade-
like windbreak wall underneath the heat exchanger bundles, the negative effect of
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Figure 9.19 Registered droplet trajectories and air temperature profile across the wind tunnel duct.
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the crosswind in a wide range of velocity ratios (up to 40) could be effectively arrested
and even converted into a significant performance boost [19].

9.4.3.1 CFD modeling

In small NDDCTs with tower heights less than 30 m, the crosswind effect could be
substantial and the CFD modeling aims to identify the effect of crosswind on a small
NDDCT of height 15 m.
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Figure 9.20 Modeling results: the relative performance hQ and the benefit efficiency bQ.
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Figure 9.21 Geometry of the CFD models without windbreak walls.
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Without introducing the windbreak wall, the geometry of the tower in the CFD
model, including tower support, is a cylinder with the size given in Fig. 9.21. The cy-
lindrical shape was selected to represent the real steel construction of small towers. The
details of the CFD modeling can be found in Ref. [19].

When the crosswind is introduced horizontally, the airflow pattern and the air
temperature inside the cooling tower are affected by it. Fig. 9.22 shows the airflow
streamlines inside the tower. Fig. 9.23 shows the air temperature contours at the central
vertical cross section of the tower at various crosswind speeds.

At low crosswind speeds, such as 0.5 m/s, the airflow pattern inside the tower does
not change much from no-crosswind condition. As the speed of crosswind increases,
large volumes of vortexes are generated inside the tower which affects the airflow and
therefore the uneven temperature distribution. The effect of the crosswind is to reduce
the performance of the cooling tower.

Upper vortex

Lower vortex
Velocity
streamline

0.00 1.25 2.50 3.75 5.00 6.25 7.50 8.75 10.00

(m s^–1)

(a) (b)

(c) (d)

(e) (f)

Figure 9.22 Airflow streamlines with crosswind speeds of (a) 0 m/s, (b) 0.5 m/s, (c) 2 m/s,
(d) 4 m/s, (e) 6 m/s, and (f) 8 m/s.
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To assess the effect of the crosswind on the NDDCT cooling performance quanti-
tatively, the air mass flow rate ma and total heat transferred Q are computed. Fig. 9.24
plots the ma and Q against the crosswind speed vcw. The mass flow rate ma decreases
first along with rising crosswind speed and remains nearly constant beyond 10 m/s.
The variation of the heat transfer rate with crosswind is more interesting. For this small
tower, the crosswind does not always exert a negative effect on the cooling tower
performance in terms of total heat transfer rate. Q reaches its lowest value at a cross-
wind speed around 5 m/s and then increases with increasing crosswind speed. When
the crosswind speed is larger than 15 m/s, the positive effect is shown.
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Figure 9.23 The temperature contour at the central vertical plane with crosswind speeds of
(a) 0 m/s, (b) 0.5 m/s, (c) 2 m/s, (d) 4 m/s, (e) 6 m/s, and (f) 8 m/s.
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The change ofQ in this small tower is better understood by examining the two cooling
components separately: the heat carried away by the air flowing through the tower verti-
cally and exiting at the top, and the heat carried awayby the airflowing through the bottom
part of the tower horizontally. The total heat rejected from the heat exchangers,Q, is equal
to the sum of these two components.When there is no crosswind, the second component is
zero and all heat is dissipated through the air exit on the top of tower.

The change in Q as shown in Fig. 9.24 indicates that, when crosswind speed is
larger than 5 m/s, the heat transfer rate through the bottom of the tower becomes influ-
ential in the overall heat transfer rate. This phenomenon does not exist in large
NDDCTs because in a tall tower the heat rejected by the air inside the tower is domi-
nant due to the large buoyancy force.

It is also noted, from Fig. 9.24, that with the existence of crosswind at speed about
5 m/s, the total heat rejection, Q, could decrease by 37% compared with no-crosswind
condition, which leads to a significant drop in net power generation at this crosswind
speeds. At some other high-speed levels, the total heat rejected, Q, was increased from
its lowest level. It is very hard to design a small cooling tower under unpredictable
crosswind without some controllable means to be implemented.

A tri-blade-like windbreak wall is introduced and placed underneath the heat
exchanger bundles for the crosswind effect mitigation. Fig. 9.25 shows the CFD model
with the proposed windbreak wall. The effect of the angle of attack of the crosswind
was also examined. The variations of the heat transfer rates at different velocity ratios
are examined [20].

Two dimensionless quantities were introduced by dividing the air mass flow rate ma
and total heat rejection rate Qr obtained under crosswind to their corresponding values
under no-crosswind maN and QrN, respectively. These dimensionless quantities are
plotted against the velocity ratio d for different angles of attack using solid lines, as
shown in Figs. 9.26 and 9.27, respectively. For comparison purposes, the results
without the windbreak walls are plotted in dashed lines in the figures.
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Figure 9.24 The change of ma and Q against various crosswind speeds.
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Different attack angles show different declinations. Above the critical value, the trend
is reversed, which indicates the benefits of the windbreak walls. The troughs of these
curves, depending on the wind attack angle, occur in the velocity ratio range of
2.5e10. In this 15-m-highNDDCT, an air velocity ratio of 10 corresponds to a crosswind
speed ofw4 m/s. A comparison between the solid lines and the dashed lines shows the
significant effectiveness of the windbreak walls at high velocity ratio (d > 10).
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Figure 9.25 The CFD model with windbreak wall.
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It is noted that at the attack angles of 50 degrees and 60 degrees, the cooling per-
formance is almost unaffected at low-velocity-ratio (d < 10) regions, which implies a
great advantage compared with other wind attack angles. Once the wind velocity ratio
exceeds d > 10 (vcw >4 m/s), a significant advantage is observed for the attack angles
of 0 degree, 10 degrees, and 20 degrees, where the wind direction is closer to one of the
walls.

The effectiveness of the windbreak wall is further investigated by the experimental
study.

9.4.3.2 Experimental study

A scale model (based on applying similarity laws) of the mentioned tower was built
and tested in UQ’s Gatton wind tunnel [20].

The scaled tower model is shown in Fig. 9.28. A circular finned tube electric heater
was used to represent the air-cooled heat exchanger.

In the experimental study, temperature, pressure, and speed sensors were employed
to measure the temperature, pressure, and the air speed at different levels as shown in
Fig. 9.29.

Similarity between the scaled tower model and the 15-m-high tower cannot be satis-
fied completely as certain dimensionless parameters are not the same for both. There-
fore, a CFD model has been built for the scaled tower placed in the wind tunnel also.
The purpose of building up this extra CFD model is to compare the CFD results with
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the experimental ones directly, which can validate the correctness of the CFD
modeling methodology used in the approach.

Fig. 9.30 shows the air velocity ratio va=vaN (va is the natural draft air velocity inside
the tower under crosswind conditions and vaN is the natural draft air velocity without
crosswind) varies with the ratio of vcw=vaN for the experimental result and also the re-
sults predicted by the two CFD models without windbreak walls.

It can be seen that the result of CFDmodel for the 15-m-high tower is different from
the other two. This is because the similarity between the scaled model and the 15-m
tower is not completely satisfied; for instance, the Reynolds numbers do not satisfy
the similarity.
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Figure 9.28 The scaled cooling tower model used for experimental study.
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Figure 9.29 Five levels for sensor position.
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Fig. 9.31 shows the relationship between the dimensionless parameter Q=QN (Q is
the heat rejection with crosswind and QN is the heat rejection without crosswind) and
the speed ratio vcw=vaN without the windbreak wall.

With the introduction of a tri-blade-like windbreak wall underneath the heater in the
tower, Fig. 9.32 presents the results in the same way as in Fig. 9.30. Three dashed lines
are the CFD results with the 15-m-high tower.
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It is found that the windbreak wall increases the air velocity flowing inside the cool-
ing tower as the crosswind speed increases.

Fig. 9.33 shows the dimensionless heat transfer rate Q=QN as a function of cross-
wind speed ratio vcw=vaN, obtained from the experiment and CFD results.
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The figures show that the heat rejection rates are greatly increased by the intro-
duction of the windbreak wall. The benefit of windbreak walls under the heat
exchangers has been verified by the experimental results. The cooling performance
of the tower even exceeds the performance of the no-crosswind case when the walls
are arranged at attack angles of 0 degree and even 60 degrees. The windbreak wall
hybrid small natural draft cooling tower is an effective new technology for the CST
power plants.

9.4.4 Advances in tower structure

In a traditional NDDCT, the tower structure is made of reinforced concrete (RC). The
erection of conventional RC tower requires advanced construction methods and skilled
work force. Building such a tower is expensive and time-consuming. To overcome the
typical expenses associated with RC natural draft cooling towers, and improve
economics for small-scale towers, the QGECE has pioneered a modular construction
from a steel frame and PVC polymer membrane. These materials dramatically reduce
costs relative to concrete while still providing the same structural integrity and resil-
ience to wind loading. The modular design also substantially reduces construction
time (by an order of magnitude or more) and thereby reduces construction costs.
The modular design enables rapid deployment to remote sites.

One of the structure frames built by QGECE is shown in Fig. 9.34 located at the
Gatton campus of the University of Queensland. The frame is made of tubular mem-
bers and each individual member is joined together by welding. The cost of the tower
structure is greatly reduced.

Figure 9.34 Configuration of Gatton cooling tower.
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9.5 Conclusions

CST power plants using dry cooling system have advantages of water conservation, flex-
ible selection of site locations, and environmental protection. However, dry-cooled
power plants suffer lower efficiencies when the ambient air temperature is high [2].
Up to 20% net power reduction was recorded during the hottest hours compared with
the operations at average metrological conditions for coal-fired power plant. It is
expected that CST plants using dry cooling will suffer the same way. High ambient tem-
peratures usually coincide with peak system demand and higher electricity sale prices.

Because water conservation ranks top priority in future research on power plant
cooling, new dry cooling technologies to address high ambient temperature are essen-
tial to increase the electricity production for CST plants. Although there are several
step-changing cooling technologies, such as adsorption chillers, having potential for
power plants’ water conservation application, they are either still in its early stage
or have high risk financially. Future research on dry cooling should be focused on
dry cooling technology innovation, improving thermal efficiency of air-cooled heat
exchanger and cooling tower and reducing the costs.

The concept of solar hybrid NDDCTs has been considered a highly innovated tech-
nology by world cooling experts in an international cooling tower conference. Further
study on the design optimization will be required to demonstrate the cost-effectiveness
on the levelized cost of electricity (LCOE).

In spray cooling system, results showed that inlet air can be precooled by up to 80%
of the difference between the wet bulb and dry bulb temperatures. This difference is
15e20�C in most future CST plant locations in Australia. Therefore, the technology
has the potential to have a large impact on plant performance on hot days of the
year. It is expected that multiple nozzles will be involved and optimization of the noz-
zles arrangement will be needed for a tower design to minimize the LCOE. The key for
the optimization is the interaction study between multinozzles. This will also involve
turbulence enhancement on the nozzle spray. To further save freshwater, saline water
could be used, which requires further study for spray cooling.

The accurate cost study will be required based on the optimized design of the
advanced dry cooling systems. The study should be based on the detailed cost study/
comparison with different cooling technologies.
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10.1 General introduction

Concentrating solar thermal (CST) technology is one of the promising renewable
energy solutions for sustainable power production that converts sunlight into thermal
energy prior to generation of electricity in a power block. A distinct advantage of CST
technology, in comparison to other intermittent forms of renewable energy such as
wind or photovoltaics, is the ability to integrate cost-effective thermal energy storage
(TES) for increased dispatchability and load shifting. Furthermore, the addition of TES
to a CST power plant has been shown to reduce its levelized cost of electricity (LCOE)
[1] because of the increase in capacity factor as it allows electricity to be generated
even when solar radiation is not available. Hence, CST-based power plants integrated
with TES can be a key component of the renewable energy portfolio that can function
as a peaking or a load-following plant.

TES systems can be broadly categorized into three types: sensible heat storage
(SHS), thermochemical heat storage, and latent heat storage (LHS). SHS involves
storing heat by raising the temperature of storage material that is in a solid, liquid,
gaseous, or supercritical state [2]. In thermochemical storage, thermal energy is
typically stored in the form of bond energy of a reversible chemical reaction involving
one or more chemical compounds as the storage material. In LHS, energy is stored via
phase transition of the storage material, commonly referred to as phase change
material (PCM).

The U.S. Department of Energy (DOE) SunShot Initiative, launched in 2011,
endeavors to enable large-scale deployment of CST power plants by driving
innovations in various components of CST technology so as to achieve subsidy-free
LCOEof less than 6 ¢/kWh, to be on par with the cost of electricity from fossil-fueled po-
wer plants [3]. Achieving the SunShot target calls for TES solutions with an exergetic ef-
ficiency greater than 95% and storage cost less than $15/kWht. Similar cost reduction
initiatives and targets are launched globally. As various TES technologies are developed
toward the goal of cost-competitive CST, this chapter focuses on the principles of LHS
technology with particular emphasis on elucidating the advantages of LHS; the technical
challenges associated with LHS and a balanced compilation of approaches taken to
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address them; cost and performance analysis of different configurations of LHS that are
applicable to CST systems; and research priorities necessary for the widespread applica-
tion of LHS systems in CST applications.

10.2 Introduction to latent heat storage

Latent heat storage is accompanied by the storage of energy in a material via a phase
transition from one state of matter to another. The phase change transition may vary
between solidesolid, liquidegas, and solideliquid states. For CST applications, the
phase transition most studied for LHS is between the solid and liquid states due to
its low volumetric expansion compared to liquidegas phase transition and high volu-
metric energy density compared to solidesolid phase transition. The
material undergoing the phase change in an LHS system is commonly referred
to PCM.

The energy (Q) stored in a PCM of mass m is given by

Q ¼ m
�
cp;sðTm � TsÞ þ hsl þ cp;lðTl � TmÞ

�
(10.1)

where cp,l and cp,s are the average specific heats in the liquid and solid phases,
respectively, hsl is the enthalpy of phase change due to solideliquid transition, or
latent heat of fusion, which is defined as the heat required to melt a solid substance of
unit mass, Tm is the melting temperature of PCM, Ts is the temperature of PCM in
solid phase, and Tl is the temperature of PCM in liquid phase. The first and third terms
in Eq. (10.1) represent the sensible energy storage in solid and liquid phases,
respectively.

The primary advantages of an LHS system are:

1. High volumetric energy density: For a given temperature difference (DT), the heat stored in
an LHS system is greater than that in an SHS system due to the inclusion of latent heat of
fusion (Fig. 10.1(a)). For instance, the energy required to melt 1 kg of KNO3 (latent heat)
is 95 times higher compared with the energy required to raise the temperature of 1 kg of
KNO3 by 1 K (sensible heat). Fig. 10.1(b) compares the energy densities of some PCM
molten salt candidates [4e7] with those of solar salt and oil [8,9] that work only in the sen-
sible energy regime between operating temperatures of 300 and 600�C. LHS, by virtue of its
higher energy density, requires a smaller volume of PCM to store energy and, in turn, offers
compact energy storage, less construction material, and ultimately lower cost advantages
over SHS counterpart.

2. Isothermal operation: Owing to the constant temperature solideliquid phase transition, high
power cycle efficiency could be obtained if the selected PCM melts at a temperature close to
the maximum operating temperature of the power block.

3. Low system pressure: As mentioned earlier, LHS depends on the absorption and release of
heat during solideliquid phase transformations. Unlike liquidevapor phase transformation,
solideliquid phase change transformation is accompanied only with a moderate change in
density, which does not lead to a large increase in the pressure inside the PCM storage vessel.
A low system pressure does not require a thick-walled vessel, which leads to savings in
construction material cost.
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The main challenges of LHS are:

1. Low thermal conductivity: During extraction of heat from the PCM, a solid layer of PCM
quickly forms on the wall of the heat exchanger. The solid PCM typically has a low heat
transfer coefficient, and therefore heat transfer out of the system once this solid layer has
formed is comparatively much slower.

2. Thermal stability: Some of the PCM mixtures and eutectics do not exhibit ideal mixing
behavior leading to incongruent melting and change in thermophysical properties during
subsequent thermal cycles. Lack of reliable data of PCM subjected to thermal cycling will
lead to nonoptimal design of the LHS.

The general challenges associated with LHS in CST applications, regardless of the
specific configuration of LHS, are discussed in Section 10.3. Specific configurations of
LHS for CST applications are then described in Section 10.4.
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Figure 10.1 (a) Energy stored in a sensible heat storage (SHS) and latent heat storage (LHS)
system, (b) Comparison of energy densities of phase change materials (NaNO3, AlSi2, NaCl)
and sensible storage materials (oil, solar salt) between operating temperatures of 300
and 600�C.
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10.3 General challenges for concentrating solar thermal
latent heat storage systems

CST technologies can be primarily categorized into four system configurations:
parabolic trough, linear Fresnel, dish engines, and power towers [3]. Linear Fresnel
and parabolic trough systems focus sunlight onto a linear receiver while dish and
power towers focus sunlight to a point receiver. The majority of CST power plants
are deployed as either parabolic trough or power tower configurations. The following
discussion is presented in the context of a power tower CST plant configuration.

The working of LHS in a CST power plant fundamentally involves the exchange of
heat between a heat transfer fluid (HTF) and the PCM during the charging and
discharging processes (Fig. 10.2). A schematic of the integration of LHS in a power
tower CST power plant working on Rankine cycle is shown in Fig. 10.2(a) for a typical
charging operation and Fig. 10.2(b) shows the discharge operation of a power tower
CST system based on advanced supercritical carbon dioxide (s-CO2) Brayton cycle
[3,10]. As shown in Fig. 10.2, a power tower CST plant comprises of four subsystems
namely, the heliostat field, central tower/receiver, power block, and TES system. A he-
liostat field constitutes a series of sun-tracking flat-shaped mirrors, which collect ther-
mal energy from the sun and concentrates onto a central tower/receiver (Fig. 10.2(a)).
In the external tower/receiver, molten salt HTF is circulated to absorb the solar thermal
energy reflected by the heliostats. The hot HTF exiting the receiver is then fed into the
power block, which works on either conventional steam Rankine cycle or s-CO2-based
Brayton cycle to convert the thermal energy into electrical energy. The pump, steam
generator, superheater, and steam turbine and electrical generator in Fig. 10.2(a) make
up the Rankine cycleebased power block components, while the low- (LTR) and
high-temperature recuperators (HTR), compressors, and s-CO2 turbines and generators
make up the components of a Brayton cycleebased power block. The typical operating
pressure and temperature of the working fluid of the power cycle at the inlet and outlet
of each of the power block components (Fig. 10.2) can be found in Ref. [11] for
Rankine cycle and Ref. [10] for s-CO2 cycle.

LHS in a CST power plant operates in one of the two modes, namely, charging and
discharging, depending on the solar thermal energy resource at the particular hour of
the day and the energy available in the LHS. Charging occurs whenever the incident
solar thermal energy is in excess to that required by the operation of the power block at
the rated capacity. Excess hot HTF from the solar receiver enters the LHS from one
end and transfers heat to the PCM, thus effecting the melting of PCM at a constant
temperature. The cooled HTF exits the tank to return to the solar field, completing a
closed loop of the HTF flow (Fig. 10.2(a)). The excess hot HTF is directed to the stor-
age system until the cooled exit temperature of the HTF reaches a certain charge cutoff
temperature, T 0

C , which determines the extent to which the TES system can be charged.
The charge cutoff temperature value is limited by the maximum flow rate achievable
by the HTF pumps in the receiver section. The increase in HTF flow rate through the
receiver for a higher cutoff temperature increases undesirable parasitic and thermal los-
ses [11].
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As illustrated in Fig. 10.2(a), excess hot HTF fluid from the receiver outlet is stored
in the TES, which can be subsequently removed to smooth fluctuations in power
output during cloud episodes and to extend power generation after sunset
(Fig. 10.2(b)). During discharging, cold HTF is pumped from the other end of LHS,
resulting in the solidification of the PCM as heat is drawn from the PCM to the fluid,
and the hot fluid exiting the tank is directed to generate steam to drive a turbine and
produce electricity (Fig. 10.2(b)). Similar to the charging process, the strong depen-
dence of the power block cycle efficiency on the hot HTF temperature [11] requires
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Heat transfer fluid (HTF)

Latent heat
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Heat transfer fluid (HTF)

Heat transfer fluid (HTF)
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Steam turbine
and generator
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HTR: high-temperature recuperator
LTR: low-temperature recuperator
HX: heat exchanger
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Figure 10.2 Schematic illustration of (a) CST power plant integrated with a LHS system
working on steam-powered Rankine cycle, (b) CST power plant integrated with LHS system
working on a s-CO2 cycle. The HTF flow path during (a) charging and (b) discharging are also
shown.
Adapted from Nithyanandam K, Pitchumani R. Cost and performance analysis of concentrating
solar power systems with integrated latent thermal energy storage. Energy 2014;64:793e810.
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the termination of discharge process when the HTF exit temperature from LHS reaches
a certain minimum discharge cutoff temperature, T 0

D.
The U.S. DOE SunShot Initiative goal calls for the LHS system (as with other TES

systems) to meet the following technical targets: cost <$15/kWht, exergetic efficiency
>95%, and material degradation due to corrosion<15 mm/year [3,12]. In addition, the
required PCM candidates for LHS must have the following desirable properties:

1. phase change temperatures within the upper and lower limit of the attainable temperatures in
the solar field;

2. high value of specific heat, high latent heat of fusion, high density, and small to moderate
change in density during phase transformation;

3. high working temperatures (>500�C);
4. high thermal conductivity for enhanced heat transfer into and out of the PCMs;
5. congruent melting;
6. insignificant supercooling;
7. low vapor pressure;
8. low corrosivity and toxicity;
9. flame and fire safety;
10. thermal stability at the operating temperatures;
11. chemical stability at the operating temperatures;
12. earth-abundant material supply and low material cost.

10.3.1 Phase change material selection

For high-temperature CST applications, inorganic salts and salt eutectics as well as
metals and metallic alloys are promising candidates as PCM due to their high density,
high heat capacity, low vapor pressure, and low viscosity (low pumping power
requirements) [13]. Kenisarin [6] published a comprehensive review of various
PCMs including chlorides, fluorides, nitrates, and carbonates, among others with
phase transitions in the temperature range between 200 and 1000�C. From the reported
PCM compilation, it is observed that the melting point and heat capacity increase in the
following order: nitrates, chlorides, carbonates, and fluorides. The latent heat of fusion,
PCM material cost, and thermal conductivity for various inorganic salts and metallic
PCMs are obtained from literature [4,6,7] and plotted against their melting tempera-
tures in Fig. 10.3(a)e(c), respectively. Fig. 10.3 helps in the identification of suitable
PCM candidates for the temperature range of interest. However, the corrosion and ther-
mal stability of these PCMs have not all been studied, which makes choosing the right
PCM difficult. In addition, there is a wide discrepancy in the literature for the reported
thermophysical properties for a particular chemical composition of molten salt PCM,
and moreover, their properties at high temperatures are mostly incomplete and
contradictory [14]. For instance, Liu et al. [14] showed that for some candidate
PCMs suitable for CST applications (Li2CO3e35K2CO3e33Na2CO3, MgCl2e48
NaCl, Li2CO3e71.5K2CO3, Li2CO3e65K2CO3 in wt%) there was a wide discrepancy
in the phase change temperatures during multiple meltefreeze cycling tests between
the calculated and experimental values. Therefore, verification of the PCM properties
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Figure 10.3 (a) Volumetric latent heat storage capacity, (b) storage media cost, and (c) thermal
conductivity of various phase change materials.
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is essential to design the LHS system accurately. Efforts to create binary or ternary
eutectics having desirable properties are also being undertaken [15,16].

10.3.2 Corrosion and containment compatibility

One critical issue with high-temperature applications is corrosion, which decreases the
life cycle of the system and also reduces the thermal performance. Both high temper-
ature stability and corrosion resistance at high temperatures are critical in a TES system
designed for a service lifetime of 30 years without failure [3,12]. Any degradation of
the PCM would alter its thermodynamic properties, such as phase change temperature,
which can have detrimental impact on the efficiency of the power block, especially if
the phase change temperature drops. In the literature, there is limited information on
high-temperature salt and metal corrosion with cyclic charging and discharging.

Compatibility of containment materials with various PCMs is therefore a major
technical challenge for CST plants. PCM candidates considered for high-temperature
applications are chlorides, fluorides, carbonates, nitrates, their eutectics, or mixtures
[4]. Currently, iron-based stainless steels (304SS and 316SS) are used as contain-
ment materials for TES in power tower CST plants, with temperatures up to 565�C.
Advancing CST technologies to achieve the SunShot cost target of <$0.06/kWh
requires developing various components of the system to operate at high temperatures
(>650�C) [3]. To achieve a lifetime of 30 years, as needed for CST plants, material
degradation rate due to corrosion must be less than 15 mm/year [3,12]. At such high
temperatures, iron-based stainless steels no longer have the required corrosion resis-
tance and mechanical strength. For instance, at 650�C, corrosion rate of stainless steel
by solar salt (40 wt.% KNO3, 60 wt.% NaNO3) is substantially higher that it cannot
provide the required 30-year lifetime [17,18]. Kruizenga and Gill [18] tested 321SS
and 347SS with stabilizing additives, titanium and niobium respectively, for stress
corrosion cracking. It was found that at 680�C, the corrosion rate was excessive for
it to withstand the 30-year lifetime.

A viable material choice that will withstand the corrosive environment at elevated
temperatures is nickel-based alloys; however, their cost is prohibitively high (approxi-
mately four times more expensive than stainless steelebased alloys) [12,18] to meet
the SunShot TES cost target of<$15/kWht [3]. As detailed in Ref. [12], alternative stra-
tegies such as shot peening, deposition of protective layers through cladding, and inter-
nal insulation of the high-temperature vessels should be considered. Shot peening is a
cold working process used to produce a compressive residual stress layer in an alloy
and make it more corrosion resistant by impacting the surface with a separate material.
Shot peening does not require any additional material to be added to the alloy and is a
widely used process in large industries such as the automotive industry [19]. Cladding
involves layering a thin corrosion resistive material such as nickel, titanium, etc. onto
base metal such as stainless steel through laser application [20], explosive welding
[21], roll welding [22], or electroplating [23]. In the internal insulation approach, a
low thermal conductivity, chemically inert, and low-cost refractory material acts as
a thermal and chemical buffer between the PCM storage and containment material.
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The available studies on corrosion kinetics of various PCM salts at high tempera-
tures are reviewed in Ref. [24]. Nitrates, carbonates, sulfates, and hydroxides act in
a similar way in that they form protective oxide layers, which inhibit corrosion from
the base alloy. Chloride salts are considered to be highly corrosive to steel in the
presence of moisture and oxygen. Grabke et al. [25] explained that the corrosion mech-
anism involves the reaction of chlorine gas in the salt with metal oxides on the metal
surface or with moisture in the system. The mobility of Cl gas is high enough to
penetrate through the oxide scale and form metal chlorides at the metal/metal oxide
interface. Due to the volatile nature of the metal chlorides at high temperatures, it sub-
limates and diffuses through the scale to the oxidative environment where they oxidize
again to liberate chlorine again. The chlorine can diffuse back toward the metal/metal
oxide interface and cause further corrosion.

Goods and Bradshaw [17] studied the effect of thermal cycling and the presence of
impurities on the corrosion of the two austenitic stainless steels Type 304SS and Type
316SS. The impurities typically present in commodity grades of nitrates are NaCl,
KClO4, and Na2SO4. Thermal cycling increased the corrosion rates of stainless steels
compared to isothermal immersion in the molten salt [17], but the increases were mod-
erate. The total metal losses experienced by these alloys ranged from about 5e16 mm
after more than 4000 h and 500 thermal cycles of exposure to the molten salt. These
rates fall well within the SunShot target corrosion rates of<15 mm/year [3]. The corro-
sion kinetics for the stainless steel specimens exposed to molten salt mixtures with low
concentrations of dissolved chloride ions under thermal cycling conditions were
expressed by a parabolic rate law:

metal loss ¼ kpðtimeÞ1=2 � 10�7 (10.2)

where kp is the parabolic rate constant in cm2/s. However, relatively high concentra-
tions of dissolved chloride ions in the nitrate salt increased corrosion rates and tended
to cause corrosion kinetics to follow linear rate equations for stainless steel specimens
under thermal cycling conditions. The linear rate law is given by

metal loss ¼ klðtimeÞ � 10�7 (10.3)

where kl is the linear rate constant in cm/s. The values for rate constant kpwere found to
increase from 1.3 to 1.4 for 316SS and from 2.3 to 2.4 for 304SS with increase in
chloride concentration. With increase in dissolved chloride ions, the values for linear
rate constant kl were found to increase from 0.49 to 0.64 and from 0.65 to 0.90 for
316SS and 304SS, respectively.

10.3.3 Latent heat storage sizing for a concentrating solar
thermal power plant

The sizing of storage system for a power plant of rated capacity, P (in MW), depends
on the required discharge duration (tD) needs and the rated thermal to electric power
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conversion efficiency. The cycle conversion efficiency (ht) depends on the power cycle
configuration and temperature range of the working fluid. The net thermal capacity (P/ht)
of a power plant decides the mass flow rate of the HTF required as given by Eq. (10.4):

P

ht
¼ _mf cfDT (10.4)

where cf is the specific heat of the HTF and DT is the difference between the maximum
and minimum operating temperatures of the CST power plant. The storage capacity is
determined by Q ¼ P � tD given in MWh, which also equals Q ¼ m(cpDT þ hsl),
wherem is the mass, cp is the average specific heat, and hsl is the latent heat of fusion of
the storage material. Thus, the storage capacity of the LHS determines the mass of the
storage material required, which indirectly decides the volume of the storage material
using the following correlation: m ¼ rp � V, where V is the volume of the storage
material and rp is the storage density. In nondimensional terms, the storage capacity is
given as Q* ¼ 1 þ 1/Ste, where the Stefan number Ste ¼ cpDT/hsl and Q* ¼ Q/mcp.
Fig. 10.4 shows the influence of the Stefan number on a nondimensional system
storage capacity. Note that the Stefan number for a SHS isN, for which the dimen-
sionless system storage capacity, Q* ¼ 1, as observed in Fig. 10.4. It is seen that a
smaller value of the Stefan number is essential to realize the high volumetric energetic
density benefits of LHS compared to the sensible thermal storage system. A larger
value of the Stefan number, on the other hand, mitigates the high volumetric energy
density benefits of LHS over SHS.

10.3.4 Understanding charge/discharge characteristics

Unlike SHS, which involves storing energy in a single phase (mostly solid such as
concrete, rocks, etc.), the multiphase nature of LHS leads to different fluid and heat
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transfer dynamics during charging and discharging. Insights into the charging and
discharging characteristics of PCM in an LHS are required to understand the heat
transfer rate-limiting regime to optimally design the storage system. The major
nondimensional parameters that influence the performance of the system are the
Rayleigh number, RaD, and the Stefan number, Ste, defined as:

RaD ¼ gbD3
i ðTw � ToÞr2cp

mk
(10.5)

Ste ¼ cpðTw � ToÞ
hsl

(10.6)

where g is the gravitational acceleration, Di is the inner diameter of the tube storing the
PCM, Tw is the wall temperature, and T0 is the initial temperature. The notations r, cp,
m, k, b, and hsl, respectively, represent the density, specific heat, viscosity, thermal
conductivity, thermal expansion coefficient, and latent heat of fusion of PCM.

Computational modeling [26] may be used to explain the influence of Rayleigh
number and Stefan number on the charge and discharge process. Fig. 10.5 shows
the charging dynamics of PCM stored inside the tube of diameter 60 mm. The melt
fraction (blue representing solid PCM and red representing liquid molten PCM) and
temperature profile inside the PCM at time instant of 50 s are illustrated in
Fig. 10.5(a) and (b), respectively. The PCM is assumed to melt at 300�C while the
outer wall temperature is maintained at 600�C. The melting of the PCM is aided by
the formation of buoyancy-driven convection currents within the melt that occurs as
a result of the temperature difference between the heated wall and the relatively
cold solid phase. The lighter melt at the bottom of the tube rises along the hot tube
wall to the top, being heated up in the process, and upon descending along the cold
solid PCM exchanges thermal energy, thus entraining more fluid and forming a
clockwise (counterclockwise) vortex in the melt region to the left (right) of the tube.
The recirculation ensures relatively faster melting of the PCM at the top of the tube
compared to the bottom.
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Figure 10.5 Contours of (a) melt fraction distribution and (b) temperature distribution within
phase change material during charging at time instant of 50 s (gray shade indicates solid wall).
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Fig. 10.6 shows the discharging dynamics of PCM stored inside the tube of
diameter 60 mm. The PCM is assumed to melt at 600�C while the outer wall temper-
ature is maintained at 300�C, thus maintaining the same temperature difference
DT ¼ 300�C as in charging. Discharging of the energy available in the PCM to the
HTF results in the solidification of the PCM. The solidification of the PCM is seen
to be uniform throughout the solid fraction adjoining the tube (Fig. 10.6(a)). This is
primarily due to the absence of buoyancy-driven convection effects within the solid-
ified PCM and the purely conduction-dominated solidification that accounts for the
very slow discharging rate of the PCM compared with the charging rate. The corre-
sponding temperature profile inside the PCM is shown in Fig. 10.6(b).

For the design of LHS, it is important to understand the implications of Rayleigh
numbers and Stefan numbers on the heat transfer coefficient during charging and dis-
charging. Fig. 10.7(a) and (b) compares the transient charging and discharging heat
transfer performance, represented by the Nusselt number (defined as: Nu ¼ hDi/k,
where h is the heat transfer coefficient obtained from the numerical simulations) for
various Rayleigh numbers as a function of temperature difference, Dq, between the
volumetric average temperature of PCM which varies temporally and the wall temper-
ature. From Fig. 10.7(a), it is observed that the Nusselt number and, in turn, the heat
transfer intensifies with increase in Rayleigh number during charging due to stronger
buoyancy-driven convection currents (Fig. 10.5). However, in the case of discharging,
the Nusselt number is independent of Rayleigh number due to the conduction-
dominated solidification process (Fig. 10.6). The effect of Stefan number on the
discharge Nusselt number is shown in Fig. 10.7(c) and (d), and it has very little
influence on the heat transfer performance. This shows that PCM with a smaller value
of the Stefan number can improve the heat storage capacity of the LHS with only
marginal reduction in heat transfer performance.

10.3.5 Exergetic efficiency

Exergy is used to determine the reversible energy obtainable in thermal systems based
on the second law of thermodynamics. Exergy analysis can help the performance
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Figure 10.6 Contours of (a) melt fraction distribution and (b) temperature distribution within
phase change material during discharging at time instant of 50 s (gray shade indicates solid wall).
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assessment and optimization of the LHS system. In developing TES technologies,
round-trip energy efficiency is often cited as a key metric of performance; however,
it is, in fact, most critical that the exergetic efficiency be very high to ensure that
heat quality is maintained after storage. The SunShot targets for TES require an overall
exergetic efficiency of >95% [3]. The round-trip exergetic efficiency of the LHS is
defined as the exergy recovered from the HTF during discharging process as a fraction
of the total exergy supplied by the HTF during the charging process [1,12]:

x ¼
R tD
tC

�
Tf ðPB; tÞ � TD � Tref $ln

�
Tf ðPB; tÞ

TD

��
$dt

R tC
0

�
TC � Tf ðSF; tÞ � Tref $ln

�
TC

Tf ðSF; tÞ
��

$dt
(10.7)

where Tref is the reference or ambient temperature, Tf(PB,t) in the numerator refers to
the exit temperature of the HTF from LHS during discharging, which is fed in to the
power block (PB), while the term Tf (SF,t) in the denominator refers to the temperature
of the HTF at the outlet of LHS, which goes back to the solar field (SF) for charging.
TC and TD are the hot and cold inlet temperatures during charging and discharging,
respectively.
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Figure 10.7 Variations in the Nusselt number as a function of temperature difference during
charging and discharging (a, b) for various Rayleigh numbers and (c, d) Stefan numbers.
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Initial studies [27e29] showed that the optimal melting temperature (Tm,opt) for a
complete chargingedischarging cycle based on maximum exergy recovery is equal
to the geometric average of the ambient (reference) temperature and the hot HTF inlet
temperature during charging (Tm;opt ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
TCTref

p
). However, the studies assume that

the HTF exiting the LHS during charging was delivered to the environment, which
limits the practical usefulness of the analyses for CST application where the HTF is
rerouted to the solar collector field. Several investigations have concluded that
cascading PCMs in the order of decreasing melt temperatures from the hot HTF inlet
side provide for the highest exergy and energy efficiency without increasing the tank
cost [30,31]. A thorough review of the exergy analyses for LHS systems is presented
by Jegadheeswaran et al. [30]. LHS can be optimized for use with a sensible HTF by
using a cascade of PCMs with equally spaced melting points. In an effort to optimize
the overall exergetic efficiency, the optimal melting temperatures of PCMs were iden-
tified by Gong et al. [31], assuming negligible thermal resistances associated with
PCM, as an approximate geometrical regression, i.e., Tm1

Tm2
¼ Tm1

Tm2
¼ Tm2

Tm3
¼ . ¼ Tmn�1

Tmn
,

where n is the number of PCMs and Tm is the phase change temperature of the PCM.
Shabgard et al. [32] concluded that exergetic efficiency is not an appropriate

criterion while the exergy recovered during the discharge process is the relevant
second-law figure of merit for use in LHS design. In other studies, Nithyanandam
and Pitchumani [33,34] evaluated the performance of single PCM and cascaded
PCM configuration taking into account the practical constraints encountered in a
CST power generation. Based on combined heat transfer analyses, it was found that
the maximum exergy recovered increases only slightly beyond a 2-PCM cascaded
configuration. The optimal LHS design was, therefore, obtained to be a 2-PCM
cascaded arrangement with 75% of the LHS volume from the hot HTF inlet section
during charging filled with PCM of high melting temperature (TmH) while the remain-
ing 25% of the volume filled with PCM of low melting temperature (TmL). The optimal
high and low PCMmelting temperatures for maximum exergy recovery can be approx-
imated as TmH;opt ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
TCT 0

D

p
and TmL;opt ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
TDT 0

C

p
, respectively [33,34], where T 0

C
and T 0

D are the charging and discharging cutoff temperatures, as introduced in Section
10.3. Fig. 10.8 schematically represents the optimal cascaded configuration for a CST
power tower plant. The optimal LHS design in the analyses reported in Refs. [33,34]
showed an exergetic efficiency greater than 95%, under the assumption of negligible
heat loss to the surroundings. In addition, higher exergetic efficiency can also be
achieved using a single PCM with higher melting temperature (close to the charging

Hot HTF inlet

Hot HTF inlet

TmL,optTmH,opt

Figure 10.8 Schematic of optimal cascaded phase change material arrangement in latent heat
storage system.
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hot HTF inlet temperature) as only a very small fraction of exergy is degraded under this
condition; however, heat transfer enhancement techniques are necessary to ameliorate
the diminished heat transfer rate during charging resulting from the smaller temperature
difference between hot HTF inlet and PCM melting temperatures [33,34].

10.4 Latent heat storage configurations for
concentrating solar thermal applications

LHS systems can be broadly considered in two configurations: (1) tank phase changema-
terial latent heat storage (TPCM-LHS) and (2) encapsulated phase change material latent
heat storage (EPCM-LHS). These are discussed in detail in Sections 10.4.1 and 10.4.2.

10.4.1 Tank phase change material latent heat storage

TPCM-LHS systems are simply large tanks filled with a PCM, with an HTF flowing
around and exchanging energy with PCM. The most straightforward, market-ready
design of TPCM-LHS is the shell and tube heat exchanger, in which two different con-
figurations are possible: (1) HTF flowing in the tubes and PCM stored inside the shell
around the HTF pipes (Module 1) or (2) HTF flowing in the shell and PCM stored in-
side the tubes (Module 2). One such configuration with HTF flowing inside tubes sur-
rounded by PCM is shown in Fig. 10.9.

Most of the TPCM-LHS systems use salts as the material undergoing phase change
[4,6] although some researchers have explored the use of metals [5,7]. These systems
were limited in their effectiveness due to the poor heat transfer out of the system during
discharge. In TPCM-LHS, as heat is removed from the system, the PCM solidifies on
the surface of the heat exchanger. The salts being used in these systems have relatively
low thermal conductivity values when they are in the solid state, and as a result, heat
transfer out of the system is greatly reduced. As the solid salt builds in thickness on the
heat exchanger wall, the heat transfer eventually falls to the point that insufficient
energy is being pulled from the LHS system to maintain operation of the power block.

To address the poor heat transfer out of TPCM-LHS systems, a number of
researchers have evaluated the addition of more piping through the PCM block or
the addition of fins/heat pipes (HPs) to the heat exchanger surface to increase the effec-
tive heat transfer surface area [35e41]. Others have incorporated the use of a more
thermally conductive material into the PCM block, such as graphite or metallic foams
[42e45]. Comprehensive assessment of different thermal performance enhancement
techniques for high-temperature LHS systems is available in the literature [46,47].
All of these methodologies have succeeded in increasing the thermal conductivity,
and therefore heat transfer, of the TPCM-LHS system. However, all the solutions
also served to greatly increase the cost of the TPCM-LHS system, as they all require
greater use of metals in the system, which are a significant cost addition. Some of the
prominent approaches for improving the heat transfer in a tank-based LHS configura-
tion are discussed briefly here.
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10.4.1.1 Finned tubes

The use of fins to improve the thermal conductivity of PCM has been explored widely
in the literature [46,47]. A shell and tube heat exchanger configuration with PCM on
the shell side and HTF circulating in the tubes is widely studied. The usage of fins has
been shown to improve the melting and solidification rate of PCM. Velraj et al. [35]
concluded that adding fins reduced the solidification time by a factor of 1/Nfins, where
Nfins is the number of fins. However, the literature predominantly reports on the usage
of aluminum fins, which are only suitable for low-temperature applications due to the
susceptibility of Al to aggressive corrosion at high temperatures. Stainless steel is a
good option for high-temperature applications; however, its low thermal conductivity
(w20 W/m2$K), being an order of magnitude lower compared to Al (w200 W/m2$K),
makes it less viable for cost-competitive applications.

10.4.1.2 Heat pipe/thermosyphons

The use of HPs, which can efficiently transfer heat along their length by means of
evaporation and condensation of an internal working fluid between the HTF and the
PCM, has been investigated as a means for increasing the heat transfer rate
[36e41]. The operation of an HP involves the evaporation of a working fluid at the
high-temperature (evaporator) end creating a high vapor pressure in its vapor core.
Due to the pressure difference, the vapor migrates along the length of the central vapor
core to the low-temperature (condenser) end where it condenses back to liquid onto a
porous wick and flows back to the high-temperature end by means of capillary action.

Cold HTF, TD 

Hot HTF, TC 

PCM Pipes carrying
HTF

Top view

Figure 10.9 Schematic of the tank phase change material latent heat storage system.
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Because the return mechanism is not gravity assisted, HPs are effective in any
orientation with respect to gravity and are capable of transferring large amounts of
energy nearly isothermally.

The concept of HP/thermosyphon embedded LHS for TES in CST systems was
widely studied both experimentally and computationally by Shabgard et al. [37],
Nithyanandam and Pitchumani [38e41], and Robak et al. [35]. A shell and tube
LHS of two different configurations namely, Module 1 (Fig. 10.10(a)) in which
HTF flows inside the tube with PCM surrounding it and Module 2 (Fig. 10.10(b))
in which HTF flows outside the shell with PCM stored inside the tubes, is studied.
Detailed parametric studies were carried out using a thermal resistance network model
to assess the influence of the HP and LHS geometric and operational parameters on the
performance of the system during charging and discharging. The performance metrics
that were evaluated are the effectiveness of the storage system defined as: ε(t) ¼ Q(t)/
Q0(t), where Q(t) and Q0(t) are the energy stored/discharged in time (t) for LHS with
and without HPs, respectively. The optimum design conditions showed that effective-
ness (ε) is significantly higher for Module 1, while highest energy charge/discharge
rate is obtained for Module 2 [39]. Furthermore, based on a three-dimensional compu-
tational modeling of different HPs/thermosyphons locations and orientations
(Fig. 10.11), Nithyanandam and Pitchumani [38,40] systematically analyzed the
charging and discharging performance of the LHS system, to elucidate the complex
interplay between the governing heat transfer and fluid dynamics phenomena. The
results indicated that the highest volumetric energy charge and discharge rate per
unit cost was obtained for Module 2 with two vertical HPs/thermosyphons
configuration [40].

Building upon the results from the previous studies [37-40], Shabgard et al. [9], and
Nithyanandam and Pitchumani [33] considered the design of a large-scale LHS
embedded with vertical gravity-assisted HPs as shown in Fig. 10.12 for CST power
plant operation. The flow channels carry the HTF where the heat transfer between
the HTF and PCM takes place. The schematic of one channel of the LHS system

Module 1 Module 2

HTF flow

HTF flowST

SL SL

ST

(a) (b)

Figure 10.10 Two different configurations studied for latent heat storage with embedded heat
pipes.
Adapted from Nithyanandam K, Pitchumani R. Computational studies on a latent thermal
energy storage system with integral heat pipes for concentrating solar power. Applied Energy
2013;103:400e15.
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with HPs embedded in a staggered fashion and accompanied by a PCM unit is also
shown in Fig. 10.12(a). During charging, hot HTF enters the bottom channel from
the left (Fig. 10.12(b)) while cold HTF during discharging enters the top channel
from the right (Fig. 10.12(b)). The heat transfer pathways during charging and dis-
charging are shown in Fig. 10.12(c) and (d), respectively. The air gap is provided to
accommodate the volumetric expansion of the PCM during melting. Fig. 10.12(a)
and (b) also shows the length of the various sections of the HP, which include the adia-
batic length (La), the condenser length (Lc), and evaporator length (Le). Based on a
detailed parametric investigation on the dynamic behavior of the system, optimum
design configurations that provide the maximum energy discharge rate and exergetic
efficiency were deduced and reported in Ref. [33].
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Figure 10.11 Schematic diagram of different arrangements of heat pipes/thermosyphons. HTF,
heat transfer fluid.
After Nithyanandam K, Pitchumani R. Thermal energy storage with heat transfer augmentation
using thermosyphons. International Journal of Heat and Mass Transfer 2013;67:281e94.
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10.4.1.3 Particles and metal structures

Addition of high conductivity particles such as copper or aluminum is another means
to enhance the thermal conductivity of inorganic salt PCMs [46]. A major drawback
with the approach is agglomeration of particles and lengthy preparation process to
achieve homogenous dispersion. The dispersed particles reduced the volume fraction
of PCM and subsequently its heat storage capacity while improving the thermal
conductivity. The optimum mass fraction of the particles due to the trade-off between
decrease in heat storage capacity and increase in thermal conductivity is widely
discussed in the literature. Incorporating metal structures made of steel or stainless
steel in various geometries, such as cylindrical and spherical, has been studied in
the literature [46,47]. It has been widely reported that a large volume of the metal
structures per unit volume of PCM is required to see an appreciable change in the
charge/discharge rate, which decreases the volumetric heat storage capacity of
the storage system.

10.4.1.4 Metal foams

PCM stored within the framework of open-celled metal foam can substantially
enhance the heat transfer rate. Metal foam is a porous lightweight structure with
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Figure 10.12 Schematic illustration of large-scale gravity-assisted heat pipes (HP) embedded
latent heat storage (LHS) and an expanded view of HP-LHS channel, (b) front view of HP-
LHS channel and heat transfer pathways during (c) charging and (d) discharging of HP-LHS
system. HTF, heat transfer fluid.
Adapted from Nithyanandam K, Pitchumani R. Design of a latent thermal energy storage system
with embedded heat pipes. Applied Energy 2014;126:266e80.
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continuous metal matrices of high thermal conductivity and typically available in high
porosities (>85%). They are generally manufactured using open-cell polymer foam as
templates to create investment-casting molds of desired size and shape into which a
variety of metals or alloys can be cast [48]. Very few studies are focused on using
metal foam to enhance the effective thermal conductivity of PCM for efficient heat ex-
change process [42,44]. However, most of the studies reported involve operation at
low temperatures <200�C.

Nithyanandam and Pitchumani [45] considered the performance of PCM impreg-
nated with metal foam made of silicon carbide for high-temperature applications, while
Kim et al. [43] focused on the application of aligned graphitic foams with very high
thermal conductivities for improving the heat transfer rate. By means of computational
analysis, Nithyanandam and Pitchumani [45] elucidated the effect of foam porosity
and pore density on the performance of system. It was found that the augmentation
in heat transfer rate during charging decreased with increase in pore density of metal
foam due to restriction in the formation of buoyancy-induced convection currents.
During discharge, an enhanced heat transfer rate was observed for LHS with metal
foam of high pore density due to larger effective surface area for heat exchange
interaction between the PCM and solid metal foam matrix. The performance of the
system during discharge was found to decrease with increase in foam porosity due
to decrease in the surface area of the metal foam matrix per unit PCM volume with
increase in foam porosity. However, during charging, based on the trade-off between
increase in the surface area of the metal foam matrix per unit PCM volume and
decrease in latent storage capacity, and restriction of buoyancy-driven convection
currents with decrease in porosity, an optimum value of foam porosity of 0.9 maxi-
mized the charging heat transfer rate.

In addition, Nithyanandam and Pitchumani [45] reported on a combination ofHPs and
metal foams to improve the thermal performance of high-temperature LHS system. In
their design, the HPs were used to reduce the thermal resistance between HTF and
PCM,whilemetal foams contributed to reducing the thermal resistance of the PCM itself.

10.4.2 Encapsulated phase change material latent heat storage

EPCM-LHS represents a promising approach to increase the heat transfer area by
incorporating the PCM mixture in small capsules using suitable shell materials
[49e51]. Encapsulating PCM material inside small capsules increases the specific
surface area, and using HTF in direct contact with the capsules increases the heat trans-
fer coefficient. For example, PCM stored in spherical capsule diameter of 10 mm offer
surface area of more than 600 square meters per cubic meter of capsules.

The configuration of a single-tank thermocline storage system packed with
spherical capsules containing PCM is schematically depicted in Fig. 10.13. In an
EPCM-LHS, a tank of height Ht and radius Rt is packed with spherical capsules filled
with PCM. For the sake of clarity in illustration, an ordered arrangement of capsules is
depicted in Fig. 10.13; however, in reality, the packing could be disordered with the
porosity for most packing of interest falling into the range of 0.36e0.40 [52]. The in-
ner radius of the capsules, represented by Rc, is filled with PCM (shaded), while the
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thickness of the capsule wall is denoted by b in Fig. 10.13. Generally, hot HTF from
the solar receiver enters the LHS from the top while cold fluid is pumped from the bot-
tom of the LHS packed bed during discharge. Buoyancy forces ensure stable thermal
stratification of hot and cold fluids within the tank during both charging and discharg-
ing processes.

The various temperature regimes that are formed during the transient heat transfer
process inside an EPCM storage system is shown in Fig. 10.14 [49]. Fig. 10.14
presents the axial HTF temperature distribution (solid line) and the PCM melt fraction
(dashed line) inside the tank at various time instants during the charge process for PCM
melt temperature of qm ¼ 0.5. The nondimensional temperature (q) and the nondimen-
sional axial position (z*) are defined as q ¼ T�TD

TC�TD
and z* ¼ z/Ht, whereHt is the height

of the EPCM-LHS system (Fig. 10.13). The HTF temperature distribution presented in
Fig. 10.14 at any time consists of four zones: (1) a constant low-temperature zone
(qf ¼ 0) near the bottom of the tank (z* ¼ 1), (2) a constant high-temperature zone
(qf ¼ 1), which prevails near the top of the tank (z* ¼ 1), (3) a constant
melt-temperature zone (qf ¼ qm), and (4) two intermediate heat exchange zones
(qm < qf < 1 and 0 < qf < qm). In the constant low- and high-temperature zones, the
molten salt and PCM capsules are in thermal equilibrium; in the heat exchange zones,
sensible energy transfer between the PCM capsules and the HTF occurs; and in the
constant melt-temperature zone, latent energy transfer between the HTF and
PCM takes place.

Cold HTF, TD

Hot HTF, TC

z

r

Rt

Ht Rc

b

Figure 10.13 Schematic of encapsulated phase change material latent heat storage system.
After Nithyanandam K, Pitchumani R, Mathur A. Analysis of a latent thermocline storage
system with encapsulated phase change materials for concentrating solar power. Applied Energy
2014;113:1446e60.
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There exist technoeconomic trade-offs between the cost of the encapsulation
method and the reliability of the capsule. Individual assembly of millions of metal can-
isters loaded with PCM would likely produce the most robust capsules. The
manufacturing processes utilized for creation of individual assembly EPCMs include
stamping, robotic welding, and other highly reliable methods, which contribute to
the robustness of the capsule [12,53]. However, as previously mentioned, due to the
amount of labor associated with most of the manufacturing processes likely to be
used in the assembly process, these EPCMs would likely not meet the cost targets
of the SunShot Initiative. In comparison, although the manufacturing methods used
for batch assembly EPCMs are more likely to result in a less costly EPCM, these
methods need further development with a high degree of process control [53]. A
further consideration with EPCMs is their susceptibility to rupture when loaded in a
TES system. To prove the reliability of the batch assembly EPCMs as a viable TES
solution, rigorous reliability tests must be undertaken to demonstrate the 30-year life-
time required of CST plants.

A major technical barrier with encapsulating salts is that a void must be created
inside the shell when it is produced so as to accommodate the volumetric increase
of the PCM during charging. In addition, the shell used to encapsulate the salt must
be compatible with a molten salt HTF heated to temperatures above 600�C and
must be robust to withstand over 10,000 thermal cycles between 300 and 600�C.
The breakage rate, if any, must be less than 0.1% per year. Many proposals for
manufacturing batch-assembled EPCMs involve methods such as electroplating,
self-assembly, or spray coating (sol gel), allowing them to be created in large batches
with comparatively little need for labor and, in turn, cost [12].
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Figure 10.14 Variation in the transient evolution of heat transfer fluid (HTF) temperature and
phase change material (PCM) melt front along the height of encapsulated phase change material
latent heat storage system during charging.
Adapted from Nithyanandam K, Pitchumani R, Mathur A. Analysis of a latent thermocline
storage system with encapsulated phase change materials for concentrating solar power. Applied
Energy 2014;113:1446e60.
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One such process developed by Mathur et al. [50] is illustrated in Fig. 10.15, which
involves five steps to make the capsules. In step 1, the salt prills of KNO3 were coated
to a predetermined thickness with a high molecular weight polymer selected such that
it decomposes to gases at temperature lower than the melting point of salt (volume of
polymer at least equal to salt volume expansion). Methyl cellulose with Ceramabind
binder was used. In step 2, a 300- to 500-mm-thick coating of the shell material was
added on top of the polymer coat. Montmorillonite clay mixed with proprietary
additives was used. In step 3, the clay-coated capsules were heated very slowly in a
furnace to about 280�C. At this temperature, the polymer decomposes to gases and
escapes through the pores in the capsules leaving an open space or void. In step 4,
the capsules were heated further beyond the melting point of the salt prill. As the
salt melts and is heated beyond its melting point, it expands and occupies the free space
left by the polymer. In step 5, a thin coating of nickel metal is chemically deposited
over the shell to seal the pores. Fig. 10.15(b) shows a dissected capsule examined
in an optical microscope showing the void in the middle.

10.4.3 Heat transfer comparison between the tank phase
change material latent heat storageebased and
encapsulated phase change materialebased latent heat
storage

To effectively compare the performance of the TPCM- and EPCM-based LHS, a
constant solar salt (HTF) mass flow rate ( _mf ) of 518.52 kg/s is considered, which cor-
responds to the required flow rate to power a 100-MWe solar power plant operating at

1. Salt prill 2. Coat with
sacrificial 
polymer

3. Coat with
clay shell

4. Slowly heat to
remove polymer

5. CVD metal coat
to seal pores

(a)

(b) 0.5 mm

Figure 10.15 (a) Manufacturing process of spherical phase change material capsules for
encapsulated phase change material latent heat storage system and (b) dissected section of a
spherical capsule.
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41% thermal efficiency. The height of the tank (Ht) and the porosity of the tank are
kept constant at 20 m and 0.37 [54], respectively. The porosity in a TPCM-LHS
reflects the volume of the tank occupied by the HTF pipes, while in an EPCM-LHS
it denotes the volume of the tank occupied by HTF. This ensures that the volume of
PCM is the same in both cases. A plot of the Stanton number (St) defined as the ratio
of the overall heat transfer to the heat-carrying capacity of the HTF (St ¼ heff As= _mf cf )
for varying pipe radius in TPCM-LHS and capsule radius in EPCM-LHS is shown in
Fig. 10.16. The effective heat transfer coefficient, heff, includes contributions from
convection heat transfer due to HTF flow and conduction heat transfer in the PCM
during solidification. As denotes the total surface area for interaction of HTF with
PCM and cf is the specific heat of the HTF. It is seen from Fig. 10.16 that for a given
PCM volume, the Stanton number is at least six times higher in the case of EPCM-LHS
compared to TPCM-LHS. For a given tank radius (Rt), the Stanton number decreases
with increase in pipe and capsule radius because of decreases in effective heat transfer
coefficient and surface area per unit volume for interaction of HTF with PCM. This
figure also reiterates the importance of heat transfer enhancement techniques for
TPCM-based LHS systems.

10.4.4 System integration of latent heat storage with
concentrating solar thermal power plants

To achieve the SunShot Initiative goals, a critical that the exergetic efficiency be very
high to ensure that heat quality is maintained after storage.system-driven approach that
examines the cost and efficiency is necessary to understand the benefits of CST with
TES. The Solar Advisor Model (SAM) [11] developed by the National Renewable En-
ergy Laboratory (NREL) and the Sandia National Laboratories provides the frame-
work to investigate the impact of geographical, geometrical, and operating
parameters on the performance of various CST technologies including parabolic
trough, molten salt power tower, and dish Stirling power plants. As per the U.S.
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change material latent heat storage (TPCM-LHS) system, (b) capsule radius for encapsulated
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DOE SunShot Initiative requirements, the optimal design of a TES for integration into
CST power plants should yield Page 24round-trip exergetic efficiency (x) greater than
95% and a storage capital cost (j) less than $15/kWht for a minimum discharge period
(tD) of 6 h [3]. Although the round-trip exergetic efficiency of sensible TES can attain
close to 100%, the storage capital cost of current 2-tank sensible TES is reported as
$27/kWht [12]. Nevertheless, an optimally designed LHS has the potential to reach
both storage capital cost (j) less than $15/kWht and exergetic efficiency greater
than 95%.

The SunShot Initiative’s goal of an LCOE of 6 ¢/kWh, without subsidies, is ex-
pected to be achieved with molten salt power tower CST plant of nameplate capacity
200-MWe [3]. To this end, Nithyanandam and Pitchumani [1] evaluated the
performance of the CST power plant with LHS systems (net annual energy production,
storage capital cost, capacity factor, and LCOE) by integrating the physics-based
model of the storage systems with the performance model of the molten salt power
tower CST plant. The dynamic model uses actual weather data at time intervals of
1 h and calculates the net electrical energy output at every time step during an entire
year, thus simulating the hourly, monthly, and annual energy output of a solar thermal
power plant. More detailed descriptions of the system and cost models may be found in
Ref. [1]. A systematic analysis of the various design configurations of TPCM-LHS
embedded with HPs (Fig. 10.12 in Section 10.4.1) and EPCM-LHS (Fig. 10.13 in Sec-
tion 10.4.2) on CST power plant operation based on s-CO2 and Rankine power cycles
is conducted, and for the first time, a methodology for deriving design envelopes of the
two different types of LHS based on the aforementioned constraints (x > 95%,
j < $15/kWht, tD > 6 h) was illustrated.

An optimum design configuration of the LHS system based on minimum LCOE
from the design windows is reported in Ref. [1] and compared with the CST power
plant operation based on Rankine cycle and current state-of-the-art two-tank direct
sensible energy storage system, as presented in Tables 10.1(a)e(c). Important re-
sults pertaining to the analysis can be summarized as follows: smaller capsule
radius of EPCM-LHS system has lower storage capital cost and higher exergetic
efficiency and provides higher capacity factor and least LCOE of CST power plant
for a given storage capacity while there exists an optimum longitudinal spacing be-
tween the HPs in a TPCM-LHS with HPs for which the LCOE is minimum. Based
on a systematic parametric analysis on the various performance metrics, feasible
operating regimes and design conditions were identified which meets the SunShot
Initiative 2020 requirements: (1) LCOE less than 6 ¢/kWh, (2) exergetic efficiency
greater than 95%, and (3) storage cost less than US$87.95 MM (equivalent to $15/
kWht). The minimum LCOE obtained from the parametric study and the design
window was less than the SunShot 2020 target of 6 ¢/kWh for EPCM-LHS system
at 5.37 ¢/kWh. Also, it is found that the maximum cost of HPs embedded in LHS,
which satisfies the SunShot requirements, is $4/unit HP. The results provide direct
usable information for optimum operation and design of the latent thermal storage
systems for CST power plants. The methodology presented in Ref. [1] may be
used to obtain the optimum designs for other LHS and CST power plant
configurations.
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Table 10.1a Optimum 2-Tank design configuration for least levelized cost of electricity (LCOE)

Power
plant cycle

Storage
type

Tank
radius, Rt

(m)

Tank
height, Ht

(m)
Annual net electric
output, Qe (GWh)

Capacity
factor, b (%)

Storage capital cost
(US$ MM)

LCOE
(¢/kWh)

s-CO2 No TES e e 553.5 31.6 e 11.07

2-Tank 15.3 20 1138.7 65.0 158.1 6.49

Rankine No TES e e 565.5 32.3 e 17.46

2-Tank 23.9 20 1160.3 66.2 204.6 9.92

TES, thermal energy storage.
Adapted from Nithyanandam K, Pitchumani R. Cost and performance analysis of concentrating solar power systems with integrated latent thermal energy storage. Energy 2014;64:793e810.
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Table 10.1b Optimum encapsulated phase change material latent heat storage (EPCM-LHS) (Fig. 10.13)
system design configuration for least levelized cost of electricity (LCOE)

Power
plant
cycle

Encapsulation
cost ($/kg-PCM)

Tank
radius,
Rt (m)

Tank
height,
Ht (m)

Capsule
radius,
Rc (cm)

Annual net
electric output,
Qe (GWh)

Capacity
factor, b
(%)

Exergetic
efficiency,
x (%)

LCOE
(¢/kWh)

Storage
capital cost
(US$ MM)

s-CO2 (1) 0.75 15 15 0.5 1204.9 68.77 96.04 5.37 42.8

(2) 1.50 15 15 0.5 1204.9 68.77 96.04 5.47 58.1

Rankine (1) 0.75 20 15 0.5 11,517.6 66.07 98.42 9.05 74.6

(2) 1.50 20 15 0.5 1157.6 66.07 98.42 9.24 101.8

PCM, phase change material.
Adapted from Nithyanandam K, Pitchumani R. Cost and performance analysis of concentrating solar power systems with integrated latent thermal energy storage. Energy 2014;64:793e810.
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Table 10.1c Optimum heat pipes embedded latent heat storage (HP-LHS) (Fig. 10.12) system design
configuration for least levelized cost of electricity (LCOE)

Power
plant
cycle

Heat
pipe cost
($/unit)

Channel
length, Ld

(m)

Channel
Width,
Wd (m)

No. of
heat pipes

Annual net
electric output,
Qe (GWh)

Capacity
factor, b
(%)

Exergetic
efficiency,
x (%)

LCOE
(¢/kWh)

Storage
capital cost
(US$ MM)

s-CO2 (1) 2.0 25 1.2 15,624,164 1158.7 66.14 97.05 5.77 78.61

(2) 4.0 25 1.2 15,624,164 1158.7 66.14 97.05 6.05 110.5

Rankine (1) 2.0 30 1.6 24,898,663 1122.1 64.05 97.61 9.69 124.7

(2) 4.0 30 1.6 24,898,663 1122.1 64.05 97.61 10.05 175.7

Adapted from Nithyanandam K, Pitchumani R. Cost and performance analysis of concentrating solar power systems with integrated latent thermal energy storage. Energy 2014;64:793e810.
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10.4.5 Large-scale demonstrations

An example of a case study of an active pilot-scale demonstration of LHS module was
presented in Refs. [55,56]. To date, the world’s largest LHS module integrated with wa-
ter/steam test loopwas commissioned byGermanAerospace Center (DLR) at Endesa po-
wer plant Litoral in Carboneras, Spain, in the year 2010. The LHS module is combined
with a concrete sensible storage system for preheating and superheating water/steam
while PCMstorage is used forwater evaporation. Fig. 10.17(a) shows the thermodynamic
characteristics of combined sensible/latent storage with direct steam generation in the so-
lar collectors. An overview of the three-part TES system for direct steam generation

Enthalpy, H

Te
m

pe
ra

tu
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Solar field
LHS
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SHS

Power block
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Figure 10.17 (a) Temperatureeenthalpy characteristics with combined sensible/latent heat
storage for direct steam generation, (b) 700 kWh phase change material (PCM) storage in the
water/steam test loop at the Endesa power plant Litoral in Carboneras, Spain, and (c) schematic
of latent heat storage (LHS) module with aluminum fins. HTF, heat transfer fluid; LHS, latent
heat storage; SHS, sensible heat storage.
(a) Adapted from Laing D, Bahl C, Bauer T, Lehmann D, Steinmann WD. Thermal energy
storage for direct steam generation. Solar Energy 2011:85(4):627e33; (b) After Laing D,
Bauer T, Breidenbach N, Hachmann B, Johnson M. Development of high temperature
phase-change-material storages. Applied Energy 2013;109:497e504.
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combining SHS and LHS is shown in Fig. 10.17(b). The LHSmodule uses NaNO3 as the
PCM sandwiched between aluminum fins for enhanced heat transfer and has a total stor-
age capacity of 700 kWh [55,56] as shown in Fig. 10.17(c). The system operates under
temperature and pressure conditions similar to that of direct steam generation in parabolic
trough power plants and the details are provided in Table 10.2.

10.5 Summary

This chapter presented the potential challenges and opportunities of LHS as a
cost-effective approach for improving the efficiency and dispatchability of CST tech-
nologies. The LHS systems involve phase change of the storage material, commonly
referred to as PCM, between solid and liquid state. Storing thermal energy in the form
of latent heat of fusion of PCM, in addition to sensible heat, significantly increases the
energy density, in turn, offering the opportunity for reducing the storage size and cost.
The general challenges associated with LHS for CST technologies in the areas of PCM
requirements, compatibility of containment material, heat transfer performance, and
system integration were discussed along with a presentation of the different configu-
rations of LHS for CST applications.

Various PCMs were categorized based on their temperature ranges of application,
volumetric energy density, and cost ($/kWh). It was pointed out that more studies are
needed to accurately characterize various molten salt PCMs to resolve the discrepancy
in the thermophysical properties reported in the literature. Research efforts are also
focused on creating binary or ternary eutectic PCM with enhanced thermophysical
properties and low cost ($/kWh). High-temperature, long-term thermal and chemical
stability (corrosion) of construction material in PCMs is an important requisite for
safe and cost-effective LHS design in CST applications. Further research required in

Table 10.2 System characteristics of German Aerospace Center (DLR)
demonstration

Storage capacity 700 kWh

Storage medium weight 14,000 kg

Outer storage unit dimensions, w/o insulation 1.7 m � 1.3 m � 7.4 m

Tube dimensions 152 tubes of length 6 m

Fin type Radial, aluminum

Steam conditions 128 bar, 400�C

PCM NaNO3 (Tm ¼ 306�C

Insulation type 40-cm-thick mineral wool

PCM, phase change material.
Adapted from Laing D, Bauer T, Breidenbach N, Hachmann B, Johnson M. Development of high temperature
phase-change-material storages. Applied Energy 2013;109:497e504.
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the area of containment material compatibility includes measuring the temperature
dependence of corrosion rate, fully understanding mechanisms of corrosion, and
devising methods for mitigating corrosion, especially at the higher temperatures, so
that PCM materials can be viable for high-temperature CST.

A fundamental challenge with LHS using molten salt PCMs for high-temperature
CST applications is its intrinsically low thermal conductivity that limits the discharge
heat transfer rate during the conduction-dominated solidification of PCM. The poor
discharge rate results in a huge penalty in overall exergetic efficiency of CST system.
This chapter detailed the research efforts focused on alleviating the poor heat transfer
performance of PCMs by categorizing into two classes: TPCM-LHS system with per-
formance enhancement techniques and EPCM-LHS system that promote high heat
transfer rate by encapsulating the PCM in small spherical capsules thus increasing
the surface area per unit volume for interaction with HTF. Of the various performance
enhancement techniques such as extended surfaces (HPs/thermosyphons), dispersing
high conductivity particles, impregnating metal or graphitic foam structures that
have been explored for TPCM-LHS, PCMs with graphite foams and heat pipes
show great potential [1, 43] to meet aggressive cost and performance targets [3]. Op-
portunities for ECPM-LHS systems lie in improved manufacturing methods with high
reliability and low production cost.

There has been significant amount of exploratory research in the area of LHS for
CST applications; however, the demonstration of the systems is only limited to
bench-scale studies. Future work should focus on pilot-scale demonstration of the sys-
tems to derisk the technology, attract investors, and secure project financing for large-
scale demonstrations. The chapter presented an example system-level study [1] that
analyzed the technoeconomic feasibility of different configurations of LHS integrated
with a CST power tower plant, based on key performance metrics of exergetic effi-
ciency, storage cost, and LCOE. Further system-level analysis and optimization is
necessary for designing and implementing a full-scale LHS with a CST power plant.
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11.1 Introduction to thermochemical energy storage

This chapter briefly introduces the first law of thermodynamics to frame the role of
heat, temperature, and mass transfer in dictating the progression of a chemical reaction.
These are important considerations for realization of storage of solar thermal energy at
magnitudes that are meaningful for the target application. The second law of thermo-
dynamics is then used to establish that not all heat is created equaldthat higher tem-
perature heat is more useful for conducting work, given a fixed temperature for the heat
sink. Since heat-to-work conversion processes are not perfect, the various contributing
factors to inefficiencies (losses) are described in the context of exergyda term used to
quantify a system’s ability to do useful work.

We then describe the general advantages and disadvantages of thermochemical en-
ergy storage (TCES). This is followed by a discussion of specific challenges that occur
in TCES systems. Many of these challenges revolve around the high temperatures of
operation and include corrosion, sintering, changes in mechanical properties, and
competing thermodynamic processes. Each of these concerns requires explicit treat-
ment as they stand to restrict a TCES system’s ability to efficiently and effectively
conduct the desired chemical transformation.

If left unaddressed, the aforementioned challenges of high-temperature operation may
lead to TCES systems that become inoperable over the extended lifetime of a concen-
trating solar thermal (CST) plant. Consequently, CST systems with TCES require careful
consideration of an integrated solar power plant and a thermal chemical plant operation.
Little information exists in this area, which calls for thoughtful integration of the first and
second laws of thermodynamics. These, combined with Le Cha

ˇ

telier’s principle of chem-
ical equilibria, allows for use of heat, temperature, and mass transfer to satisfy the power
demands of the energy generating cycle. Several classes of TCES reactions are described,
along with specific examples of chemical transformations that have been previously
investigated at research and pilot scale.

Despite all of the known challenges, the incredibly high energy density, dynamic,
adjustable character of the heat output, and flexibility of TCES system warrant
continued pursuit and development.
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11.1.1 Energy and exergy analysis for thermochemical energy
storage systems

TCES is defined as the storage of heat energy through the cycling of matter through
two or more thermodynamic states. This transition between states is achieved via
the making and/or breaking of chemical bonds. In this chapter endothermic and
exothermic chemical processes are the focus of discussion, but it should be realized
that the chemical process is but one contributor to the total thermal energy contained
in a TCES system. Total energy stored may be defined by Eq. (11.1):

Q ¼ mCpDT þ mHl þ mDHrxn (11.1)

where m is the mass of the storage media, Cp is the heat capacity of the storage media,
DT is the change in temperature of the storage media, Hl is the latent heat associated
with any phase change of the storage media, and DHrxn is the heat of reaction for the
chemical transformation. Eq. (11.1) is consistent with the first law of thermodynamics.

The second law of thermodynamics guides how useful the energy contained in a
thermal energy storage (TES) system is for producing work. The efficiency with which
thermal energy can be converted to work is bounded by the Carnot limit:

h ¼ 1� TC
TH

(11.2)

where TC represents the absolute temperature of the “cold” energy sink and TH rep-
resents the absolute “hot” temperature of the system.

In considering TCES systems as driving forces for Carnot cycles we must keep in
mind that TCES may involve processes more complex than just simple changes in tem-
perature. TCES may involve changes in pressure, concentration, and even counts of mo-
lecular units. These are all factors that ultimately contribute to the entropy of the system.
This makes the second law of thermodynamics especially useful for comparing two or
more TCES systems as it explicitly treats entropy. This comparison, often referred to in
the literature as an exergy analysis, has been widely applied to evaluate energy conver-
sion processes in TCES systems [1e5]. Exergy can be thought of as the potential work
that could be obtained from a TCES system at the system’s current state given the larger
environment the system exists in. A simplified exergy analysis for a generic, closed,
perfectly reversible storage system is provided in Fig. 11.1.

Exergy analysis

Environment T0, Q0

Environmental
(reference) temperature

Environmental
(reference) heat

E = Wrev = Q

Q

T – T0

T Q Wrev
T
Q0

E Exergy
T0

Heat received Reversible work
Temperature

Figure 11.1 A simplified exergy analysis for a closed and reversible storage system.
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During a thermochemical cycle multiple exergy transfer processes occur. Expres-
sions describing exergy transfer from heat (Eheat), work (Ework), and materials (Emat)
are provided below:

Eheat ¼ Q

�
T � T0

T

�
(11.3)

Ework ¼ Wrev (11.4)

Emat ¼ ðH � H0Þ � T0ðS� S0Þ (11.5)

echm ¼
X
i

niechmi (11.6)

eph ¼ mðh1 � h2 � T0ðs1 � s2ÞÞ (11.7)

where H and H0 are the total enthalpy of the substance and S and S0 are the total
entropy of the substance at temperatures T and T0, respectively. The total exergy of the
material(s) used in a TCES system is given by its Gibbs free energy (Eq. 11.5) which
itself is comprised of separate chemical exergy (Eq. 11.6) and physical exergy (Eq.
11.7) subcomponents. The chemical exergy, echm, is the sum of the product of partial
molar chemical exergy (echm i) scaled by the number of moles of each substance (ni).
The physical subcomponent (eph) is comprised of terms associated with mixing and
changes in temperature and pressure. These equations provide us with an explicit
treatment for the system-level concerns previously mentioned as complexities in the
comparative analyses of TCES systems. It is worth noting that TCES systems that
employ combustion have additional exergy concerns that must be treated explicitly.
That treatment is not provided here as additional information regarding second law
analysis of combustion processes can be widely found in the literature [6,7].

The Carnot cycle, which produces work from heat, is a theoretical thermodynamic
cycle. Practical engineering requires that we evaluate the benefits and tradeoffs of
reducing any given TCES system to its real-life embodiment. To do so one must
consider deviations from theoretical performance due to irreversible processes. These
irreversible processes create entropy and reduce the system’s capacity to do useful
work. They are typically grouped and labeled as exergy destruction (Eloss). Their detri-
mental contributions may be evaluated when calculating the exergetic efficiency (hE)
of a process (Eq. 11.8):

hE ¼ 1� Eloss

Ei
(11.8)

where i is the relevant component of exergy (heat, work, or substance). Irreversibilities
leading to exergy destruction include heat loss to environment, pressure drop across
the system, and processes associated with the chemical reaction such as reactant and
product mixing. Handling of these matter and energy transfer processes should be
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considered when making a choice between direct and indirect TCES systems, as each
of these has subsequent effects on total exergy. Simplified schematics for possible
direct and indirect solar TCES systems, including endothermic and exothermic reactor
and storage unit are presented in Fig. 11.2.

For a storage media to be useful in a TCES system the reaction should have mini-
mum exergy losses, both the forward and the reverse chemical reactions should occur
at a rate appropriate for the time scales of energy collection and power generation, and
the temperature of the chemical reaction should be well matched to the heat engine with
which the storage system will be integrated. The extent of the chemical reaction, which
is how far the equilibrium may be shifted during the charge and discharge process,
impacts the overall cost of the system by limiting its actual energy density. In many
instances it is difficult and/or impractical to achieve 100% conversion of reactant to
products or vice versa. The cost of driving an equilibrium further to completion should
be carefully weighed against the benefit gained from extracting the additional heat.

11.1.2 Advantages and disadvantages of thermochemical
energy storage for CST systems

There are a number of potential advantages that TCEShas over sensible or latent heat stor-
age for use in CST systems. The first potential advantage is the relatively higher energy
density that could possibly be attained with TCES systems. Fig. 11.3 shows the range
in energy densities for latent, sensible, and TCES materials, as evaluated for CST appli-
cations. As the figure shows, the energy density of TCES systems can be manymultiples
of the density of alternative TES systems. A second advantage that TCES possesses, and
one that is shared with latent heat storage systems, is that the heat released from a TCES
systemmaybe isothermal.Most heat engines have optimumefficiency at a specific design
temperature and the isothermal nature of TCES can guarantee that heat from the system is
consistently well matched with the needs of the heat engine paired with it.

The final major advantage for TCES systems is the ability for greater operational
flexibility. Plant operators with TCES systems have more options in deciding how
and when heat is released from the system as compared to other types of TES. How
heat is released is governed by Le Cha

ˇ

telier’s principle of chemical equilibrium. Pres-
sure swings may be used for a gaseous reactant(s) to achieve a greater output temper-
ature from the TCES system as compared to the original temperature the system was
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Figure 11.2 Simplified diagrams of two solar-driven TCES systems. Left: Direct systemdsolar
receiver and endothermic chemical reactor are same vessel. Right: Indirect systemdsolar
receiver and endothermic chemical reactor are different vessels necessitating an inert heat
transfer fluid. “Hx” denotes a heat exchanger.
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charged at. This could allow for a lower-quality (lower-temperature) heat source to use
higher-efficiency (higher-temperature) heat engines, effectively making the TCES sys-
tem a heat pump.

TCES systems also offer greater flexibility in the timing of the heat discharge.
While traditional TES systems do offer limited temporal flexibility, TCES systems
are, in theory, capable of providing “seasonal storage.” Seasonal storage, which is
defined as the ability to store collected energy for a period of months, is not likely
to be viable for sensible TES since the heat is stored at an elevated temperature relative
to the surrounding environment. Since all real TES systems obey the first law of ther-
modynamics, sensible TES will gradually lose energy through transfer to the surround-
ing environment, even within a well-insulated container. This limits the length of time
that heat can be economically stored. TCES systems may also suffer from this type of
energy loss; however, if the sensible heat is recuperated (e.g., used to preheat inputs)
the heat in a TCES system can be efficiently stored in chemical bonds. These bonds are
stable so long as we do not reintroduce the reactant and/or expose the material to a
catalyst to reverse the reaction. Therefore, as long as the system is deprived of the con-
ditions required to reverse the reaction, the chemical energy can be stored indefinitely.

High energy densities, operational flexibility, and seasonal storage are all important
advantages of TCES systems. However, TCES systems also present certain additional
challenges in their operation. For example, TCES systems have not been demonstrated
on a commercial scale. The lack of a demonstration means that some of the operational
challenges with a TCES system are likely unknown. Getting to know these challenges
will take time, especially when we consider the fact that TCES systems require the
integration and operation of both a traditional thermal CST plant and the more com-
plex operations of the conjoined chemical plant. Additional experience with mass
transport, separations, recombinations, and safety will be required.
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Figure 11.3 Typical ranges for gravimetric energy density in latent, sensible, and
thermochemical energy storage materials. The 9400 kJ/kg value for thermochemical is
achieved via combustion of sulfur as part of an S/H2SO4 cycle.
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We now visit some of these operational challenges in greater detail. We do so by
walking through the charging of a TCES system via an endothermic chemical reaction
in a direct solar receiver/reactor (see the left side of Fig. 11.2). Immediately upon leav-
ing the receiver/reactor the products must be separated (for uncatalyzed reactions) to
prevent the acquired charge from spontaneously reversing. Once separated the sensible
energy in the product stream must be recuperated so the materials may be efficiently
stored. This storage must take place in separate vessels until such time as the exothermic
reaction is required to release the heat. During release, the exothermic reactor requires
careful recombination of reactants at ratios, pressures, and mixing rates that result in
output appropriate for the thermal cycle. This means that both the amount of energy
released and the temperature at which the energy is released has to be carefully
managed. To be cost-effective, this energy output needs to occur in a vessel or heat
exchanger of manageable dimensions. As we discuss later all of these vessels must
have acceptable corrosion resistance and mechanical properties at the temperatures
and pressures of operation so as to last for the lifetime of the power generating facility.

Another major challenge for TCES systems is that many of the reaction cycles of
interest degrade or otherwise lose capacity over time. This means that less energy
can be stored with each subsequent cycle. There are a number of potential causes of
this degradation. The first is due to the fact that for nearly all heterogeneous chemical
reactions, high surface area is required for high reaction yield. To achieve this, strate-
gies such as placing the solid reactant on a mesh screen substrate or pulverizing the
solid reactant into small particles are utilized when the TCES system is first put into
service. However, due to the high temperature of operation particle sintering or degra-
dation of the support providing the high surface area occurs. Consequently, the avail-
ability of sites for the chemical reaction to take place is reduced. A second cause of
degradation, for those systems requiring a catalyst, is catalyst poisoning. Over opera-
tional cycles, many catalysts will lose their effectiveness due to introductions of other
chemical species that form undesirable complexes with the catalyst. This causes less of
the catalyst to be available for the desired reaction. While many catalysts are capable of
being “regenerated” for TCES, it may be economically infeasible to do this on any-
thing but an infrequent basis.

11.2 General challenges for CST thermochemical
storage systems

The challenges associated with TCES for CST applications may be described through
a careful consideration of the mass and energy balances for the solar receiver when the
receiver is considered an endothermic chemical reactor (this approach considers a sys-
tem where the endothermic reaction takes place at the focal point of the sun’s rays,
which is the design for the majority of TCES systems for CST applications). We
describe the challenges of integrating CST with chemical processes by considering
generic requirements for effective chemical reactions. Refer back to Fig. 11.2 for an
illustration of the various subsystem interfaces.
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Initially, we consider a direct solar TCES system, shown on the left in Fig. 11.2. In
this system the solar receiver and the endothermic chemical reactor are the same de-
vice. An initial necessary condition to realizing a viable TCES system of this kind
is that the receiver must be thermally and optically efficient (considerations to realizing
such a receiver are presented in earlier chapters). In addition to this condition, direct
TCES systems present the additional requirement that the receiver design be co-
optimized to also serve as a reaction vessel. An important consideration in performing
this additional optimization step is that heat received from the solar field will not be
uniform upon the entire reactor surface and the heat flux upon the receiver may change
with both time of day and time of year. This movement and associated nonuniformity
of the heat flux provided to drive the endothermic reaction is not a common consider-
ation in a typical commercial-scale chemical reaction, and therefore requires careful
consideration when designing an efficient direct TCES receiver/reactor.

The primary considerations in the design of a TCES system are similar to those
required for any commercial-scale chemical reaction: effective heat transfer, mixing,
transport, and, in certain cases, separations. Efficient heat transfer through the receiver
wall into the chemically reacting substance can be challenging due to the fact that effi-
cient receiver designs often attempt to minimize surface area in order to reduce convec-
tive and radiative losses to the atmosphere. This surface area minimization imposes a
corresponding requirement for the chemically reactive media to absorb a high power
flux (J/s∙m2). Matching this large energy flux passage requirement is a requisite, if
exergetic efficiency is to be optimized; however, the heat transfer coefficients for a
typical chemically reactive media within a TCES system are low enough to make
this a difficult outcome to achieve. Recall from Eq. (11.3) that an exergetic penalty
is realized if there is a significant degradation in temperature from the receiver surface
(T0) to the chemical reacting media (T). This temperature difference becomes large if
the energy flux attainable by the chemical media does not match well with the
incoming solar radiation (which is assumed to be matched well with the amount of po-
wer the CST system must produce to be economically viable).

Of course, a temperature gradient must exist for heat to flow, but we find that the
physical phase of the chemically reacting substance (solid, liquid, or gas) can greatly
impact the magnitude of this gradient. Consequently, thermal gradients can vary
considerably based upon selection of TCES material and solar receiver/reactor de-
signs. These thermal gradients must be taken into consideration as the incredibly
high solar flux placed upon the outer surface of the receiver (1 � 106 W/m2) can
quickly lead to localized overheating and failure in the vessel’s material of construc-
tion. In theory the endothermic chemical reaction occurring in the receiver should help
reduce the likelihood of runaway overheating, but this can only occur if heat can effec-
tively be transferred into the reacting media.

The fundamental physics of heat transfer using gases, liquids, and solids [8] has
been treated extensively elsewhere. It is worth mentioning that specific attention has
been paid to heat transfer using solids in packed beds [9], fluidized beds [10], and
in diffuse flow [11]. Heat transfer in these systems is of particular relevance to CST
TCES due to the relatively high temperatures (>650�C) of CST applications. It be-
comes evident that both liquids and gases of appropriate thermophysical and chemical
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character are difficult to come by at these temperatures. Organic compositions are typi-
cally excluded from use due to irreversible side reactions and general decomposition.
Inorganic compositions may possess chemical stability, but the thermophysical prop-
erties tend to be unfavorable. Typically, the melting temperature is too high or the vis-
cosity of the melt is too high. If a liquid TCES material of appropriate reactivity,
thermal conductivity, and viscosity could be identified, the system design would stand
to benefit from the ease by which liquid may be moved through complex systems.

Gases may benefit from ease of transported through the TCES systems; however,
their low thermal conductivities make it difficult to match power fluxes (J/s$m2).
Microchannel heat exchanger receiver reactors are typically required. These high sur-
face area-to-volume devices have been successfully employed in methane and
ammonia conversions, which is discussed in later sections. It is worth noting that gases
suffer from high cost in storage due to what is typically their noncondensable
character.

In summary, a great body of knowledge exists for pumping chemically reacting
gases and fluids through endothermic reactors; however, there are few known liquids
that can be chemically cycled between two thermodynamic states while withstanding
extended exposure to temperatures>650�C, as are typically encountered in CST tower
applications.

11.2.1 Particle sintering

Within the constraints dictated by the needs of the power block and by what constitutes
an efficient receiver design, a TCES system must again be constraint by the needs of
the chemical reaction, including adequate mass transport (mixing) and thermal energy
transfer. For those TCES systems that utilize particulates as the reacting media sinter-
ing can have significant and detrimental impact on these factors. Sintering is the pro-
cess by which small particles combine into larger particles. The resultant particle
typically has a larger mean diameter. This has important consequences on both the mo-
lecular, microscopic and macroscopic scales.

On the molecular scale, larger particle sizes correspond to an increased path length
over which reactants/products must diffuse to access/egress the particle core. Conse-
quently, there may be a decrease in overall system reaction rates and, since residence
times in the receiver may not be indefinite, there is a decrease in thermochemical stor-
age capacity.

On the microscopic scale sintering may result in changes to the average heat trans-
fer coefficient for particulates moving through the solar receiver/reactor. As was dis-
cussed earlier, changes in heat transfer can result in localized hot spots and failure
of materials used to define the containment boundary of the TCES. On the macro-
scopic scale sintering can alter the flowability of the particles, thereby hampering
bulk transport of material through the TCES system.

Efforts to overcome sintering include choice of materials whose melting temperature
is far above the operational temperature. Other strategies to overcome sintering include
the coating of the reactive chemical with a thin layer of porous yet structurally rigid
shell material. Yet other strategies include the loading of the reactive thermochemical

254 Advances in Concentrating Solar Thermal Research and Technology



substance onto a high surface area, inert, high-melting substrate. This strategy seeks to
minimize diffusion path lengths by having a high surface area to volume ratio for the
chemically reactive species; however, it also effectively dilutes the thermochemical
payload giving back a significant percentage of the enhanced energy density argued
as an advantage for TCES systems in Fig. 11.3.

11.2.2 Catalyst poisoning

Some TCES systems require a catalyst to affect dissociation or recombination of the
chemically reactive species. In later sections we use Eq. (11.i) to describe the endo-
thermic dissociation of ammonia into hydrogen and nitrogen as just one example. In
these systems the reactive species is typically flowed through a packed bed of catalyst
that is loaded onto high surface area particles. Alternatively, the walls of high surface
area microchannel heat exchangers may be internally coated with catalyst to achieve a
similar result. Regardless of the specific approach for introducing the catalyst into the
TCES system, the efficacy of the catalyst invariably changes with time. The nature of
this change is itself variable, often most strongly depending upon degree of use, time at
temperature, and to a lesser extent number of thermal cycles. The field of heteroge-
neous catalysis is vast and diverse with many studies detailing the specific causes
for change in behaviors. Suffice it to say that high temperatures often contribute to sin-
tering (reduction in exposed catalyst), undesirable thermodynamic sinks (chemical
side reactions), and ultimately a decrease in catalyst effectiveness via decay in turnover
counts (lower chemical yields).

11.2.3 Side reactions

As was touched on in the previous section there can exists certain chemical reactions
that are not the desired outcome of the TCES process. These undesirable reactions,
referred to as side reactions, may occur with or without the presence of a catalyst.
They are expressed as consequences of chemical impurities, imperfect catalysis,
competing chemical equilibria, and as changes in the condition of the TCES system
itself (corrosion). We touch on few of these briefly here.

Chemical impurities are likely to exist in practical TCES systems. This is due to the
fact that high-purity chemicals are typically cost prohibitive for practical TCES. The
increased costs typically originate from chemical purification processes. Each step
of purification may consume time, energy, and/or materialsdeach adding cost to
the final product. If impurities are left in the thermochemical substance they may serve
as reagents for undesired side reactions. The implications of this vary. For closed-loop
systems, in which the same chemical substance is cycled through the TCES system
repeatedly, the impurities may be considered limiting reagents in that they are eventu-
ally consumed in generating the products of the side reaction. If the products of the side
reaction are a benign thermodynamic sink, then the side reaction will halt. These TCES
systems may thereafter expect an unchanging content of the TCES payload to exist as
unproductive side products. For open TCES systems in which the chemical substance
is periodically replenished to achieve balance with chemicals leaving the system,
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chemical impurities may continue to build up with time of operation. In extreme cases
the continued buildup of impurities may carry consequences that ultimately render the
TCES system inoperable.

Even pure chemical species may be prone to generating undesirable or unantici-
pated side products if there exists a competing chemical equilibria unbeknownst to
the system designers. These equilibria may be achieved on timescales significantly
longer than the average daily cycles of a TCES system. Consequently, the impact of
their expression may only be realized several month or years after CST TCES
commissioning.

11.3 Power plant and chemical plant

As mentioned earlier, one of the challenges with running a CST TCES system is that it
must be treated as both a solar thermal plant and a chemical plant. Taken as individual
operations there exists knowledge on how to operate each; however, there is far less
information available on how to integrate and successfully operate their combination.
Here we discuss how some of the chemical plant aspects may exasperate the challenges
already encountered in thermal plant operations. These challenges include increased
corrosion, high-temperature containment material stability, matching thermochemical
input/output with thermal engine requirements, and unit operation and maintenance.
First we touch on corrosion.

11.3.1 Corrosion

Corrosion of structural alloys in current CST plants is typically mitigated by the fact
that the act of corrosion forms an adherent, dense metal oxide film. This film then
serves as a corrosion inhibition layer by greatly limiting further transport of oxygen
to the native alloy. Ultimately this results in a significant decrease in annualized corro-
sion rates. The complication in CST TCES systems is made apparent by realizing that
many of the same chemical processes that form the dense oxide layer are also occur-
ring for the TCES substance. For a TCES system oxidation may constitute the addition
of oxygen atoms to a central element while reduction would then constitute the
removal of oxygen atoms from that element. These oxygen transport processes are
similar and in some ways competitive with those same processes that occur in the for-
mation of the protective metal oxide scale on the structural alloy. One must carefully
consider this competition for oxygen via evaluation of both thermodynamic and ki-
netic scenarios. For those TCES systems whose structural alloys show an enduring,
timely preference for formation of the protective metal oxide film on the structural
alloy one must further consider the possibility that this film could erode during trans-
port of the TCES media. This risk becomes especially pronounced if the TCES mate-
rial is comprised of moving solid particles.

The challenges of corrosion extend beyond the simple occurrence and depletion of
the oxide film. For those TCES systems that use carbonates or sulfur species there
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exists the possibility that carbide or sulfidesmay form inside the structural alloy, respec-
tively. There may be significant mechanical consequences that result from these phe-
nomena, and they are discussed in the high-temperature containment stability section.

11.3.2 High-temperature containment stability

Herein high-temperature containment stability is defined to be a mechanical concernd
one that considers a material’s ability to withstand exposure to stresses, loads, and high
temperatures. The concept of evaluating materials in this context is well established in
many professions. Creep, fatigue, and embrittlement are typical terms used to describe
containment stability phenomena.

Creep, which is the slow movement of an alloy to a condition of permanent defor-
mation under applied stress, is exasperated when materials are subjected to high tem-
peratures for extended periods. The occurrence of creep, then, is a phenomenon that is
not unique to TCES systems. Sensible, latent, and TCES systems may require that their
materials of containment be exposed to stress at high temperatures for extended pe-
riods. TCES offers an advantage here in that it is possible to cool the thermochemical
material prior to placing it in storage. Since creep is strongly dependent upon temper-
ature its occurrence in TCES storage can be greatly mitigated.

Fatigue, which is the weakening of an alloy due to repeated cycling of loads, is
again a phenomenon that is strongly dependent upon temperature and one that is
not unique to TCES. One of the most pertinent loads in all CST systems is pressure,
and pressurization may occur in latent, sensible, and thermochemical storage. Latent
systems may experience cyclic loads via the repeated expansion and contraction of
the storage material upon melting and cooling. This load maybe mitigated by appro-
priate sizing of the storage vessel. Sensible energy storage systems may experience cy-
clic loads due to the repeated filling and draining of the storage tank with liquid storage
fluid. These hydrostatic pressures are often low and may be mitigated by carefully
considering the storage tank height. TCES systems that store particles are subject to
loads similar to those experienced by sensible systems. TCES systems that attempt
to store gases, on the other hand, may be subject to some of the highest loads of the
three TES classes. Typical gases are CO2, O2, H2, and NH3. Of these only NH3

may be consider relatively condensable at low pressures. Consequently, if gases are
not cooled prior to storage these TCES containment materials will be subjected to
some of the highest fatigue risks of all three storage classes. Precooling gases prior
to storage may help to reduce fatigue risks, but this requires large, costly gas heat
exchangers.

11.3.3 Difficulties matching optimal rate of reaction with needs
of power production

To be of high energetic and exergetic efficiency TCES systems often recuperate
heat from various material flows. While this recuperated heat can be used in a flex-
ible way to preheat reagent streams and reactor beds, the largest amount of thermal
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energy (stored in the chemical substance) must be released according to the prede-
fined specifications of the chosen power cycle. Power cycles use hardware that is
optimized for a certain operation. Consequently, it is important that the selection,
qualification, and optimization of a TCES consider the constraints of an identified
power cycle explicitly. Here we generalize that consideration according to a “good-
ness of fit” figure of merit, temperature � power, and we track the endurance of that
term over time.

Fig. 11.4 illustrates three possible scenarios for matching the thermal output
from TCES with a heat engine or other such load. They are “Good”
(Fig. 11.4(a)), “Acceptable” (Fig. 11.4(b)), and “Bad” (Fig. 11.4(c)). In each case
there is a region deemed well matched to the specifications of the power cycle, indi-
cated as “In Spec.” This region is bound above and below by operational outputs
that are not well matched to the specifications of the power cycle, deemed “Out
of Spec.” In Fig. 11.4(a) we see a system with small, random variations, but we
observe that these variations remain “in specification” for the life of the plant.
This represents an ideal match between the temperature � power term and also
an enduring capacity. This TCES is well matched with its load.

Three behavioral classes for the discharge of a TCES system
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Figure 11.4 Both the power and temperature outputs of a TCES system must be well matched to
the load or power cycle: (a) A “Good” temperatureepower product is stable (does not trend)
and is within the power cycle’s specifications. (b) An “Acceptable” temperatureepower
product may exhibit some trending or degradation, but this may be OK so long as the rate
(slope) is low and constant. (c) A “Bad” temperatureepower product is one that is
unpredictable, and/or exhibits rapidly changing properties.
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In Fig. 11.4(b) we see an example of what may be a more realistic performance for
TCES systems. In this case the temperatureepower product is again exhibiting rela-
tively small, random fluctuations along any increment; but, more importantly, there
is a global trend to a lower temperature and/or power over time. This may be inter-
preted as a degradation in capacity. However, since the output from the TCES never
goes out of specification it is conceivable that operational adjustments may be made
to this system to adapt to the predictable change in TCES performance. The TCES
depicted in Fig. 11.4(b) may be suffering from one or more of the limitations previ-
ously described in this chapter. For example, if this TCES system were an open system
then the degradation in total power may be a result of impurities in the chemical feed-
stock diluting the payload over time. There are then, in any given moment in time, less
chemical species capable of undergoing the discharge reaction and so a decrease in po-
wer output is observed.

The preceding discussion indicates that close attention must be paid to defining the
root cause of change in the temperatureepower term. This is especially true since one
phenomena may contribute to both the temperature and power components. For
example, consider the case in which TCES particles are sintering together thereby
limiting full reaction via mass transport constraints. This impacts the rate of the chem-
ical reaction which degrades the power output of the TCES. There may well be a sec-
ond consequence, and this on the heat transfer side. In flowing particle systems larger
particles, such as those arrived at by sintering, may be less effective at heat transfer.
Consequently, the average temperature acquired as an output of the TCES may be
less. This last example presents an instance were both temperature and power degrade
simultaneously. Despite all of these practical challenges it is worth noting that TCES
systems that experience degradation of the sort portrayed in Fig. 11.4(b) may still be
viable if the degradation is predictable and of relatively low rate (or if the system is
capable of regeneration).

The third behavioral class of TCES output is shown in Fig. 11.4(c). This plot de-
picts a material that is not suitable for TCES. Note that the temperatureepower
term is changing in an unpredictable fashion and that when it does so it occurs at a
relatively rapid rate. The value of this system is marginalized by the fact that operators
will find it difficult to exploit the system in a way that is optimized with a relatively
constraining set of demands of the heat engine.

11.3.4 Lack of history of operational systems

TCES systems combined with CST systems also suffer challenges in commercializa-
tion simply by the fact that there is a lack of operational history for these systems.
While there has been some successful demonstration of TCES and CST for fuel pro-
duction, these systems do not utilize the same reaction materials as TCES systems for
heat storage, and they also are not constrained by the need to produce heat at a rate
sufficient to integrate with a heat engine. Additionally, the limited previous experi-
ments of TCES heat systems with CST have been of a size of less than 1 MW. This
leaves uncertainty around the ability of these systems to scale to the size of a typical
CST system (50e300 MW). While these challenges present an opportunity for
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continued development of TCES heat storage systems, it also presents a challenge in
raising the necessary capital to demonstrate these TCES systems at a commercially
meaningful scale.

11.4 Le Cha

ˇ

telier’s principle and thermochemical
energy storage

Le Cha

ˇ

telier’s principle pertains to the ability of a dynamic chemical equilibrium to
spontaneously shift in a rebalancing act. This rebalancing occurs in response to
changes in the composition and/or the environs of the chemically reacting system.
The changes may be concentration, energy, pressure, heat, and so on. Since TCES
utilizes endothermic and exothermic chemical reactions to capture and store heat,
we explicitly present Le Cha

ˇ

telier’s principle in this context (Eq. 11.i):

Aþ Bþ heat5 Cþ D (11.i)

If we supply heat to the left side of Eq. (11.i) reactants A and B will chemically
transform so as to create more products C and D thereby rebalancing the equilibrium.
Conversely, if one extracts heat from the left side of Eq. (11.i) then products C and D
will revert to reactants A and B. This dynamic process of using heat energy to cycle
matter through two or more thermodynamic states (A þ B) vs. (C þ D) is a core,
enabling concept of TCES.

It is important to note that Le Cha

ˇ

telier’s principle is a principle of chemical
thermodynamics. It does not speak to the kinetic accessibility of the reaction that
must occur to shift the equilibrium. In other words, it is conceivable that a dynamic
chemical equilibrium may exist as described in Eq. (11.i) but that the usefulness of
that reaction in the TCES application will be limited by how quickly the reaction
responds to the addition or extraction of heat. To minimize this limitation, one
must be mindful of the terms that influence the kinetics of a chemical reaction.
These are concentration, temperature, proximity (mass transport), catalysis, as
well as some other concepts covered in basic chemistry texts. These concepts
should be reviewed before proceeding to the next section which describes several
specific chemical reactions for CST TCES.

11.4.1 Metal oxides

Metal oxides represent a broad class of chemical substances. These materials are typi-
cally comprised of one or more transition metal atoms bonded to one or more oxygen
atoms. When the metal oxides are comprised of more than one metal atom, these atoms
may be the same or different metals. A generic example of a metal oxide TCES reac-
tion is presented in Eq. (11.ii):

MOx þ heat5MOðx�2yÞ þ YO2 (11.ii)
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This chemical reaction is consistent with the example presented for Le Cha

ˇ

telier’s
principle in Eq. (11.i), but we see that only a single reactant is required. MOx un-
dergoes a spontaneous thermal reduction when sufficient heat is applied to drive the
system to the correct temperature. The thermal reduction of MOx releases oxygen
gas (O2) and produces some reduced form of the metal, MO(xe2y). This reduction
may occur for values of y up to and including 2y ¼ x. When 2y ¼ x the metal oxide
is fully reduced to the elemental metal. While theoretically possible, the reduction of
metal oxides to elemental forms of the constituent metals is fairly rare in TCES
applications.

In TCES applications metal oxides typically exist as particulates. Use of these par-
ticulates are subject to all the aforementioned challenges, such as sintering, heat trans-
fer, and erosion of the protective oxide scales that inhibit corrosion of the containment
materials. Various approaches have been taken to mitigate the detrimental impact of
these challenges. For example, attempts to limit sintering of manganeseecobalt oxides
have exploited a rotary kiln reactor such that the particles are constantly in motion [12].
In theory this constant motion should limit the enduring proximity of one particle to
any singular neighbor particle. The lack of proximity limits the ability to sinter. A sec-
ond approach to limit sintering has involved the inclusion of inert diluents such as sil-
ica (SiO2), alumina (Al2O3), and titania (TiO2). Again, these inert materials serve to
prevent an enduring and close proximity of two metal oxide particles thereby discour-
aging sintering. It is worth noting that the addition of inert diluents decreases the en-
ergy density of the TCES systemda drawback previously mentioned in this chapter.

Despite these efforts some sintering in the manganeseecobalt oxide systems still
seems to occur. The consequence of sintering is manifest as a correlation between
the decay in total capacity and TCES cycle count. The sintering appears to lock
away some of the TCES payload into a kinetically inaccessible regime. As previously
discussed, this may be a consequence of the longer path lengths over which oxygen
must diffuse to allow the reaction to proceed. Regrinding the particulates seems to
restore some of the lost capacity. Presumably the higher surface area delivers an
improvement of reaction rates. As was described in preceding sections the sintering
of particulates can dramatically impact the ability of these materials to transfer heat.

11.4.2 Nonmetal oxides

Nonmetal oxides represent to a broad class of chemical compounds. They are
comprised of main group elements that are bound to one or more oxygen atoms.
Examples include boron (B), phosphorus (P), and sulfur (S) oxides, among others.
Eqs. (11.iiie11.v) describe a multistep thermochemical process for the interconversion
of sulfur as has been explored for CST TCES applications:

S0 þ O2 5 SO2 þ heat (11.iii)

SO2 þ 1
2
O2 5 SO3 þ heat (11.iv)
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SO3 þ H2O 5 H2SO4 þ heat (11.v)

The first step in the sulfur TCES cycle is the combustion of elemental sulfur to form
SO2 (Eq. 11.iii). This is an extremely exothermic process and the heat is used to boil
water and drive a steam turbine. During the combustion process gaseous SO2 is not
typically isolated; rather, it is oxidized again to form gaseous SO3 (Eq. 11.iv). Sulfur
trioxide, SO3, is then combined with water to make liquid sulfuric aciddone of the
most important industrial chemicals on planet Earth (Eq. 11.v). The process of convert-
ing S0 into H2SO4 is well understood and occurs in high yield. Reversing this process
using CST is much more difficult outcome to efficiently realize and is discussed in
detail below.

The first step in converting H2SO4 back to S0 is to evaporate and disassociate
H2SO4. As can be imagined CST systems work well for providing the heat input
required for evaporation. Once vaporized further thermal input causes the water mole-
cule to disassociate from SO3. Separations and/or unit operations become important
concerns since the water must be removed or the SO3 must be quickly reacted;
else, the two spontaneously recombine into H2SO4 upon cooling. All the while corro-
sion can be significant during this step since the system involves acid at high
temperatures.

The second step in converting H2SO4 back to S
0 is to chemically split off one of the

oxygen atoms that were added during the combustion process. This approach often uti-
lizes thermochemical reactors possessing a transition metal oxide catalyst. These cat-
alysts are typically loaded onto high surface area supports so that as the SO3 gas flows
over them the chemical reaction has sufficient opportunity to occur. As mentioned
earlier, these catalysts degrade over time. One route of degradation is the generation
of sulfate ion

�
SO4

2�� as an undesired side product. Sulfate is a thermodynamic
sink, which upon excessive buildup, renders the system ineffective. The catalyst sys-
tem may also suffer from sintering of the catalyst particles reducing their effectiveness.
The presence of oxygen gas as a product of successfully cracking SO3 into SO2 also
leads to corrosion and issues with stability of the materials of construction. Exasper-
ating the corrosion problem is the fact that the thermodynamics guides us to higher re-
action temperatures in order to achieve higher chemical yields. Cracking SO3 into SO2
represents one of the principle challenges that must be solved if sulfur is to be used in
CST TCES.

The third and final step in converting H2SO4 back into S0 is to convert SO2 to
S0. This typically occurs in aqueous solution through a disproportionation reaction
involving a halide catalyst, such as iodide (I�). The products of the disproportionation
reaction are S0 and SO3. The reaction proceeds at relatively low temper-
atures (w100�C) and moderate pressures of SO2 but provides only low to moderate
chemical yields. The elemental sulfur thus produced occurs in the molten state. Fortu-
nately, the molten sulfur is of higher density than the aqueous solution and settles
out to the bottom of the reactor where it may be drained off. Subsequent processing
is required to remove the iodide that is entrained. The sulfur may then be dried and
stored as a pile on the ground until the combustion process starts the cycle over
again.
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11.4.3 Carbonation

Carbonation reactions are a special subset of metal oxide chemistries that involve the
addition or removal of CO2 from a metal oxide center. The most typical metal carbon-
ates used in CST TCES is calcium carbonate, CaCO3 (limestone). Developing knowl-
edge on the manipulation of this substance has benefited from the fact that it is used in
cement and more recently in efforts to sequester CO2 from the emissions of fossil fuel
power plants. The generic thermochemical reaction for metal carbonates in given in
Eq. (11.vi).

MOþ CO2 5 MCO3 þ heat (11.vi)

Many of the same aforementioned challenges exist for this system, and therefore
they are not covered in detail here. Suffice it to say that sintering, achieving effec-
tive heat transfer, and storing CO2 gas (which is a relatively noncompressible gas
that requires costly high pressure vessels to contain) all must be overcome.

11.4.4 Synthesis reactions

If the synthesis of sulfuring acid is considered the most important chemical reaction in
the industrialized world, then the synthesis of ammonia may be considered the second
most important. The production of ammonia (NH3) from nitrogen (N2) and hydrogen
(H2) gases occurs according to the HabereBosh process (Eq. 11.vii).

N2 þ 3H2 5 2NH3 þ heat (11.vii)

This is a high-pressure, high-temperature chemical reaction that requires fine
particulates of modified iron oxide as a catalyst. N2 and H2 are passed over the cata-
lyst and NH3 is subsequently formed. Ammonia is an important feedstock for
producing fertilizers, among other things. As with all chemical equilibria the reac-
tion does not proceed to 100% completion. Most of the ammonia thus produced is
collected by condensation and the incompressible, unreacted gases are fed back into
the reactor along with new feedstock. CST TCES systems that attempt to use of the
ammonia synthesis reaction may benefit from nearly 100 years of infrastructure
development. Still, there are significant hurdles that must be overcome.

While the reaction of nitrogen and hydrogen to form ammonia (and the reverse
process) both benefit from the ease by which gases may be pumped through the
TCES reactor, the low density of these materials is a significant drawback. Heat
transfer can become challenging and the size of heat exchangers to transfer energy
to or from a dense phase to a gas phase can be cost prohibitive. For the ammonia
synthesis reaction to proceed at a meaningful rate a catalyst must be used. This
catalyst deactivates over time and must be regenerated or replaced. This is compli-
cated by the fact that the catalyst is often loaded onto the inner surfaces of the solar
receiver.
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Finally, the enthalpy of reaction for the ammonia synthesis reaction is relatively
small when compared with other TCES systems. At �92.4 kJ/mol the ammonia
synthesis reaction delivers only about half that of some metal hydrides, the mate-
rials that are discussed in the following section.

11.4.5 Metal hydrides

Metal hydrides encompass a broad group of chemical substances. They are typically
comprised of one or more transition metal and one or more hydrogen atoms or
hydrogen molecules. Due to their high enthalpies of reaction and relatively high den-
sities, metal hydrides may possess high volumetric energy densities. A simplified rep-
resentation of the chemical reaction that occurs for these systems is shown in Eq.
(11.iii).

M0 þ H2 5 MH2 þ heat (11.viii)

In previous sections we discussed how impurities can detrimentally impact the sta-
bility of TCES systems by resulting in side reactions that reduce overall TCES capacity
over time. Metal hydrides typically suffer from such side reactions when water and/or
oxygen enter the system. These impurities may react with the metal and/or with the
metal hydride to form metal oxides, metal hydroxides, water, and various adducts
and combinations thereof. These materials are thermodynamic sinks. To limit side re-
actions metal hydrides are typically operated as a closed or looped system. Still, leaks
and other (sometimes intentional) compromises of the system boundary are sure to
occur.

Even when closed-loop systems are operated with pure hydrogen the metal hy-
drides often suffer from a degradation in total capacity upon extended cycling. There
have been reports in the literature that would seem to suggest stability over a few hun-
dred cycles; however, extended cycling into the several hundreds or even thousands of
counts typically reveals a meaningful degradation in capacity. One must keep in
mind that seemingly small changes in TCES cycle capacity become significant in
the context of CST applications. This becomes evident in considering that current
financial models for CST plants assume that the facility will operate for 30 years.
Assuming one TCES cycle per day for 365 days a year we arrive at nearly 11,000
cycles over the life of the plant. This means that an unabated degradation in capacity
as small as 0.005% per cycle translates to a total capacity degradation of 55% over the
life of the plant. Such a loss in capacity can quickly make a metal hydride (or any
TCES) seem uneconomical.

Regarding cyclic stability and whether or not the degradation is abated over time,
it is worth noting that one must carefully consider the mechanism by which the capac-
ity is degrading. If capacity degradation is caused by oxygen and/or water contamina-
tion during the initial charging of the system, then we may have a limiting reagent
scenario in which capacity loss ceases once these impurities are consumed. If, on
the other hand, we have separation of the functional metal hydride into two or more
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less-operational substances and/or phases, then this is a much more fundamental fail-
ure of the material that would require further materials development research to
overcome.

Still, metal hydrides show some of the greatest promise for use as TCES systems.
Materials development has benefited from interest in metal hydrides from other indus-
tries such as automotive, consumer electronics, and defense. Metal hydrides have
favorable thermodynamics and fast kinetics. The major challenges remaining include
cyclic stability/capacity, cost of the hydride material, and identification of containment
vessels of acceptable cost and stability. Embrittlement is known to occur for structural
alloys exposed to hydrogen over extended periods of time. This can cause loss of me-
chanical properties and adds to the risk of these technologies.

11.5 Conclusions

CST TCES holds significant promise as a means to store thermal energy from the sun.
The value proposition for TCES is perhaps the greatest when high energy densities and
isothermal energy outputs are required. Advanced power cycles such as the supercrit-
ical CO2 cycle stand to perhaps benefit the most from TCES development and deploy-
ment. To date there are no instances of TCES deployed at greater than 1 MW.
Significant operational challenges need to be addressed in integrating what amounts
to a thermal power plant and a chemical processing plant. This integration requires
careful treatment of the chemical thermodynamics, kinetics, and materials challenges
so that the output of the TCES may be well matched with the load it is meant to drive.

Both the first and second laws of thermodynamics must be considered in designing
CST TCES systems. The first law determines how much energy we may hope to
convert to work, while the second law and the concept of exergetic efficiency deter-
mines how much useful work we may actually realize. Our ability to do useful
work depends not only on the design of our system but also on the chemistries selected,
as described in Eqs. (11.3e11.7).

TCES systems are capable of delivering heat isothermally, and we may leverage Le
Cha

ˇ

telier’s principle to operate the system like a heat pump and deliver heat at a pre-
scribed temperature. TCES systems present the option of seasonal storage. Still, pur-
suit of these significant benefits requires that we explicitly consider the challenge of
interoptimizing a solar thermal plant and a chemical plant. Specifically, we must
address heat transfer, corrosion, materials strength, and cyclic stability, as well as
safety, permitting, and other regulatory concerns.

This chapter has discussed how sintering, catalyst poisoning, and side reactions
may all detract from system performance. We have shown how each of these factors
manifest in specific chemistries by discussing metal oxides, nonmetal oxides, carbon-
ation and synthesis reactions, as well as metal hydrides. The results are summarized in
Table 11.1. As of 2016 no flawless TCES system has been identified; however, the
substantial advantages offered by this technology will ensure that research will
continue in the years to come.
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12.1 Introduction

Direct steam generation (DSG) solar power plants are currently one of the suitable and
best options to foster the commercial development of concentrating solar power tech-
nologies, including parabolic troughs, linear Fresnel collectors, and solar tower sys-
tems. However, one of the existing handicaps for the better grid integration and
dispatchability of power plants using DSG technology is the availability of adequate,
reliable, and cost-effective thermal energy storage (TES) systems.

Clear benefits of using TES in concentrating solar thermal (CST) power plants are:

• Delivery of thermal energy can be extended to periods when solar radiation is not available.
• Buffer storage is available for transient weather conditions.
• Annual plant capacity factor increases.

This chapter describes what solutions are commercially available or under investi-
gation for integrating a TES system with a DSG solar field and the power cycle and
assures an effective operation of the whole system. Section 12.2 reviews the state of
the art of existing commercial CST power plants using DSG technology. Section
12.3 describes some basic thermodynamic considerations to have in mind when
speaking of TES for DSG solar fields, relevant storage materials, and some other tech-
nical aspects to take into account for TES systems. Finally, Section 12.4 focuses on
aspects related to the integration of sensible or latent heat storage concepts in DSG
solar plants.

12.2 Overview on direct steam generation solar plants

Commercial DSG solar plants feature examples of systems using line-focusing sys-
tems, i.e., parabolic trough collectors [14] or linear Fresnel systems [24], and point-
focusing systems, in particular central receiver systems (CRSs) [26,34]. Investigation
on DSG using parabolic dishes has been conducted in recent research projects [11,30],
but there are still no reliable and cost-effective solutions using this concentrating solar
technology for large-scale DSG systems.

Table 12.1 summarizes some relevant commercial projects in operation around
the world. Steam conditions in the solar collector field or solar receiver are listed,
and also the existence or not of TES in the solar power plant. Examining these data
shows that a standardized storage solution for DSG solar plants cannot be adopted
because, in general, operating conditions in the steam power cycle vary from one
DSG solar plant to another. Even for similar technology, e.g., solar tower system
(CRS), there are large differences in steam cycle conditions from one project to
another.

In any case, existing commercial DSG solar plants do not have high-capacity TES
systems. In general, the TES solution implemented is based on steam accumulators
where surplus steam produced in the solar collector field or central solar receiver is
fed into a pressurized liquid water volume (see Section 12.4.2).
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Table 12.1 Main characteristics of direct steam generation (DSG) solar plants in operation [10,25]

CSP plant
Technology
type

Turbine
capacity
(net)

Solar field/receiver inlet/outlet
conditions Thermal storage

Planta Solar 10, PS-10 (Abengoa Solar) CRS 11 MWe 257�C/45 bar (saturated steam) Yes (steam
accumulator; 1 h
partial load)

Planta Solar 20, PS-20 (Abengoa Solar) CRS 20 MWe 257�C/45 bar (saturated steam) Yes (steam
accumulator; 1 h
partial load)

Puerto Errado 1, PE1 (Novatec Solar) LFR 1.4 MWe 55 bar/270�C (saturated steam) Yes (steam
accumulator; 1 h
partial load)

Puerto Errado 2, PE2 (Novatec Solar) LFR 30 MWe 55 bar/270�C (saturated steam) Yes (steam
accumulator; 0.5 h)

Sierra SunTower (eSolar) CRS 5 MWe 218�C/440�C (superheated steam;
pressure n.a.)

No

Thai Solar Energy 1, TSE-1 (Solarlite
GmbH)

PTC 5 MWe 201�C/340�C (30 bar) No

Ivanpah Solar Electric Generating System,
ISEGS (BrightSource Energy)

CRS 377 MWe 249�C/565�C (165 bar); reheat at
485�C/41 bar

No

Khi Solar One (Abengoa Solar) CRS 250 MWe 235 t/h 530�C/120 bar þ105 t/h
saturated steam/130 bar for storage

Yes (molten saltsd2 h
of storage capacity)

CSP, concentrating solar power; CRS, central receiver system; LFR, linear Fresnel reflector; n.a., not available; PTC, parabolic trough collector.
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12.3 Basic considerations on thermal energy storage

TES allows storage of heat to be used later. To be able to retrieve the heat after some
time, the method of storage needs to be reversible. TES can be divided into physical or
chemical processes. To solve the storage problem in DSG solar plants, both at com-
mercial and research levels, the focus is mainly on physical processes that can be
divided into sensible heat and latent heat.

12.3.1 Thermodynamics considerations

When heat is transferred at constant pressure to/from a pure substance, either the tem-
perature of the substance changes with phase remaining the same or its phase changes
while temperature remains constant. In the former case, when the heat transferred causes
change in temperature, it is referred to as sensible heat. In the latter case, when the heat
transferred causes change in phase, it is referred to as latent heat. Sensible heat transfer is
apparent as it is noticed in the form of a change in temperature, whereas latent heat trans-
fer remains latent and is noticed only by a change of phase of the substance.

For quantitative evaluation of these heat energies, we have specific heats and latent
heats relating to sensible heat transfer and latent heat transfer processes, respectively.

The specific heat or heat capacity of the substance is the amount of heat required to
change the temperature of a unit mass of the substance by one degree. And the sensible
heat,Q, gained or lost by the substance in changing temperature from Ta to Tb is therefore

Q ¼ m $

Z Tb

Ta

cp$dT ¼ V$

Z Tb

Ta

r$cp$dT (12.1)

where m is the mass, cp is its specific heat, V is the volume of substance, and r is its
density. From Eq. (12.1) it is seen that higher the cp and r of the material, more energy
would be stored in a certain volume of material.

Concerning the latent heat transfer to a substance, the process of fusion is driven by
the difference of free energy:

DG ¼ DH � Tm$DS (12.2)

where G is the free energy, H is enthalpy of the substance, Tm is the transition tem-
perature, and S is the entropy. If there is equilibrium, DG ¼ 0, and

DH ¼ Tm$DS (12.3)

So, for a given transition temperature Tm, the higher the entropy change, the higher
is the latent heat of the phase change material (PCM). Also, for a pure substance in
thermodynamic equilibrium, the properties are related by

T$dS ¼ dH � V$dP (12.4)
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where V and P are the volume and pressure, respectively. If the pressure remains
constant during the melting of the PCM,

T$dS ¼ dH (12.5)

From the practical point of view, in the constant pressure process, the heat, Q,
required to completely change the phase of saturated liquid of mass m into saturated
vapor at constant temperature and pressure is

Q ¼ m$

Z hg

hl
dh ¼ m$hlg (12.6)

where hlg is the enthalpy or latent heat of vaporization of the substance. In a similar
manner, we also have hsl as the enthalpy or latent heat of fusion and hsg as the latent
heat of sublimation. At the critical point of the substance, the latent heats of vapor-
ization, fusion, and sublimation are zero.

For sensible heat storage, apart from specific heat capacity and density, there are
other parameters that affect the performance of the TES systems such as thermal con-
ductivity, thermal diffusivity, viscosity, and vapor pressure. The rate of heat penetra-
tion into any specific storage media (e.g., into concrete) is dependent on the thermal
diffusivity. This is a combination of two factors, the thermal conductivity (how well
heat is conducted through the substance) divided by the heat capacity (how much
heat it takes to increase the temperature of the substance). For latent heat storage,
the importance of most of these parameters is also noticeable [13].

The two ways of TES, sensible and latent heat storage, are currently available or
under investigation for DSG power plants. Both options present advantages and
disadvantages.

Sensible heat storage presents a lower storage capacity than latent heat storage but
is more dynamic, which means the system can be charged and discharged faster and
more easily than current latent heat storage systems. Latent heat storage systems store
higher heat compared with a similar volume of sensible heat storage system, but the
process of charging and discharging is slower than sensible heat system. From a ther-
modynamic point of view, latent heat storage assures maximum heat energy is stored
and released at a certain minimum temperature. The energy efficiency is closer to the
Carnot parameters (within the same temperature range) compared to sensible heat
storage.

The desired characteristics of any type of thermal storage systems can be summa-
rized as follows [1,21]:

• Compact, large storage capacity per unit mass and volume
• High storage efficiency
• Heat storage media with suitable properties in the operating temperature range
• Uniform temperature
• Capability of charge and discharge with the largest heat input/output rates but without large

temperature gradients
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• Ability to undergo large number of charging/discharging cycles without loss in performance
and storage capacity

• Small self-discharging rate, i.e. negligible heat loss to the surroundings
• Long lifetime
• Low cost

12.3.2 Relevant materials with thermal storage capabilities

12.3.2.1 Liquid materials

Different types of media can be used as storage materials for solar thermal applica-
tions, e.g., water, organic liquids, molten salts, or liquid metals, which exhibit a
wide range of properties from the heat storage point of view. A survey by Kuravi
et al. [16] analyzes the current development of liquid materials that have been evalu-
ated for using as storage media in sensible thermal energy storage (STES) systems in
terms of cycle life and stability.

Nitrates-based molten salts are currently used in commercial solar power plants.
Different mixtures based in the mixture of NaNO3 and KNO3 (60% NaNO3 þ
40%KNO3dsolar salt) or ternary mixtures containing, e.g., sodium nitrite (7%
NaNO3 þ 53%KNO3 þ 40%NaNO2dHitec) and calcium or lithium nitrates [e.g.,
7%NaNO3 þ 45%KNO3 þ 48% Ca(NO3)2dHitec XL] can be used as storage mate-
rials in STES systems developed for DSG solar plants. Density of these various molten
salts varies from around 1600e2000 kg/m3 at 300�C. And their working temperature
ranges from about 140�C (minimum operating temperature above freezing point) to
565�C (maximum operating temperature below the maximum admissible).

An intensive development in new formulations of molten salts is being conducted
by different research groups and laboratories around the world to increase the effec-
tiveness of these liquid materials for heat storage in CST applications.

Liquid metals, in particular, alkali metals that present minimum temperature below
100�C and maximum temperatures higher than 750�C [27], could be also an option for
STES, especially for heat storage in the high-temperature range of (ultra) supercritical
steam cycles, which work with steam temperatures over 565�C, where the use of exist-
ing molten salts used in commercial solar plants is not feasible.

State of the art of STES in solar power plants using liquid materials are two-tank
molten salts technology, using sensible heat for temperature up to 565�C. The size
of the storage tank is around 28 m3/MWhth for a standard 50 MWe CST plant with
parabolic troughs and thermal oil as HTF located in Spain [25].

12.3.2.2 Solid materials

Solid materials have also been used in CST applications and offer some benefits
compared with liquid materials. Solid materials can be used in a wide temperature
range. Density of available materials ranges between 1000 kg/m3 and 2500 kg/m3.
Natural solid materials, such as sand or rocks, are abundant and cheap, and depending
on the temperature use, it is important to focus on their thermomechanical stability.
Materials such as granite or basalt can exhibit suitable properties for high-
temperature energy storage [9].
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Also the use of manufactured solid materials has been investigated or is under
investigation. For high-temperature applications, the use of refractory bricks based
on oxides (silica, magnesia, alumina, and feolite), carbonates, and their mixtures are
commercially available.

For example, the use of concrete for CST applications was proven during WESPE
and ITES projects [18,19,20]. Long-term stability of concrete, with a density of
2750 kg/m3 and specific heat capacity at 350�C of around 916 J/kg K, was proven
at lab scale up to 500�C and validated at pilot scale in a 20-m3 test module of operation
between 200�C and 400�C.

The use of solid materials in STES systems for DSG solar plants has been proposed
for feedwater preheating and steam superheating [18,19].

12.3.2.3 Phase change materials

The use of PCMs for DSG solar plants requires state transitions at temperatures close
to steam working conditions in the solar field, and the most suitable ones for TES are
the solideliquid and solidesolid transitions. The problem of solidegas transitions is
that they involve very large volume changes. Most of the research done up to now has
been directed to the use of inorganic nitrate salts with solid to liquid transitions in the
range from 200 to 340�C and enthalpies around 100e300 kJ/kg [39].

Thermotropic liquid crystals (TLCs) are alternative PCMs. TLCs are organic-based
molecular compounds that, instead of exhibiting a single transition from solid to liquid,
present a cascade of transitions involving intermediate fluid phases (called meso-
phases) that keep a certain crystalline structure [7].

Although significant advances have been made in the development of TES systems
using PCMs for DSG solar plants, some major issues still remain in the development of
reliable and practical storage systems:

• Difficulties in obtaining an optimal balance between transition region and operating range,
because of the small number of materials available in the working temperature range of
DSG solar plants.

• Uncertainties concerning the long-term thermal behavior, despite testing over a number of
cycles generally much below the number of cycles that can be expected during the lifetime
of DSG solar plant.

• Cost-effectiveness compared to other storage materials.

The evaluation and selection of a PCM requires the consideration of several aspects,
including freezing or solidification, supercooling, nucleation, thermal cycling, encap-
sulation, and compatibility [12].

12.3.3 Technical aspects in the design of thermal energy storage
systems

Any TES should have at least the following three components: (1) a storage material in
the desired operating temperature range; (2) a suitable container to store the heat; and
(3) a suitable heat exchanger (HX) for an efficient heat transfer from the heat source to
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the storage material and from the storage material to the working fluid of the steam
cycle.

Liquid materials used for sensible heat storage in existing CST solar power plants
are contained in one tank (pressurized liquid water in steam accumulators) or two tanks
(molten salts) [31] made of materials completely compatible with the storage media.
Recently, a single-tank storage system for molten salt has been tested in a commercial
solar power plant. The system uses a single tank to contain both hot and cold molten
salts, which are separated by an insulation barrier that can float according to the vol-
ume of hot and cold salts inside the tank [29]. Independently of the configuration, the
storage material moves from the cold zone (or tank) to the hot zone (or tank) through
an external heating section (which contains the HX) during the storage charging pro-
cess, and vice versa during discharging process.

In STES systems using solid materials investigated for DSG applications, the stor-
age media are commonly stationary and the heat transfer fluid (HTF) charges and dis-
charges the storage flowing through the system in direct contact with the storage
material, or it is separated through HX walls that are inside the storage container
(STES with integrated HX). Storage configurations with moving storage material,
e.g., small particles such as sand, are also an option; in this case the storage material
moves from/to a hot tank to/from a cold tank in a similar manner to the two-tank
molten salts configuration (STES with external HX).

Due to the high cost of an LTES compared to STES, its application is of interest
when the load demand is such that energy is required at a constant temperature or
within a small range of temperatures, the storage size required should be limited,
and of course, high energy density or high volumetric energy capacity is desired.
Therefore the integration of LTES could be recommended to the steam generation
and not to be used for preheating, superheating, or reheating of the steam in DSG solar
plants. However, the use of single LTES systems is recently analyzed [28] for offering
the complete heat storage functionality in DSG solar plants as described in Section
12.4.2. Cascaded LTES was analyzed by Michels and Pitz-Paal [23] as an alternative
solution to the two-tank configuration in CST plants using thermal oil as HTF in the
receiver of parabolic troughs. This approach could be also potentially analyzed for
DSG solar plants.

The development of an LTES involves the consideration of two essential diverse
subjects: the heat storage materials and the HX. One of the major issues using
PCMs is to extend the heat transfer surface in the storage media during the
charging/discharging processes. Different implementations have been investigated,
such as the use of finned tube HXs embedded into the PCM or macroencapsulation
of the PCM [4,9]. Also an increase of the thermal conductivity of the latent heat stor-
age volume can be achieved by adding a material having high thermal conductivity.
The development of containers where the PCM is integrated into matrices made of
aluminum or graphite has been tested at pilot scale [6,18,19]. Finally, although exist-
ing solutions of storage systems with PCMs for DSG solar plants consider that the
storage media are stationary, new ideas explore options where the PCM is trans-
ported through a heating section where the charging/discharging processes occur
[7,37].

276 Advances in Concentrating Solar Thermal Research and Technology



12.4 Integration of thermal energy storage systems
in direct steam generation solar plants

In DSG solar technology, the integration of steam from the solar field in the power cy-
cle is direct, not indirect as it occurs in commercial PTC solar power plants with ther-
mal oil technology and CRS using molten salt receivers or volumetric/pressurized air
receivers. The steam produced in the solar field can be saturated or superheated steam.
State of the art of turbines for CST power plants go from single-state turbines working
with dry saturated steam to multistage turbines working with superheated steam and
reheating, which exhibits higher thermal-to-electric conversion efficiencies. The solar
receiver can be working as economizer, evaporator, and even steam superheater,
depending on how the solar field/receiver is integrated in the steam cycle.

The distribution of energy needed for feed water preheating, evaporation, and steam
superheating can range between 15e35%, 55e65%, and 10e30%, respectively,
depending on the operating conditions, i.e., temperature and pressure in the solar col-
lector field or solar receiver in Refs. [17,36]. This distribution of thermal energy
required along with the operating temperature and pressure is the main parameter taken
into account when evaluating different options of TES configurations for DSG plants.

12.4.1 Operation of thermal energy storage in direct steam
generation solar plants

The operation modes of DSG solar power plants with a TES system can be simplified
to three basic operation modes. In the first mode the steam generated in the solar
receiver or solar collector field directly drives the turbine. When the thermal energy
collected in the solar receiver exceeds the amount of thermal energy accepted by
the turbine, the extra amount of thermal energy can be transferred to a thermal storage
system to be used later. Therefore in this second operation mode, the solar steam runs
the turbine and charges the TES system. In the third operation mode, the solar field is
not running (during nights or bad weather conditions) and the TES system is dis-
charged to generate steam and run the turbine. In commercial CST systems using ther-
mal oil or molten salts, there are other operation modes which combine, e.g.,
simultaneous operation of the turbine using the solar field and the TES system.

This section describes configurations options for TES systems in DSG solar plants
considering basically their discharging for the economizer, evaporator, or steam super-
heater of the steam cycle. If there is steam reheating in the cycle, the integration of TES
for any intermediate step could be also an option for increasing the capacity factor of
the power plant. The solutions implemented for the superheating section could be also
applied for reheating steam in intermediate steps of the turbine. However, the integra-
tion of the corresponding HX and how TES for reheating steam is charged/discharged
can affect to the design of the whole system, including the solar field.

The integration of steam from the storage in DSG plants is not as easy as in CST
plants with indirect steam generation. Different integration options have been explored
recently, and in all the cases the complexity of the power plant increases, and also its
complete operation and control.
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12.4.2 Thermal energy storage systems based on sensible heat
storage

12.4.2.1 Steam accumulators

Ruths accumulators [22] use sensible heat storage in pressurized liquid water at
the boiling temperature appropriate to the pressure in the vessel. Steam is gener-
ated by flashing, i.e., lowering the pressure, of the saturated liquid during
discharge [35]. Steam accumulators provide good volumetric storage capacity
of the liquid water for sensible heat due to its high specific heat capacity. About
90% of the volume is filled with saturated liquid, while the remaining volume is
filled by saturated steam. They are preferably arranged horizontally so as to give
the largest possible surface of water for the liberation, as flash, of the stored steam
(see Fig. 12.1).

Steam accumulators are commercially available since many years ago and are
commonly used in the conventional process industry. They are also installed in
some of the existing DSG solar plants in operation (see Table 12.1). However, in
DSG solar plants the volume of the tanks is limited and the sliding pressure during
TES discharging decreases the power block efficiency. They are installed to facilitate
the operation of the power plant during short periods of bad weather conditions and not
for extending the DSG plant operation after sunset or during long periods of cloudy
conditions; e.g., the PS-10 solar tower plant in Spain uses four separate tanks with a
TES capacity of about 20 MWh to operate the turbine at 50% load for 50 min [9].

Steinmann and Eck [35] proposed the use of a cascade TES system combining a
steam accumulator and a second sensible heat storage system for steam superheat-
ing. For this additional TES unit candidate concepts use solid storage media such as
concrete or nonpressurized liquids such as molten salt. In a DSG solar plant the
thermal energy needed for superheating steam ranges from 10 to 30%, so the contri-
bution of the additional storage system is smaller than the share of the steam
accumulator.

Steam charging Steam discharging

Liquid water charging/discharging

Liquid water

Figure 12.1 Ruths steam accumulator.
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12.4.2.2 Two-tank molten salts thermal energy storage system

Koretz et al. [15] developed a system based on two-tank molten salt STES technology,
which is considered a proven concept from the experience in the Spanish solar plants,
but varying the configuration and charging/discharging operation modes applied in the
existing solar power plants using molten salts or thermal oil as HTF. The molten salt
mixture considered is the standard solar salt (60% NaNO3 þ 40% KNO3). For a two-
tank configuration, where the hot tank operates with an operating temperature of
w560�C and the cold tank with a temperature ofw290�C, with the improved method
suggested, when charging the storage, the molten salts are heated only by de-
superheating and partially condensing live steam, which means that only the sensible
heat above the water-steam saturation temperature, along with a small fraction of latent
heat of evaporation, would be transferred to the salts via the HX. In a typical 2-h stor-
age system, the partially condensed steam leaving the HX during charging would
containw30% wetness. This wet steam is then further condensed and subcooled by
the boiler feedwater using a recovery HX. Considering the key system design param-
eters in the case study proposed by Koretz et al. [15], the 2-h discharge capacity and
the 8-h charging rate were selected to achieve the largest temperature difference
possible while providing an economically viable storage solution.

The main drawback of using two-tank molten salts for DSG solar plants is that
steam pressure in discharge mode is limited by the linear behavior of the cooling
molten salt. The live steam pressure during TES discharge operation is considerably
lower than during direct production due to the pinch point losses in transferring heat
from the water-steam (PCM) to the molten salt (a sensible heat medium) (see
Fig. 12.2). Koretz et al. [15] reported that maximum storage capacity for DSG solar
plants using two-tank molten salts technology is limited to 2e3 h with existing com-
ponents technology and power block characteristics and performance.

Aga et al. [2,3] also performed a detailed analysis on the ability of using the existing
two-tank molten salts TES technology to be taken as TES solution also for DSG solar
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Figure 12.2 Temperatureeentropy diagram for the charging and discharging processes with
water/steam as heat transfer fluid (HTF) using a two-tank molten salt sensible heat thermal
energy storage system.
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plants. If integration of the DSG solar field and two-tank molten salts is done with the
existing steam turbines installed in solar power plants, the live steam pressure during
TES discharge operation is considerably lower than during direct production as it has
been previously mentioned (see Fig. 12.2). An alternative solution is the use of a turbine
specifically designed to achieve nominal rated power output with the reduced steam
parameters during TES discharge. With TES discharging, the steam is injected into
the turbine at a section downstream of the high-pressure (HP) stage. During direct pro-
duction, this section located downstream the HP stage operates at a lower pressure
than when TES discharging. Following this operation scheme, the mass flow through
the turbine stage located downstream the injection is increased compared to direct
production.

12.4.2.3 Three-tank molten salts thermal energy storage system

A solution for the case in which the market adequately values lengthier storage from
solar thermal energy is the three-tank STES system [15,33], which incorporates a hot
tank, a warm or intermediate tank, and a cold tank. Comparing to the two-tank config-
uration, this approach with three tanks would allow two different mass flows; a higher
mass flow in the lower temperature range and a smaller mass flow in the higher tem-
perature range should be defined. This way the live steam temperature and pressure
reduction is not as large as in the two-tank configuration leading to a more moderate
reduction of the power block efficiency during discharging (see Fig. 12.3). The three-
tank system maximizes exergy utilization in the combined charge/discharge process,
increasing the power block efficiency of the storage discharge cycle. Koretz et al.
[15] analyzed the performance of a three-tank molten salt STES system for DSG solar
tower plants working with subcritical water-steam conditions but also with supercrit-
ical conditions. Three-tank STES systems formulated for supercritical plants materi-
ally resemble that of STES for subcritical conditions, but differ in its effective
charging of the storage liquid material to reach a higher weighted-average temperature.
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Figure 12.3 Temperatureeentropy diagram for the charging and discharging processes with
water/steam as heat transfer fluid (HTF) using a three-tank sensible heat thermal energy storage
system with different mass flows.
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This is because the latent heat associated with the phase change that occurs in the
subcritical charging process does not especially charge the molten salt (storage me-
dium), while the energy in the supercritical steam, which is almost all sensible heat,
favors heat transfer to the storage liquid material with much greater efficiency.

Two-tank STES systems, with adapted operation of an optimized power block dur-
ing the charging/discharging storage processes, or three-tank STES concepts, could in-
crease efficiency to specific energy capacity ratio of DSG solar plants; the increase in
investment and operational costs would be compensated by energy yield output of the
power plant. The sizing of the TES tanks and integration of the various components
(DSG solar field, TES system, and power block) require good expertise and knowledge
to predict the annual energy output according to the local site conditions, which
include direct normal irradiance and incentive schemes.

12.4.3 Thermal energy storage systems based on latent heat
storage

This option numerically analyzed by Pirasaci and Goswami [28] consists in using a
PCM for preheating, steam generation, and superheating to simplify the structure of
the TES system in DSG plants. The effectiveness of the storage is considered as the
design criterion during the modeling of the TES, which consists ofM pieces of serially
connected insulated tanks filled with the PCM (Fig. 12.4). The feedwater enters the
first module of the TES and is heated, evaporates, and becomes superheated steam
as it flows through the N number of tubes inserted in the PCM. The PCM selected
for the study is NaCl þ MgCl2 eutectic mixture which presents a melting temperature
of 549�C, latent heat of 316 kJ/kg, thermal conductivity of 0.95 W/mK, specific heat
of 1000 kJ/kgK. Initially the PCM is in the liquid phase having 600�C. The operating
temperature of the water/steam considered in the study is from 325�C to 600�C. Re-
sults of this study show that the length of the storage has a major impact on the effec-
tiveness; the flow rate of the water/steam fluid is important and, depending on the
design, an optimum value can be calculated with the model; the tube diameter also

Tubes (# N)

Tanks (# M)

PCM p

l

mT

mT
Di

Figure 12.4 Schematic description of a phase change material (PCM) thermal energy storage
system for direct steam generation plants [28].
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has an important role on the effectiveness; and finally, the distance between the tubes
does not have a significant effect on the effectiveness but plays an important role on the
storage capacity. The reliability of this TES solution has not been tested yet, so further
experimental research is needed to prove its suitability to real-scale DSG solar plants.

A similar approach but using cascade LTES was proposed by Michels and Pitz-Paal
[23] as alternative solution for storage in solar plants with parabolic troughs and ther-
mal oil as HTF (see Fig. 12.5). This approach also suggests the use of modular units
containing the PCM. The difference is that different PCMs are used depending on the
temperature range. Although the analysis was performed considering thermal oil as
HTF in the storage system (single-phase HTF), an adaptation of materials and design
conditions could be potentially applicable to DSG solar plants.

An approach considering the transport of the PCM is the one proposed by Bay�on
and Rojas [7]. This solution focuses on the research of latent heat storage material itself
more than the design of the HX studied in the nextPCM project (see Section 12.4.4).
The use of TLCs, which are organic-based molecular compounds that exhibit a
cascade of transitions involving intermediate fluid phases, as PCMs are presented
by Rojas et al. [32]. The benefits expected of using liquid crystals are to have the en-
ergy exchange in an external HX and assure a constant discharging power during dis-
charging process, nor like the inorganic PCMs. A two-tank TES configuration is
applicable with a cold tank containing the liquid crystal and a hot tank with the
isotropic liquid (see Fig. 12.6). Rojas et al. [32] analyze different liquid crystals in
terms of clearing temperature and enthalpy as possible candidates for DSG solar plants
with working pressure in the solar receiver of 30 bar (Tsat ¼ 234�C), 70 bar
(Tsat ¼ 286�C), and 100 bar (Tsat ¼ 311�C). The suitability of this solution for feed-
water preheating and steam superheating is not analyzed in this preliminary study.
Further research is required to confirm if this LTES solution is applicable to real-
scale DSG solar plants.

12.4.4 Thermal energy storage systems combining sensible
and latent heat storage

Solid storage media are considered mainly for cost considerations. Compared to
commercially available molten salts used in existing solar power plants, the costs of
the equivalent mass of solid materials might be one order of magnitude lower or
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Figure 12.5 Cascaded latent heat thermal energy storage with five phase change materials [23].
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even lower if natural materials are considered [9]. In concepts using the sensible heat
of solid media, the storage material contains a tube register HX to transfer the thermal
energy to or from the HTF. This solution of STES using solid materials and optimizing
the tube register HX to transfer heat to the fluid was considered in the project WESPE
[20,36]. A castable ceramic, which was principally composed of a binder including
Al2O3 and iron oxide aggregates and various other materials, was developed. This
solid material with sensible heat storage capabilities presents a density of 3600 kg/
m3 and its thermal conductivity is slightly higher than that of concrete, which was
also experimentally studied within the same project. The variation of thermal conduc-
tivity, volumetric heat capacity, diameter of flow channels, and distance between flow
channels were analyzed for optimizing the STES unit design. As a result of the
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Figure 12.7 Three-part thermal energy storage system for direct steam generation solar plants
combining sensible and latent heat storage [18,19].
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Figure 12.6 Scheme of a direct steam generation solar plant with a liquid crystalebased thermal
energy storage [32].
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sensitivity analysis, the distance between flow channels was important, and the choice
for the strategy for charging and discharging the STES represented a key element for
the optimization of the STES system. In ITES project [18,19], a tree-part TES system
where PCM latent heat storage is used for evaporation, while concrete storage is used
for storing sensible heat (see Fig. 12.7). A prototype with a total storage capacity of
w1 MWh, with 22 m3 of concrete and a 8.5 m3 PCM storage, was coupled to a
DSG test facility with parabolic troughs specially connected to a conventional power
plant. The testing of the system was performed at a pressure level of around 100 bar.
For this pressure level, sodium nitrate (NaNO3) with a melting temperature of 306�C
was selected for being most suitable as PCM. A sandwich concept using aluminum fins
was implemented in the LTES system to increase thermal conductivity during PCM
charging/discharging processes. This solution was also investigated at pilot plant scale
in the DISTOR project [6]. For the STES system, a high-temperature concrete
specially developed to support up to 500�C can be applied. However, it was tested
only up to 400�C [18,19].

In the DSG-Store project, Seitz et al. [33] study a complete three-part TES system
that combines the use of PCM storage for evaporation of water and sensible heat
storage using molten salts for pre- and superheating (see Fig. 12.8). The STES system
consists of a cold tank, a hot tank, and an intermediate or warm tank. If an LTES
system is used to store the latent heat of water/steam, the temperature profile in the
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Figure 12.8 Scheme of direct steam generation solar plant layout with three-part storage which
combines three-tank STES and LTES. PCM, phase change material; TES, thermal energy
storage.
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complete TES system is matched to the temperature profile of the HTF during charging
and discharging (see Fig. 12.9). Compared to the two-tank STES and three-tank STES
concepts, this approach leads to the highest live steam parameters and thus better
power block efficiency during TES discharging at the expenses of an increased system
complexity.

Birnbaum et al. [8] analyzed the interactions between the solar field, a combined
STES-LTES system, and the power block in DSG plants with parabolic troughs
considering different configurations. The use of LTES for evaporation of water implies
that the pressure for the discharge process is lower than the pressure level required for
charging. The integration of a TES system in DSG plants increases the complexity of
the whole system both from the technical and control point of view if it works with the
conventional steam power blocks used in commercial solar plants with PTCs (see
Fig. 12.10). Power block optimization was suggested to maintain the power block ef-
ficiency in DSG plants [8]. Two configurations for the steam parameters, 110 bar/
400�C and 156 bar/500�C, were analyzed based on available steam turbines manufac-
tured by Siemens and installed in many of the CST plants in operation. An
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Figure 12.9 Temperatureeentropy diagram
for the charging and discharging processes
with water/steam as heat transfer fluid (HTF)
using three-tank sensible heat thermal energy
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optimization process conducted to change (increase) the final feedwater temperature to
260�C for both configurations of steam parameters and using of a steamesteam
reheater with condensation. The gross power block efficiency was maintained over
40% for the configuration 110 bar/400�C.

Seitz et al. [33] conducted preliminary analyses of different solutions using a three-
tank STES system combined with LTES for evaporation comparing them with a two-
tank STES system also with LTES. However, as in previous solutions detailed, a com-
plete assessment must also consider investment costs and a detailed prediction of
annual electricity production for representative sites to confirm the benefit of using
a three-tank configuration.

Bachelier et al. [5] performed a systematic analysis of Fresnel CSP plants using
molten salts or water-steam as HTF and considering different options of TES. As result
of the study, two concepts, namely direct molten salt concept (molten salts work as
HTF and storage media) and the DSG concept combined with PCM storage, offer
similar efficiency to specific energyecapacity ratio. Further investigations are required
again to determine which option exhibits better technoeconomical potential.

In NextPCM project [38], the use of a screw heat exchanger (SHX) to transport the
PCM from a cold to a hot tank or vice versa during phase change is under investiga-
tion. This concept separates heat exchange and storage tank. The material can be trans-
ported by rotation of the screw shafts and simultaneously heated/cooled by the HTF
inside the hollow shaft and screw flights (see Fig. 12.11). As result of the numerical
analysis performed, considering an LFR DSG solar plant with (1) a two-tank STES
system combined with the SHX working as LTES, (2) a three-tank STES system com-
bined with an SHX LTES, and (3) without storage, the minimum levelized cost of elec-
tricity (LCOE) estimated are 0.143 V/kWh, 0.134 V/kWh, and 0.129 V/kWh,
respectively. As storage can raise the market value of solar electricity, an increase
in LCOE for the concepts with storage is considered acceptable. By decreasing the
storage cost by 20%, the LCOE can be decreased by 5%. To achieve this reduction,
the SHX concept should be further optimized, e.g., increasing the thermal efficiency
of the SHX by optimizing charging/discharging processes parameters.
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Figure 12.11 A double screw heat exchanger [37].
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12.5 Conclusions

The main limitation associated with DSG solar plants is the current unavailability of
commercially proven TES systems of enough storage capacity and cost-effectiveness.
However, this drawback will likely disappear in the future because several projects
have demonstrated the potential of combining sensible and latent heat storage systems
to allow for storage with DSG solar plants [2,15,18,19,33].

More than 50% of the energy needed in DSG solar plants is for water evaporation.
Therefore, the development of reliable and cost-effective latent heat storage systems
could benefit a wider deployment of this type of CST systems. Current research fol-
lows two paths, the search of new PCMs on one hand, including adequate design of
LTES containers with higher heat transfer capabilities, and on the other hand the
design of equipment to transport the latent heat storage material during charginge
discharging processes.

Besides, the thermodynamic cycle optimization of steam turbines designed for DSG
solar plants with TES is another relevant subject, given that the design of the interme-
diate stages of the turbine could increase the efficiency of the plant compared with
existing solar power plants. Hence, it will be one important issue that should be fol-
lowed closely.
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13.1 Introduction

The accurate forecasting of solar energy produced by a solar thermal power plant can
improve considerably the profitability at different phases of the project. Direct normal
irradiance (DNI) is the fundamental input for energy production, and thus DNI fore-
casting is the basis for energy forecasting.

At the very outset of the project, when pre-feasibility assessments are being carried
out, forecasting DNI during the plant lifetime is needed for the long-term project prof-
itability characterization. Since it is not possible to know what is going to happen in the
next 25 years, what usually is done is to evaluate the conditions of the past years
assuming that the conditions of the last 25 years are very similar to those for same
period in the future. Future scenarios can also be considered taking into account assess-
ments in the context of international panels of climate changes [17]. These assessments
type is called long-term forecasting.

When the power plant is already set up, there are different needs of forecasting that
have to be characterized to improve the plant exploitation. Due to the dependency of
the energy generation with meteorological variables (mainly solar radiation) the better
the prediction of the solar radiation, the better the prediction of the energy output. For
instance, this dependency has a strong impact on the determination of the starting pro-
duction time and the establishment of the operation strategies for the next day, hours,
and minutes. Power plant design depends on the solar radiation characteristics ex-
pected in the location during the exploitation years. Technical shutdowns are sched-
uled depending on the annual forecasting, and operation plans can be optimized to
increase the production or to increase the profitability by matching the production
with the expectations. Options are different depending on the plant technology, plant
design, and main options as the storage hours.

Generally, forecasting tools are run by specialized companies or meteorological of-
fices and cover wide areas of land. These forecasts are post-processed or locally adapt-
ed with local measurements in order to improve the forecasting behavior. In this
chapter post-processing techniques are not considered separately because these pro-
cesses are always applied at the final step of each technique taking into account the
spaceetemporal characteristics of the expected forecasting, and traditionally are
considered as statistical approaches.
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A relationship between the spatial resolution and the temporal frequency can be
established. Thus, when dealing with areas at country or regional level, several kilo-
meter spatial resolution and hourly temporal frequency are the more often used refer-
ences. When dealing with a specific location, the objective has to be working with
high-resolution data below 1 km, and up to 1 min of time frequency.

Solar radiation and specifically DNI has not been an objective in meteorological
forecasting over the time. Weather forecasting tools were mainly developed with focus
on temperature, pressure, and humidity [6]. However, with the renewable energies
growth, when the installed power has a significance impact on the electricity grids,
the accurate solar radiation and wind speed forecasting has an important role [53].
The role is important on both sides of the electricity production: on the utility side,
the importance is related to the impact of the intermittency in the grid and the need
to predict the total electricity in the network; on the promoter side, the importance
is related to the plant operation for medium and long-term and with the dispatchability.
Dispatchability, as the possibility of modulating the energy dumped to the grid, is a
requested capability that aims to increase the economic return by delivering electricity
when is most needed and valued. Thus, improvements in solar and wind forecasting
can help in a better consideration of the energy provided by renewable power plants,
due to the increasing interest in the development of methods for energy price fore-
casting, mainly after the energy market liberalization in many countries [50].

The previous deployment of wind energy forced the importance of wind forecasting
in weather forecasting systems investigations before solar radiation [11]. However, as
of 2016 the huge growth of photovoltaic (PV) and thermal electricity systems all over
the world [21] are pushing to improve solar forecasting as well.

Although solar forecasting seems to be a general issue, forecasting needs will
depend on the solar technology and the plant characteristics. In the context of technol-
ogies, PV technology is mainly interested in global radiation forecasting [40], but the
needs of concentrated solar thermal (CST) electricity plants are focused on DNI [27].
In the case of CST, dispatchability has been demonstrated during summer days when
large thermal storage option is included. In this case, forecasting needs change for the
use of storage as an intermediate step before electricity production; and thus, short fluc-
tuations have no impact on the electricity production. The thermal storage possibility
in thermal electricity power plants is a significant difference of this technology that
makes it the only renewable power system with real modulation options, and thus,
capable of playing a real important role in the electricity generation markets in coun-
tries at medium and low latitudes [20]. Forecasting meteorological variables and mod-
ulation options are the key points that aim CST electricity plants to have a relevant
position in the energy generation; it is possible to adjust generation to forecasted de-
mand and then, increase the sold-electricity benefits (Fig. 13.1).

In this chapter, a summary of the solar forecasting techniques applied in concen-
trated solar power plants is presented, and starting from a classification of the possible
techniques, each one of them is described. After this general presentation, the config-
uration of a solar thermal electricity plant forecasting system is defined and presented.
At the end of the chapter the main challenges related to the forecasting solar radiation
at solar power plants are summarized.
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13.2 Main forecasting techniques

Typical forecasting classifications are based on the time period forecasted or the treat-
ment technique. In Fig. 13.2 the classical picture summarizing main characteristics is
shown. Numerical weather prediction models (NWPMs) are the most suitable models
for predicting solar radiation from 4 h up to several days. During the first hours, the
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models need time to run and stabilize the outputs. Statistical forecasting is usually
related to the use of local measurements and learning processes in order to derive
future behavior. Depending on the time-frequency, this behavior can use data for
years, months, days, hours, minutes, or seconds; then statistical models can cover
all time resolutions and forecasting horizons. Since statistical models make use of local
measurements, spatial resolution is related to less than 10 km around the measure-
ments location and depends also on the topography.

Nowcasting is a common denomination for forecasting period up to 6 h. In the case
of concentrated solar power plants, this period is mainly related with the period of plant
exploitation, and has a big impact in the plant operation and on the electricity market.
During this period, in addition to NWPM and statistical models, satellite- and sky
camerasederived forecasting are typically used.

This chapter focuses on forecasting from the point of view of a CST power plant. At
the end of the chapter, some considerations related to single vs. aggregated or regional
forecast are also presented.

In Table 13.1, the forecasting-related project moment and role are showed in rela-
tion with the forecasting name and technique. The most common classification is
related to the forecasted time period. In the case of long-term and medium-term fore-
casting, statistical techniques are applied. In the forecasting level related to 10 days
and 3 days ahead periods the treatment technique is NWPM in both cases, but typically

Table 13.1 Forecasting solar radiation: main techniques classification
using time as main classification key

Project
moment

Forecasting
role

Typical
forecasting
name

Time period
ahead

Main
techniques

Typical
time
resolution

Before
building the
plant

• Project
profitability

Long term Years Statistical
models

Months

Power plant
exploitation

• Maintenance
planning

Medium
term

Months Days

• Maintenance
planning

10 days Days Numerical
weather
prediction
models
(NWPM)

Half days

• Operation
• Electricity
market

3 days Hourly

Nowcasting (4e6 h) 30 min

(0e6 h) Statistical
models

15 min

(0e120 min) Satellite images 15 min

(0e60 min) Sky cameras 1 min

296 Advances in Concentrating Solar Thermal Research and Technology



the accuracy is much better in the case of 3 days ahead forecasting. Nowcasting is the
most complex level of forecasting. In the nowcasting range, subsets of temporal win-
dows can be established depending on the capabilities of each model. Sky cameras are
able to predict solar radiation up to 60 min. In the case of satellite images, even when
the models do not differ too much from the sky cameras model, because of the image
resolution the forecasted horizon can achieve 2 h. Statistical models have then to
address the time periods not covered by the rest of techniques.

Thus, different techniques deal with different forecasting ranges and time resolu-
tions. Each one of these techniques has its own limitations and advantages, as are
described briefly in next sections, but all of them have been mainly developed for
global horizontal irradiance (GHI) forecasting. Due to the nature of solar radiation,
with a bimodal probability density function, its estimation is always improved when
the situations of cloudy sky and uncloudy sky moments are considered separately
[39]. In uncloudy sky situations, solar radiation can be accurately modeled by clear
sky models [18]. In the case of cloudy skies, due to the huge variability of cloud types,
heights, and density, instead of using physical models solar radiation is modeled by
statistical approaches using a cloudy-sky index as the main estimator [42].

Most of the forecasting techniques make use of these considerations to improve
their results. They can also be applied as a post-process, or for downscaling purposes.
It is important to mention that all the related techniques have not been developed spe-
cifically for direct normal radiation forecasting, and DNI was derived from GHI using
global to beam models [55]. Thus, DNI had higher inaccuracies than global horizontal
as is shown in a later section. Even so, DNI forecasting improves significantly when
clear skies are under evaluation.

13.2.1 Numerical weather prediction models

NWPMs are models used and developed for weather forecasting purposes [6]. In a
very simple way, they are supplied initial conditions and then, the differential equa-
tions describing the evolution of the atmosphere are solved. In order to test their
behavior, these models can be used as well for “predicting the past,” being run using
ancillary initialization input data and assessing the forecasted horizons using ground
measurements. Ground measurements can also be assimilated into the model or taken
into account in a post-process treatment, considered as statistical approaches and
described in a separate section. The option of running these models for “predicting
the past” is called reanalysis of NWPMs. Table 13.2 depicts some examples of free
time-series databases from reanalysis.

It is possible to classify the NWPMs into global models or mesoscale models.
Typically, a global model has a global coverage and the most common one is the
Global Forecast SystemdGFS (https://www.ncdc.noaa.gov/data-access/model-
data/model-datasets/global-forcast-system-gfs). GFS uses as initialization input
huge amount of data coming from automatic recording all over the world and
from the satellite observation system. The spatial resolution is around 1 degree
which matches to about 100 km at the earth’s surface. The outputs from GFS are
freely available and can be used as inputs for a mesoscale model. A mesoscale model
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usually includes topographic and additional information as land cover information.
The model from the European Centre for Medium-Range Weather Forecastsd
ECMWF (http://www.ecmwf.int/en/forecasts) can be considered as being in between
global and mesoscale models. It has products of different resolutions with different
time steps depending on the product cost. The most extended mesoscale model is
Weather Research and ForecastingdWRF (http://www.wrf-model.org/index.php).
This model has been developed by the National Center for Atmospheric Research
(NCAR), the National Center for Environmental Prediction (NCEP), and the Fore-
cast Systems Laboratory (FSL). WRF is an open-source code run by a large number
of universities and research centers. Outcomes are related to a volume and informa-
tion at different levels from the ground level up to the stratosphere provided by all
NWPMs. At each level, information is also provided at each point of a preconfigured
grid resolution.

Development of NWPMs was focused on the improvement of the forecasted mete-
orological variables as temperature, precipitation, and humidity. But during the last de-
cades, pushed by the wind energy sector, wind outputs have been significantly

Table 13.2 Free databases time series reanalysis for research purposes

Name Time range Time frequency

ECMWF Interim Reanalysis
(ERA Interim)

1979epresent 3-hourly

ECMWF 40 year Reanalysis
(ERA-40)

1958e2001 3-hourly

ERA-20C 1900e2010 3-hourly

NASA MERRA 1/1979e2/2016 Hourly

NASA MERRA-2 1/1980epresent Hourly

NCEP Climate Forecast
System Reanalysis (CFSR)

1979epresent Hourly

NCEP/DOE Reanalysis
AMIP-II (R2)

1979epresent 4 times daily

NCEP/NCAR Reanalysis I
(R1)

1948epresent 4 times daily

NCEP North American
Regional Reanalysis
(NARR)

1979epresent 4 times daily

NOAA-CIRES 20th Century
Reanalysis (20CR)

1871e2012 4 times daily

NOAA-CIRES 20th Century
Reanalysis (20CRV2c)

1851e2014 4 times daily
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improved through the use and development of new parametrization in the context of
open-source mesoscale models as MM5 or WRF [3].

During mid-2010s, some comparisons of solar radiation data from reanalysis
products have demonstrated that in general, their results are far from the expected
accuracy [4]. Even so, there are specific developments that show a relevant improve-
ment when using new parametrizations [44] and post-processing treatments [25].
This new parametrization of the aerosol optical properties contributes to removing
seasonal biases in the predicted GHI and also aim at the estimation of DNI as a
new NWPM output.

NWPMs, in addition to the only pure forecasting technique, are the only way to
obtain reliable information about the rest of meteorological variables needed for the
solar-system simulation or the assessment of a solar plant, such as temperature, humid-
ity, wind, and sometimes information related to clouds and atmospheric composition.

13.2.2 Image-derived solar radiation

While NWPMs provide multiple meteorological variables as outputs, image-derived
models are focused on the estimation of solar radiation variables and these variables
are commonly estimated with a better accuracy than in the case of NWPMs.

There are two different methodologies dealing with the treatment of images for so-
lar radiation estimations: satellite-derived solar radiation and sky camerasederived
solar radiation estimations. Even though these methodologies use different input im-
ages of different nature (Fig. 13.3), the treatment is sometimes very close. Main differ-
ences of these techniques are related to the detectors point of view, which determines
the image’s field of view and the output resolution for each case.

In the case of satellite-derived models, detectors are placed at geostationary satel-
lites facing the earth surface, seeing an earth part typically 60 degrees around the

Figure 13.3 Comparison of satellite view (facing the earth surface) and sky camera (facing the
sky). Supported angles at a given location are also different. Satellite pixel is typically
contained in 2 degrees from satellite position; sky camera has about 2p stereo-radians view.
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sub-satellite point with a resolution in a range from 1 up to 10 km. Satellite images’
time-frequency is typically between 15 and 30 min. In the case of sky cameras, detec-
tors are placed at ground level facing the sky, seeing the sky equivalent to 2 km around
the camera locations with a resolution between 1 and 10 m per grid point. Sky images’
time-frequency is typically configured between 1 and 60 s.

But regardless of these differences, the first result in both cases of image treatments
is a cloud index value at each image pixel. From this cloud index information, it is
possible to assess cloud patterns motion vectors and thus, forecast a map of cloud in-
dexes from the next moment. From this forecasted cloud image, GHI and DNI can be
estimated as in the case of estimations models.

13.2.2.1 Satellite-derived cloud index

Satellite-derived solar radiation data sets are nowadays based on the use of geostation-
ary satellite images. These images are the result of the reflection of sunlight on the
earth’s surface, so they have already suffered the topography effects and major atmo-
spheric phenomena that take place when the sun’s rays pass through the atmosphere.
The geostationary orbit is a near-circular orbit placed 36,000 km far from the equator,
managed by international bodies. Geostationary satellites are placed on this orbit
spread from 45 up to 70 degrees and combining all of them a global earth observation
is possible. Each satellite family has a nominal position related to a specific longitude
and covers about 60 degrees from the sub-satellite point (point over the equator at
0 degree longitude in the case of Meteosat satellite family). Satellite families have
changed over the years, and when a change in the onboard technology takes place,
they are referred as a new satellite generation.

Satellite-derived solar radiation data sets have a gridded nature, where the main
element is a pixel. Each pixel is a value that represents a specific area, depending
on the characteristics of the satellite family, the generation, and its position over the
earth’s surface (Fig. 13.4). At the sub-satellite pixel, the usual spatial resolution is
2.5 km for old satellites and, as of 2016, 1 km for some of the current ones. The tem-
poral resolution also varies from three times a day, up to 30 min, which is the most
common as of 2016. It is important to take into account that pixels of a given image

Figure 13.4 Illustration of the variation of the surface covered by each pixel. Covered surface
increases when the distance to the equator and the distance to the sub-satellite point increase.
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are related to different moments because the image recording has a scanning nature
instead of being simultaneously recorded.

Each satellite family has onboard different types of devices for measuring the re-
flected radiation from the earth’s surface, and then, the models vary from one set of
satellite images to another. All satellite-derived solar radiation models can be divided
mainly into statistical [33] and physical models [34]. In the case of statistical models,
relationships between the satellite-derived cloud index and global radiation measured
at the earth surface are established at several locations and later these relationships are
applied to the whole image. In the case of physical models, these models are based on
physical considerations taking into account the absorption and scattering behavior of
the atmospheric components, the cloud reflectance and absorption coefficient, as well
as the ground albedo among other parameters. Even as these models do not need
ground measurements, they need detailed atmospheric information. Most of the new
models have a mixture nature [39].

Satellite-derived solar radiation models are often operated by private companies or
by research centers providing commercial products and not public databases in most of
the cases. Some satellite-derived solar radiation data sets are free and have public ac-
cess as the data sets shown in Table 13.3.

Cloud index is always computed for assessing satellite-derived solar radiation data.
Fig. 13.5 shows the cloud index calculation based on the Heliosat model [8]. In this
equation rref is the reference ground albedo for uncloudy skys; rcloud is the estimated
cloud albedo, and rap is the instantaneous apparent albedo. It can be observed that
when a pixel is covered by clouds the relation is near 1 and 0 when the instantaneous
apparent albedo is equal to the reference ground albedo.

Using the image of satellite-derived cloud index, cloud motion vector methodology
discussed in the following section can be applied to assess future solar radiation values
at each pixel. This is the basis of the solar forecasting from satellite images as can be
seen in Refs. [1,14].

13.2.2.2 Cloud mapping using sky cameras

Sky cameras can be used for improvements in cloud detection and solar radiation char-
acterization from the ground. There is a wide range of sky cameras that can be

Table 13.3 Free databases and services providing satellite-derived
solar radiation time series

Name Time frequency Coverage

NASA SRB 3-hourly World

NSRDB update 30-min USA

CM-SAF Hourly EuropeeAfrica (Meteosat)

MACC RAD 15-min EuropeeAfrica (Meteosat)

PVGIS Hourly EuropeeAfricaeAsia
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classified into two main types. The first type is comprised of automatic sky cameras
including real-time processing. These cameras have a hemispherical mirror and a
shadow band that blocks the sun disk. The camera looking at the mirror captures
the images. An internal algorithm aims to filter the clouds and calculate the cloud frac-
tion from each image [48]. The second type looks at a similar option but uses commer-
cial cameras with a fish-eye lens. These cameras have no sun-shadowing or processing
options. These cameras are set up by research centers and techniques used differed
from one developer to another.

The second type of sky cameras are being improved during the last years. Examples
of this set of sky cameras can be reviewed in Refs. [16,23,46]. In Ref. [46], a method
based on the use of two commercial cameras for deriving cloud maps, cloud hight, and
cloud wind is proposed. In Ref. [16], in addition to the cloud fraction estimation, an
automatic cloud classification algorithm is proposed based on statistical information
from the RGB channels of the 30-bits color jpg images with a resolution of
3648 � 2736 pixel. The last example [23], adds new variables for the classification
as the solar zenith angle or the visible fraction of the solar disk. In this work, authors
used 8-bits color jpg images with spatial resolution 640 � 480 pixels.

In addition to the solar radiation estimation from cloud maps, research aimed at
aerosol optical deep (AOD) estimation from sky cameras has been reported [36].
This work opens the door for DNI estimations directly from AOD estimation.

After the cloud map obtained from each sky-camera image, it is possible to apply
cloud motion vectors for predicting the cloud position in the future and then, the solar
radiation is derived from this. A detailed description of the prediction methodology
from sky images can be found in Refs. [2,52].
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Figure 13.5 Satellite-derived cloud cover index calculation example.
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13.2.2.3 Cloud motion vectors determination

Cloud motion vectors are the basis of satellite-derived forecasting and sky imagese
derived forecasting. The first reference of cloud motion vectors can be found in
Ref. [28], but they are also described in all previous references of satellite and sky cam-
eras forecasting. Fig. 13.6 presents a simplification of the cloud motion vector
behavior. Two, or sometimes three consecutive images are needed and from each im-
age, cloud maps are evaluated. Each cloud map is divided into a certain number of
parts, which can be regular tiles, as in the case of Ref. [52], or irregular sectors as
in Ref. [2]. Each image part is cross-correlated with all parts in the next image and
the position with the highest correlation is identified. A vector movement can be iden-
tified from the initial part position to the next one (red small squares in Fig. 13.6 show
the initial 1.5 image part, and the highest cross-correlated part in time 2 is identified at
position 1.7). The vector movement is drawn in red when calculated and in green when
it is applied. Green small square shows the forecasted position based on the application
of the motion vector to the position 1.7. This procedure is repeated for each image part.
Once the cloud map is forecasted, the solar radiation map is estimated.

13.2.3 Statistical forecasting

Statistical forecasting was the first set of techniques applied to the solar radiation fore-
casting [22]. This approach was based in the application of the model output statistics
(MOS) methodology. In this case, solar radiation was not an output from NWPM but it
was derived from the forecasted meteorological variables on daily basis. Forecasted
daily global irradiation is calculated as an MOS of three different relationships: one
relation of forecasted irradiation with the forecasted probability of precipitation;
another relation of forecasted irradiation with the forecasted relative humidity, and
the third one with the observed relative humidity.

Time 1 (observed) Time 2 (observed) Time 3 (predicted)

Forecasted solar
radiation

Figure 13.6 Cloud motion vector applied to a cloud map image.
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After this work, many different groups started using series of solar radiation to
develop univariate models using artificial intelligence techniques [47] as neuronal net-
works combined with wavelets [5]. Time-series assessment are sometimes proposed
for this univariate type of models [41]. Univariate models are mainly the models
applied for long-term forecasting. In this case, it is important to consider the need to
take into account additional phenomena such as volcano eruption [43] or future sce-
narios [17] due to their well-known relationship with solar radiation.

Apart from univariate models, statistical models using local measurements are
applied at the end of all other methodologies to remove biases, to improve spatial res-
olution, or to derive solar radiation from other variables. These statistical models are
sometimes called post-processes to highlight the importance of considering this treat-
ment apart from the general methodology and inform about the post-processes treat-
ments of the models output.

13.3 Forecasting systems for CST power plants

A forecasting system for a CST power plant uses most of the described methodologies
and real-time access to information from local measurements stations (Fig. 13.7) . As it
has been mentioned, local measures are needed for statistical models application
(linear models and time-series assessments); and for assimilation, kriging, and down-
scaling in the case of NWPM or satellite-derived forecasting (with spatial resolutions
typically around 3 km). In the case of sky cameras local measures aim to remove bias
and to check DNI consistency.

Ground measurements always have two different contributions in a forecasting sys-
tem: the historical data bank to learn from the past and the current data to adjust model
output in real time using Kalman filter techniques [49].

The main model that aims to predict the next days is the NWPM, to which statistical
approaches are applied for the improvement of daily predictions using historical mea-
surements. After the daily prediction, there is option for adjusting intraday predictions
using real time measurements, and nowcasting from satellites and local sky cameras.
Even so, if additional forecasting signals are available, combinations of all possible
forecasted data will improve the final output.

Input from GFS / ECMWF

Meteorological prediction

Statistical approach

Daily predictions

Statistical approach

Intr-daily predictions

Historical ground measures

Real-time ground measures

Satellite images

Sky images

NWPM

Figure 13.7 Classical solar forecasting system of a CST power plant.
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13.4 Solar radiation forecasting baseline

In order to assess the main challenges related to forecasting needs in solar thermal po-
wer plants, first, a review of the solar forecasting evolution up to the current figure is
presented.

Starting from nearly 300 of related references, a selection of them has been made.
One of the first references fully related to solar forecasting is dated 1981 [22], but the
real growth of solar forecasting started around 2000, and in 2006 can be seen one of the
first reviews of solar radiation forecasting techniques [15]. Few years later it should be
possible to find the first global benchmarking exercises and thus, the establishment of a
baseline in solar forecasting is possible.

Some results from published comparison studies are shown in Refs. [4,26,
29,30,32,37,38,40]. After the revision of these publications, it can be seen that most
of them deal with GHI instead of DNI, which is the main interest in our case of
CST plants. Most of them are based on the evaluation of numerical weather prediction
techniques, even when it is demonstrated that comparison of GHI coming from
NWPM is far from the accuracy of GHI coming from satellite images. Due to this
reason, statistical post-processing using local measurements for downscaling and
biases reduction are included always as a step of the NWPM for solar radiation
variables.

Main solar radiation forecasting review papers are included in Refs. [7,9,15,19,27,53],
but only Ref. [27] is focused on DNI. In addition to this review, following works are also
focused on DNI and CSP power plants forecasting: Refs. [12,25,27,31,35,56].

From Ref. [27] it is possible to derive that in the case of forecasted DNI in the range
from 1 to 3 h, inaccuracies of hundreds of W/m2 can be observed as a general mean. In
the case of forecasted values from 1 up to 3 days, inaccuracies of thousands of Wh/m2

can be observed in daily values. These results show a large opportunity for improve-
ments in this field.

13.5 DNI and CST power plants forecasting: main
challenges

Although up to now we have mainly discussed single forecasting, aggregated or
regional forecast is also possible. Temporal variability of the non-dispatchable renew-
able power generation is minimized at national or utility level considering aggregated
projects in large areas [45]. In this case, in addition, to minimize the temporal vari-
ability and then minimize the output inaccuracy because of the smooth effect of spatial
aggregation, it is possible to assess optimal situations for renewable energy power
plants. It is then possible to look for the location in a region or country that optimizes
the energy balanced from all power plants. The determination of the adequate level of
aggregation depending on the world situation and solar and wind resources is still un-
der consideration. Related to long-term forecasting it is also important to improve the
long-term forecasting including volcano eruptions [43] and future scenarios [17].
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In the forecasting horizon of daily values, classification techniques can improve
significantly the forecasting outputs. This forecasting horizon has an important role
related to the planned operation strategies for the next day in that the plant’s resources
could be optimized in order to obtain the most profitable energy output from the power
plant. As an example, CST power plants need a preheating time period before they start
the energy production. Depending on the distribution of the expected radiation in the
morning, the production can be delayed until the time stable conditions for productions
are expected.

At the nowcasting level, the main challenge related to DNI forecasting and CST
power output is related to the need of harmonization. As can be seen in Fig. 13.2,
nowcasting methodologies are diverse in spatial and temporal resolution, and
work is needed to provide a continuous series of data at the plant location. This is
one of the challenges included in the DNICast project (http://www.dnicast-project.
net/) under development. A related challenge is to provide reliable forecasts of
high spatialetemporal resolution at plants level. This means to predict maps with
the resolution of several meters and some seconds, where forecasts time gaps be-
tween image data and NWPM have to be filled through statistical methodologies.
As prerequisites, improvements in aerosol knowledge and circumsolar radiation
forecasting are also needed for the improvement of all methodologies [13,24,51]
are examples of the importance of aerosol knowledge for an accurate DNI prediction.
As regard to the circumsolar radiation, its impact is mainly related to central tower
power plants and Ref. [54] shows the importance of an adequate determination as
well as its effects on CSP plants. In central tower power plants, characterization of
the horizontal attenuation at the surface level is also important for the output energy
prediction [10].

13.6 Conclusions

In this chapter, a review related to DNI forecasting and nowcasting for CST systems has
been presented. After a review of the main methodologies involved in solar radiation
forecasting, specific considerations for CST plants have been taken into account. Before
highlighting the main challenges in DNI forecasting, the baseline of solar radiation is
presented showing a review of benchmarking exercises. Most of these comparison ex-
ercises are based on GHI. Some review papers, as well as selected research work, dealing
specifically with DNI and solar thermal power plants have been also identified.

From Ref. [27] it is possible to derive that in the case of DNI forecasted in the range
from 1 to 3 h, inaccuracies of hundreds of W/m2 can be observed as a general mean. In
the case of forecasted values from 1 up to 3 days, inaccuracies of thousands of Wh/m2

can be observed in daily values. These results indicate a large opportunity for improve-
ments in this field.

As regards the main advantages in this area, a relevant improvement when using
new parametrizations [44] in NWPM can be emphasized. This new parametrization
of the aerosol optical properties contributes to removing seasonal biases in the
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predicted GHI and also aims at the estimation of DNI as a new NWPM output. In addi-
tion, improved aerosol monitoring services [24,36] and the inclusion of them in CST
forecasting systems will have a promising role in the improvements of DNI
forecasting.

Related to the main challenges, different horizons can be considered. In long-term
forecasting, inclusion of future events has a relevant impact in a fast-changing
climate scenario. In this horizon, optimization tools for the optimal site location of
renewable power plants, as also the sensitivity of the decision makers to push for
a renewable scenario of a near to full renewable supply, are necessary. This will
make possible searching for locations that best fit a balancing of the renewable re-
sources [45].

In the forecasting horizon from 1 up to 3 days, improvements in daily classifications
dealing with energy, temporal distribution, and temporal variability through each day
are needed in order to optimize the operation strategies for the next day.

Finally, the forecasting horizon dealing with nowcasting, in the range from now
up to 6 h, main challenges are examined. The first is related to the need of signals
harmonization of outputs from all methodologies involved in this time period
considering that several methodologies with different temporal resolutions cover
different time periods. A related challenge is also to provide reliable forecasts of
high spatialetemporal resolution at the plant level. This means, to predict maps
with the resolution of several meters and some seconds, where forecasts time
gaps between image data and NWPM have to be bridged by statistical methodolo-
gies. Advantages in aerosol knowledge, circumsolar radiation, and horizontal atten-
uation forecasting are also needed for improvements in all DNI-forecasting
methodologies.
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14.1 Introduction

There are two main drawbacks to concentrating solar thermal energy systems: (1) the
resulting energy costs are not yet competitive and (2) solar energy is not always avail-
able when needed. Considerable research efforts are being devoted to techniques that
may help to overcome these drawbacks; control is one of those techniques [1].

One of the main challenges identified by the US National Academy of Engineering
is to make solar energy economical [2]. This issue can be addressed by reducing in-
vestment and operating costs and increasing the solar plant performance [3]. Advanced
control techniques can help to reduce operating costs and increase the solar plant per-
formance. This chapter describes two examples of how advanced control techniques
can help to optimize operation of solar plants and, in consequence, maximize the return
of investment (ROI).

The first example focuses on solar trough plants. One of the first operative trough so-
lar plants was at the Plataforma Solar de Almería (PSA), in southern Spain. This trough
plant consisted of a field of solar collectors (ACUREX), a heat storage system, and an
electrical conversion unit (0.5 MW Stal-Laval turbine). This plant has been operating
since 1980, and many control strategies for solar systems have been tested there [4e6].

The nine SEGS trough plants (354 MW), which were commissioned between 1985
and 1990 in California, are considered to be the first commercial plants. Most commer-
cial solar plants have been built and commissioned in the last decade. As examples, we
can mention the three 50 MW parabolic trough plants Andasol 1, 2, and 3 [7] in Gua-
dix (Spain); the solar tower plants of Abengoa PS10 and PS20; Gemasolar solar tower
built by Torresol Energy; the three 50 MW Solnova and the two 50 MW Helioenergy
parabolic trough plants of Abengoa in Spain; and the SOLANA and Mojave Solar
parabolic trough plant constructed in Arizona and California, each of 280 MW power
production [8].

A parabolic trough solar plant consists of a collector field, a power conversion sys-
tem (PCS), a storage system, and auxiliary elements such as pumps, pipes, and valves [9].
The solar collector field collects solar radiation and focuses it onto a tube in which a
heat transfer fluid, usually synthetic oils, circulates. The oil is heated up and is used
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by the PCS to produce electricity by means of a turbine. The storage system is neces-
sary to cover the possible mismatch between the solar energy available and the de-
mand; this is one of the advantages of solar thermal energy: storage of thermal
energy is easier and cheaper than storage of electrical energy [10]. A three-layer
nonlinear model predictive control strategy is developed to obtain the optimal set
point. An estimation of the electrical production gain obtained by working at the
optimal set point instead of working at the highest allowable temperature is shown.

The second example deals with the operation of solar tower plant with flat receivers.
A solar tower plant consists of a field of mirrors (heliostats) arranged around a tower
equipped with a solar irradiation receiver. By tracking the sun, the heliostats focus the
solar irradiance on the receiver. The field can be composed of a high number of helio-
stats (more than 900 in recent commercial plants [8]), each of which is independently
controlled [3]. The simplest (and most common) approach is to point at the center of
the receiver to minimize energy losses by spillage of uncalibrated heliostats [11]. How-
ever, problems due to an improper thermal distribution on the receiver may appear,
leading to the deterioration of the receiver and even its destruction [12]. In this chapter,
a method to optimize the flux distribution and the solar radiation collected by the
receiver is presented.

14.2 Optimal operation in solar trough plants

This section provides an example of how advanced control strategies, in particular
model predictive control (MPC), can help in optimizing solar trough plant operation.
The results described here are based on the previous work described in Refs. [13,14].

Solar trough plants heat up a heat transfer fluid, usually oil. The heated fluid is used
to feed a steam generator producing superheated steam used to generate electricity or
for any industrial applications. Superheated and pressurized steam has also been pro-
duced directly in the solar field [11,15].

The main goal of a control system for a parabolic trough field is to maintain the
outlet temperature of the field close to a desired set point; because the primary energy
source, solar energy, cannot be manipulated, the oil flow q is used as a control signal.
The set point may change substantially throughout daily operation due to changes in
the production requirements, solar radiation conditions, solar hour, etc. [16].

This goal is not an easy task due to the complex dynamics and multiple disturbances
affecting the solar field. The transport delay is strongly dependent on the control signal
(oil flow); at low flow the control of solar plants becomes trickier. The relation between
control signal and transport delay is explained in Ref. [17]. To address this problem
raised in the control of solar energy systems (not only in parabolic trough technology),
the use of a dead time compensator is useful, as shown in Ref. [18].

Determining the best operating temperature (the outlet temperature set point) that
maximizes the electrical production is an essential issue. An example using a mathe-
matical model of the ACUREX solar trough plant is presented in this section.

The modeling of each component of the ACUREX solar trough field is presented
subsequently. For a more detailed explanation of the modeling see Ref. [11].
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14.2.1 Distributed parameter model

Each of the ACUREX loops consists of four 12-module collectors suitably connected
in series. The loop is 172 m long and is divided into active parts (parts where the solar
radiation reaches the tube) measuring 142 m and passive parts (joints and other parts
not reached by concentrated radiation) measuring 30 m [19,20]. The model is
described by the following system of partial differential equations (PDE) describing
the energy balance:

rmCmAm
vTm
vt

¼ IKoptnoG� HlGðTm � TaÞ � LHtðTm � Tf Þ

rf Cf Af
vTf
vt

þ rf Cf q
vTf
vx

¼ LHtðTm � Tf Þ
(14.1)

where the subindex m refers to metal and f refers to the fluid. The model parameters
and their units are shown in Table 14.1.

Density r, specific heat C, and the coefficient of heat transmission depend on fluid
temperature. The coefficient of heat transmission depends on temperature and oil flow
[20]. The geometric efficiency depends on hourly angle, solar hour, declination, Julian
day, local latitude, and collector dimensions [20] and [19].

Table 14.1 Parameters description

Symbol Description Units

t Time s

x Space m

r Density kgm�3

C Specific heat capacity JK�1kg�1

A Cross-sectional area m2

T(x,y) Temperature K,�C

q(t) Oil flow rate m3s�1

I(t) Solar radiation Wm�2

no Geometric efficiency Unitless

Kopt Optical efficiency Unitless

G Collector aperture m

Ta(t) Ambient temperature K,�C

Hl Global coefficient of thermal loss Wm�2�C�1

Ht Coefficient of heat transmission metalefluid Wm�2�C�1

L Length of pipeline m
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To solve this PDE system, a two-stage finite difference equation has been pro-
grammed, considering 1 m segments and solving Eq. (14.1).

Similar equations have been used to model the pipes. The main difference is that the
isolated pipes do not collect solar radiation and the thermal losses are different.

14.2.2 Concentrated parameter model

The concentrated parameter model provides a lumped description of the whole field.
The variation in the internal energy of the fluid can be described by the equation:

C
dTout
dt

¼ KoptnoSI � qPcpðTout � TinÞ � HlðTm � TaÞ (14.2)

where C is the thermal capacity of the loop, Kopt is the optical efficiency taking into
account elements such as reflectivity, absorptance, and interception factor. The geo-
metric efficiency (no) is determined by the position of the mirrors with respect to the
beam radiation vector. Factor Pcp takes into account some geometrical and thermal
properties of the loop. Tin is the inlet temperature, Hl is the coefficient of thermal
losses, Tm is the mean temperature between inlet and outlet temperatures, and Ta is the
ambient temperature.

Coefficient Hl can be approximated by 1.05 kW/�C, Pcp by 1.924e6 kJ/�C, C by
2267 kW/�C, and S takes the value of 2674 m2. These values have been obtained by
multiple regression analysis [20].

14.2.3 Power conversion cycle

Most thermal power conversion cycles in solar thermal plants are based on Rankine
cycle and, to a lesser extent, Brayton cycle [21].

The Rankine efficiency can be modeled by Eq. (14.3):

hrank ¼ K 1� Tcf
Thf

� �
(14.3)

where Thf and Tcf are the hot and cold focus temperatures, respectively, and K is a
constant modeling the performance loss with respect to the ideal Carnot cycle. The Tcf
is considered to be the condenser temperature. The evolution between points 2 and 3 is
produced at a constant pressure, thus Thf can be computed for different working
temperatures using the concept of the mean thermodynamic temperature [22]. A
relation between the outlet oil temperature of the solar field and the cycle efficiency can
be obtained (Eq. (14.4)) using data supplied by thermodynamics tables.

hrank ¼ �4:98e� 6 Tout2 þ 3:37e� 3 Tout � 0:194 (14.4)

The constant K is estimated using equations of the PCS system shown in Refs. [11]
and [23]. The turbine installed in the plant (500 kW Stal-Laval) can only operate
within a small range of temperature 277e292 �C.
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To approximate the Rankine cycle to the real one, three values of the real Rankine
cycle have been used to obtain the constant K. Although the operation range of the
turbine is quite narrow, adjusting the curve with three points can be considered accept-
able. The constant K is a parameter to be tuned, ensuring the cycle efficiency fits the
real one in the operating range of the real PCS. The overall efficiency of the solar field,
hsolar, was considered as 0.52 [11].

Fig. 14.1 depicts the Rankine cycle efficiency, hrank, versus the oil outlet tempera-
ture. As seen, the graphic follows the typical evolution of this kind of cycle [24].

14.2.4 Three-layer algorithm

Commercial plants are usually considered to operate optimally when working at the
maximum reachable temperature allowed by environmental and security conditions.
The reason is that the power cycle, typically a Rankine cycle, increases its efficiency
at higher temperatures. However, thermal losses of the solar field increase with the
operating temperature, and therefore, working at high temperatures does not neces-
sarily increase the overall efficiency of the combination PCS þ solar field [25]. More-
over, the electrical consumption of the pump increases at low temperatures because
high temperatures imply lower oil flow and vice versa [26].

Some ideas have been proposed in the literature to increase the efficiency of solar
plants [27]. A two-layer hierarchical control strategy was proposed in Ref. [28]. Two
schemes were proposed for the reference governor layer, one based on fuzzy logic and
one was suggested to maximize economic profit. The regulation layer consisted of an
I þ PD controller. Optimization is performed in steady state and the PCS is modeled as
a constant, and therefore the dependence of the conversion cycle efficiency on the
operating temperature is not taken into account.
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Figure 14.1 Rankine cycle efficiency, hrank, versus outlet temperature of the solar field.
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The three-layer algorithm is proposed as a general hierarchical control strategy to
cope with issues occurring at different timescales. The problem has a natural hierarchi-
cal structure because the task, goal, and the time windows for each layer are different.
Fig. 14.2 shows the three layers and typical time windows used for them.

The first layer deals with the operational planning of the solar plant and it computes
the electrical power to be produced and delivered. The second layer computes the
optimal temperature set points for the solar plant, for the electrical power set points
provided by the first. The third layer addresses the problem of tracking the temperature
set points calculated by the second layer.

14.2.4.1 The first layer: calculation of electrical power

The operational scheduling is performed in this layer. The main decision variable is the
electrical production profile throughout the scheduling horizon. This is computed tak-
ing into account the predicted price of electrical energy [1], the predicted electrical de-
mand, the predicted solar radiation, and other factors. Suitable time windows for this
layer range from hourly to weekly planning. Prediction models of all plant subsystems
and electrical demand are fundamental for making decisions, as the electrical demand
may change substantially depending on the date and environmental conditions. Accu-
rate electrical energy price forecasts are very important for producers and consumers to
negotiate good contracts and to establish appropriate bidding strategies on the short-
term market [29].

Two cases can be considered: noncommitted production and committed production.
In the noncommitted production case, prices are fixed at the time window considered
with no commitments to the energy delivered. In the case of committed production, the
plant managers have to decide the daily production and the energy to be delivered and
stored at each time period.

For simplicity, only the noncommitted production is described in this section. In
Ref. [11], a more complete description of the case of committed production is pre-
sented. Simulating the case of committed production would require a complex model
of the market behavior.

N1:
Planification

Calculation of electrical power

Time window: hours.....weeks

Time window: 30 min.....hours

Time window: seconds.....minutes

Regulation of variables

Set-point optimization
N2:

Optimization

N3:
Regulator

•

•

•

•

•

•

Figure 14.2 Three-layer algorithm.
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If prices are constant, the best option would be to produce and deliver as much elec-
tricity as possible. Storage systems are useful when more solar energy can be collected
than converted or delivered or when the energy conversion system is not fully opera-
tive and it is not possible to convert all the collected solar energy or when the prices
change throughout the day.

For the sampling period k, the energy power balance is given by Eq. (14.5):

ErðkÞ ¼ gteðEsolarðkÞ � EsþðkÞ þ Es�ðkÞÞ � EloadðkÞ (14.5)

where Er(k) is the energy delivered to the grid during period k, Esolar(k) is the solar
energy generated, which depends on solar radiation and the operating conditions of the
plant, Eload(k) is the energy consumed by local systems, Esþ(k) is the energy stored at
interval [k�1,k], Es�(k) is the energy extracted from the storage and delivered to the
grid, and gte is the thermal to electrical power conversion factor. Both Er and Estored are
subject to limits because the storage capacity is not infinite and the plant is not con-
nected to an infinite grid where power can be injected or extracted as necessary.

Let bstor be the efficiency of the storage system and astor models the stored energy
lost due to thermal losses. The total energy stored Estored(k) is given by Eq. (14.6):

Estoredðk þ 1Þ ¼ EstoredðkÞ þ EsþðkÞ � bstorEs�ðkÞ � astorEstoredðkÞ (14.6)

Taking a prediction horizon of N samples, the objective is to determine the
sequence [Er(k), Er(k þ 1),., Er(k þ N�1)] that maximizes [11]:

JðNÞ ¼
Xj¼N

j¼1

Erðk þ jÞe1ðk þ jÞ þ EstoredðkÞ þ
Xi¼N

i¼1

ðEsþðk þ iÞ

� bstorEs�ðk þ iÞÞaN�i
stor (14.7)

subject to

0 � Estoredðk þ jÞ � Emax

0 � Esþðk þ jÞ � Esmax

0 � Es�ðk þ jÞ � Esmax

Ermin � Erðk þ jÞ � Ermax

ErðkÞ ¼ gteðEsolarðk þ jÞ � EsþðkÞ þ Es�ðkÞÞ � EloadðkÞÞ

Esolar(k þ 1) has to be estimated using models for forecasting solar radiation [30].
The decision variables are Er(k þ j), Esþ(k þ j), and Es�(k þ j) for j¼0,., N. A
receding horizon policy is implemented and only the first element of the sequence is
used. Note that the optimization problem (Eq. 14.7) can be solved using a linear
programming algorithm.

Advanced control strategies to maximize ROI 317



14.2.4.2 The second layer: set point optimization

In this subsection, the computation of the optimal set point is described. In Ref. [13], a
more detailed description of this procedure can be found.

The second layer computes the optimal set point with a time window of minutes
(20e60), trying to satisfy the electrical production scheduled by the first layer. A model
of each subsystem and a model for forecasting solar radiation are required for pre-
dicting the evolution of the plant variables. The computation of the optimal set point
is based on these models. In this paper, the set points are considered to be constant for
periods of 30 min. Two assumptions for the computation of the optimal set point are
considered:

• The turbine works at full power and the electricity produced can be delivered to the grid.
• The maximum temperature difference between inlet and outlet temperatures is 80 �C, when

the turbine is working at full power.

The fundamental decision to be made is to determine the outlet temperature of the
field, which is a function of the weather conditions, solar radiation, optical and geomet-
rical efficiencies, and the general state of the whole plant. On one hand, when the oper-
ation temperature rises, the PCS efficiency increases and the electrical consumption of
the oil pump decreases at low oil flow because the pressure drop is lower than at high
oil flow [31]. On the other hand, thermal losses of the solar field increase and the ef-
ficiency of the solar field decreases [20]. The optimal set point for the operation tem-
perature depends on these variables.

The total amount of solar energy collected by the solar field depends on solar radi-
ation I, the solar field surface S, optical and geometrical efficiency, and shade factors:

EcollectedðI;Kopt; no; SÞ ¼ IKoptnoS (14.8)

The overall efficiency of the collectors, the product Koptno, is composed of two
parts: geometrical efficiency, determined by the relative position between the Sun
and the solar field, and optical efficiency depending on elements such as mirror reflec-
tivity, metal absorptance, the interception factor, etc. Some of these variables are diffi-
cult to measure or estimate. The algorithm proposed in Ref. [32] can be used to obtain
an estimation of the overall efficiency of the collectors.

The thermal losses of the ACUREX solar field are a function of the inlet and outlet
temperatures and the ambient temperature (other variables such as humidity or wind
speed may also have an effect but are not considered here). Let DTm be the difference
in temperature between the average inlet and outlet temperatures and the ambient tem-
perature [19]:

Elosses ¼ 0:00667DT2
m � 0:164DTm � 0:22ðkWÞ

Elosses ¼ ElossesðTout; Tin; TambÞ
(14.9)

The evolution of the outlet temperature of the solar field is governed by the equa-
tions described in Section 14.2 (system of Eq. (14.1)). The heat power transferred to
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the heat transfer fluid, Esolar, is a function of the oil flow and inlet and outlet temper-
atures (Eq. (14.10)). Tout is, in turn, a function of the inlet temperature Tin, oil flow q,
thermal losses Elosses, and the collected solar energy Esolar (Eq. (14.2)):

Esolar ¼ qrf Cf ðTout � TinÞ
Esolar ¼ EsolarðEcollected;Elosses; q; Tout; TinÞ

(14.10)

The overall efficiency of the solar field, hsolar, is the relation between the power
delivered by the solar field to the heat transfer fluid, Esolar, and the power coming
from the Sun, I S:

hsolar ¼
Esolar

I S
(14.11)

The Rankine cycle efficiency, hrank, depends on the outlet temperature of the oil
flow coming from the solar field, as previously stated. The overall efficiency of the
plant, hplant¼hrankinehsolar, namely, the efficiency of the set solar field þ Rankine
cycle, depends on the inlet and outlet temperatures of the solar field, the oil flow, and
the ambient temperature. Electrical production is computed by multiplying the thermal
power coming from the solar field by the Rankine cycle efficiency.

Eelect ¼ Esolarhrank ¼ IShplant (14.12)

Finally, the electrical consumption of the pump depends on the oil flow and the inlet
and outlet temperatures of the solar field. For computing the pressure drop and energy
losses inside the pipes, the well-known Darcy equations are used [13,33].

Let Enet be the net electrical production:

Enet ¼ Eelect � Epump ¼ FðTout; Tin; Tamb; I; q;Kopt; no; SÞ (14.13)

Function Enet depends on the temperature difference between Tout and Tin, the oil
flow, the solar radiation, the overall efficiency of the solar field, and other variables.
The main objective is to maximize the net electrical production, the difference between
the electrical production and the electrical consumption of the oil pump, and other
auxiliary elements.

The control objective is the regulation of the solar field outlet temperature using the
oil flow as a control signal. The optimization algorithm must search for an optimal set
point for the outlet temperature, subject to the maximum and minimum temperatures
allowed and the maximum temperature difference allowed (in the ACUREX solar field
this is about 80 �C [20]). Let DTmax be the maximum temperature difference between
inlet and outlet temperatures, Emax the maximum energy that can be injected to the
grid, and Er the energy reference sent by the first layer. The optimization problem
can be posed as follows:

max
Tref

:EnetðTref ; Tin; Tamb; I; q;Kopt; no; SÞ
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subject to

Er � Enet � Emax

Tmin � Tref � Tmax

Tref � Tin � DTmax

(14.14)

14.2.4.3 The third layer: regulation

The goal of the third layer is to track the set point provided by the second layer using
control algorithms with a sampling time of seconds.

As pointed out earlier, the main goal is to maintain the outlet temperature of the so-
lar field as close as possible to a set point. The oil flow q is used as control signal
because the primary energy source, solar radiation, cannot be manipulated. Many
works have been carried out in the ACUREX field dealing with the control of the solar
trough plant [4,5].

14.2.5 Simulation results

Simulation results are shown in this subsection. Fig. 14.3 shows the overall efficiency,
the product hfieldhrank, for different radiation levels with a thermal jump between Tin
and T of 80�C. As can be seen, maximum efficiency is not reached at the maximum
allowed temperature of the ACUREX plant (about 300�C).
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Figure 14.3 Efficiency evolution for different levels of solar radiation.
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In the next simulation, an example of a complete operational day is simulated. As a
control algorithm, a nonlinear MPC is used [14]. The MPC problem can be posed as
follows:

min
Du

JðDu; yðtÞÞ ¼
XNy

k¼0

�
ytþkjt � wtþk

�T
Q
�
ytþkjt � wtþk

�
þ
XNc

k¼0

DuTtþkRDutþk

subject to

ymin � ytþkjt � ymax; k ¼ 1;.;Ny

Dumin � Dutþk � Dumax; k ¼ 1;.;Nc

Umin � Uðt þ kjtÞ � Umax; k ¼ 1;.;Nc

Uðt þ kjtÞ ¼ Uðt þ k � 1Þ þ Duðt þ k � 1Þ; k ¼ 1;.;Nc

xðt þ k þ 1jtÞ ¼ Fðxðt þ kÞ;Uðt þ kÞÞ; k ¼ 1;.;Ny

yðt þ kÞ ¼ HðxðkÞÞ; k ¼ 1;.;Ny

(14.15)

where wtþk is the reference trajectory, Dutþk is the increment of the control signal, U is
the control signal, x is the state vector, and y is the output. Q and R are weighting
matrices that penalize the error between the output and the reference and the control
signal, respectively. Nc is the control horizon and Nc is the prediction horizon. The
functions F and H are nonlinear and assumed to be known.

In our case, the nonlinear model used in the MPC algorithm is a simplification of the
system of Eq. (14.1). The loop is divided into 8 segments instead of the 172 used for
simulation purposes. This simplification is required to alleviate the computational
burden of the nonlinear programming problem. The optimization Matlab toolbox is
used to solve it.

The power production obtained with the proposed three-layer algorithm is
compared with that obtained when operating at the maximum allowable temperature,
which is considered to be 295�C. The ACUREX solar collector field shuts down if the
temperature surpasses 305�C [32]. The optimal set points are computed every 30 min.

The upper part of Fig. 14.4 shows the optimal set points computed by the first-layer
algorithm. As can be seen, the best operating temperatures are not the maximum allow-
able and they are subject to change throughout the operation. The inlet temperature is
that returned by the power conversion cycle. The nonlinear MPC algorithm achieves a
good tracking performance with rise times between 4 and 6 m, with oscillations at the
beginning of the day due to inlet temperature variations. The bottom part of Fig.14.4
plots the solar radiation corresponding to a clear day and the oil flow.

Fig. 14.5 shows net electrical production. It is worth pointing out that working at the
optimal set points produces higher electrical production than working at the maximum
allowable temperature. The production increment for the 6 h of simulation is about
8.058%, which constitutes an important gain.
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14.3 Optimization of flux distribution in solar tower
plants

This section deals with the operation of a solar tower plant with flat receivers. A solar
tower plant consists of a field of mirrors (heliostats) arranged around a tower equipped
with a solar irradiation receiver. By tracking the sun, the heliostats focus the solar irra-
diance onto the receiver. The field can be composed of a large number of heliostats
(more than 900 in recent commercial plants [8]), each of which is independently
controlled [34].

Solar power towers are characterized by higher temperatures at the receiver
(700e800�C with metal receivers and higher than 1000 �C with ceramic receivers)
w.r.t. parabolic trough plants (ranging from 400 �C to 550 �C depending on the fluid
used). In general, operation at higher temperatures results in larger throughputs and
cheaper thermal energy storage [35].

When operating solar tower plants, the simplest (and most common) approach is to
point at the center of the receiver to minimize energy losses by spillage of uncalibrated
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heliostats [11]. However, problems due to an improper thermal distribution on the
receiver may appear, leading to the deterioration of the receiver and even its destruc-
tion [12]. Optimizing the aiming points of the heliostatsdto maximize the solar radi-
ation collected and to avoid overheating problemsdis an important task [11]. One
possible solutiondimplemented in the CESA-1 plant at the PSA [36]dis to consider
various focus points on the receiver. When multiple focuses are used, the control sys-
tem should decide how many heliostats to “allocate” to each focus.

Some works related to the optimization of the flux distribution on solar receivers are
available in the literature. For example, in Ref. [37] a heuristic method for the optimi-
zation of the temperature distribution was developed for a volumetric receiver. Real
tests showed that the proposed strategy provides a more uniform heat distribution in
the receiver. A method based on a genetic algorithm is proposed in Ref. [38] for the
adjustment of the aim targets of parabolic heliostats in a small-scale tower plant,
showing a reduction of undesired peaks in the flux distribution. The recent work of
Belhomme et al. [39] presents a procedure for the optimization of the aim points based
on the ant colony metaheuristic, whose effectiveness is demonstrated on a concen-
trated photovoltaic receiver test case.

Besides achieving an appropriate irradiance distributiondto minimize the thermal
gradient over the receiverdthe main objective is to maximize the collected energy,
while taking into account the physical constraints on the receiver and the subsequent
electricity generation system.
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The method described in this section to optimize the flux distribution and the solar
radiation collected by the receiver computes the aiming points for each heliostat,
seeking three goals:

• Shave temperature peaks on the receiver, thus reducing the thermal stress on its components.
• Minimize the heat losses, which are proportional to the fourth power of the receiver’s

temperature.
• Maximize the incident solar irradiance over the receiver.

The plant model used in this paper is based on the CESA-1 solar thermal tower
plant (Fig. 14.6), which is part of the PSA.

The CESA-1 solar thermal tower plant is composed of a field of 300 heliostats, each
one providing a reflecting area of 39.6 m2, a volumetric receiver, a steam generator, an
energy storage system, and a PCS [40]. The proposed algorithm is tested on a subset of
the available heliostats (180 out of 300), which are sufficient for the production of an
adequate insolation at the receiver [11]. Fig. 14.7 shows the layout of the CESA-1 solar
tower plant considered in this section.

The volumetric receiver is located on top of the tower, at a height of 86 m. It con-
sists of a series of thin metal wire meshes (porous media) [41], with 2500/3000 kW
of nominal/maximum absorbed power and a mean air temperature of 700�C. Solar
radiation is concentrated by the heliostat field on the volumetric receiver surface,
heating up the wire mesh. The heat is then transferred to the air circulating through
the porous media.

To attain an appropriate flux distribution at the receiver, a five-point aiming
strategy is currently implemented to cover the whole receiver surface [37]. For a
more complete description of the plant and its operation, the reader is referred to
Refs. [11] and [42].

Figure 14.6 CESA-1 tower plant (Copyright by PSA).

324 Advances in Concentrating Solar Thermal Research and Technology



14.3.1 Mathematical modeling

In this section, the mathematical model used to compute the flux density at the receiver
is outlined. Two assumptions are made: (1) the surface of each mirror is perfectly flat
and continuous and (2) the sun irradiance is modeled as a Gaussian distribution.

Several works dealing with the modeling of the heliostat field can be found in the
literature. In Ref. [43], a real-time hybrid heliostat field simulator using Modelica as
modeling language is presented.

In Ref. [44], various techniques for modeling the distribution of solar irradiance are
presented. In this section, the sun is modeled as a circular source whose irradiance is
normally distributed over its area [11]. As pointed out in Ref. [45], the total power re-
flected by a heliostat onto the receiver can be computed as follows:

Ph ¼ InSmcosðqÞ2at2sprm (14.16)

where In is the direct normal irradiance, Sm is the mirror’s area, q is the incidence angle
of the solar rays onto the heliostat, 2at is the atmosphere transmittance, 2sp is the
spillage factor, and rm denotes the mirror reflectivity.

To compute the atmosphere transmittance, a method proposed in Ref. [46] is used.
The spillage factor is calculated by the formulas in Ref. [45], and the incidence angle q
is a function of the sun vector and the heliostat position [11]. The solar vector can be
computed as follows:

S
!¼ cosðasÞcosðfsÞ i!þ cosðasÞsinðfsÞ j!þ sinðasÞ k! (14.17)
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Figure 14.7 Layout of the CESA-1 solar tower plant.
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where S
!

is the solar vector,
�
i
!
; j
!
; k
!�

are the vectors in the east, north, and zenith
direction, respectively. The azimuth angle is represented by fs and as stands for the
solar elevation, both computed using the model described in Ref. [21].

Let P ¼ (er,nr,zr) be an aiming point for a given heliostat located at (eh,nh,zh).
Where the coordinates are expressed in meters to the east, north and height of the tower
center point (see figure 14.7) .The unit vector linking the target point P and the center
of the heliostat is given by (Eq. 14.18):

R
!¼ ðer � ehÞ i!þ ðnr � nhÞ j!þ ðzr � zhÞ k!ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðer � ehÞ2 þ ðnr � nhÞ2 þ ðzr � zhÞ2
q (14.18)

The incidence angle can be obtained by computing the scalar product between S
!

and R
!
:

cosð2qÞ ¼ S
!
$R
!

(14.19)

The characterization of the flux density distribution produced by a heliostat when
aiming at a desired point of the receiver has been tackled in different ways (e.g.,
[47]). In this chapter, the distribution is considered to be an elliptic Gaussian flux im-
age [48]. The Sun can be modeled as a circular, normally distributed irradiance source
described by Eq. (14.20) (in the sun coordinate reference system):

Iðxs; ysÞ ¼ Ph

2ps2
exp

�
� x2s þ y2s

2s2

�
(14.20)

characterized by a standard deviation s ¼ 2.325 [11]. The goal is to compute the
projection of the flux onto the receiver. Two coordinate transformations are needed:
one from the sun to any given heliostat’s reference, and another from any heliostat to
the receiver reference. For any point P, the relation between its coordinates in the
receiver reference system and the sun reference system is

Pr ¼ Rr
hR

h
sPs ¼ MPs (14.21)

Ps ¼ M�1Pr (14.22)

where Rr
h denotes the heliostat-to-receiver transformation matrix, and Rh

s the sun-to-
heliostat transformation matrix.M is the coordinate transformation matrix between the
sun and the receiver plane. For a comprehensive discussion of the computation of the
sun image projection onto the receiver the reader is referred to Ref. [49]. Finally,
the elliptic Gaussian flux distribution projected on the receiver is expressed by

f ðxr; yrÞ ¼ Ph

2ps2
exp

 
� k1ðxr � xrÞ2 þ k2

�
yr � yr

�2
2s2

!
(14.23)
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where k1 and k2 can be obtained from the transformation matrix M�1, which depends
on complex trigonometric expressions [49].

14.3.2 Optimization problem

Basically, the proposed algorithm is intended to optimize the aim point assigned to
each heliostat, depending on the position of the Sun and the heliostat field layout.
Three (possibly conflicting) requirements have to be fulfilled by the optimization:

1. The aim points must lie on the receiver’s surface.
2. The aim points should be chosen to achieve a uniform irradiance distribution over the

receiver.
3. The energy collected by the receiver should be maximized.

To demonstrate the effectiveness of the proposed method, the receiver has been
assumed to be a 4�4 m2 rectangular surface for simulation purposes. To keep the prob-
lem at a manageable size, the receiver is discretized in squares of 0.25 � 0.25 m2. Let
Fr:l�m/R represent the flux density collected at each square of the receiver, i.e., the
aggregate contribution of the whole heliostats field. Let fi

�
xr; yr; xi; yi

�
be the flux

densitydcomputed through Eq. (14.23)dover the square centered in (xr,yr), produced
by heliostat i by aiming at the target point ðxi; yiÞ. The total flux on the receiver can be
computed as follows:

Frðxr; yrÞ ¼
XNh

i¼1

fi
�
xr; yr; xi; yi

�
(14.24)

where Nh is the total number of heliostats.
Let J designate the objective function to be minimized by the optimization problem:

J ¼ 91

Xl
j¼1

Xm
k¼1

ðFrðj; kÞ �maxðFrÞÞ � 92

Xl
j¼1

Xm
k¼1

Frðj; kÞ (14.25)

where l andm denote the size of the discretized receiver’s area, and max(Fr) is the peak
value of the irradiance on the receiver. The first component of the objective function
(Eq. 14.25) reveals how uneven the irradiance distribution is over the receiver’s sur-
face. The terms of the summation are the difference in the value of the flux density at
each discretized point of the receiver’s surface w.r.t. the peak value. The second part of
Eq. (14.25) expresses the total amount of irradiance reaching the receiver. The
weighting parameters 91 and 92 set the priority of achieving either a uniform flux
distribution or the maximum aggregate energy.

Thus, the problem (Eq. 14.26) consists of determining the coordinates of the aim
point ðxi; yiÞ for each heliostat i that minimize the cost function (Eq. 14.25):

min
x;y

Jðx; y; In; q;.Þ (14.26)
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subject to

xmin � y � xmax

ymin � y � ymax

Notice that flux Fr over the receiver depends on the current aiming points and
implicitly on several additional factorsdsuch as the position (and orientation) of their
relative heliostats, the time of the day, the day of the year, the transmittance of the at-
mosphere, and the mirrors’ spillage factor. Hence, the optimization problem is highly
nonlinear. Furthermore, even with just two decision variables per heliostat [i.e.,
ðxi; yiÞ], the resulting global problem is characterized by a huge number of decision
variables.

14.3.3 Simulation results

In the simulation results, the proposed method is compared to two approaches
commonly implemented in solar tower plants:

1. The whole heliostat field aims at the center of the receiver (CS).
2. Amultiaiming (MA) strategy, where five focuses are considered, similar to the CESA-1 plant

[37]. For this simulation, focuses are located at points (xr,yr)¼{(�1.25,�1.25), (�1.25,1.25),
(0,0), (1.25,1.25), (1.25,�1.25)} (m).

The nonlinear optimization algorithm is executed at intervals of 15 min, to achieve
a sufficiently accurate solution. The problem (Eq. 14.26) is solved by an interior-point
method [50], with the Matlab’s Optimization Toolbox.

Fig. 14.8 shows a simulation of the flux obtained with CS and MA strategies on a
day in June. The azimuth is fs ¼ �0.45 rad and the solar elevation as ¼ 1.28 rad. For
the same day (and time of day), the flux distribution obtained by using the proposed
algorithm is shown in Fig. 14.9. As expected, an improved distribution over the
MA strategy is achieved.

Fig. 14.10 depicts the results of a simulation performed for a 3-h interval around
noon on a May day (Julian day 130). Fig. 14.11 plots the values of direct solar irradi-
ance used for this simulation; the value measured at the beginning of each interval is
held constant throughout the optimization.

The top plot in Fig. 14.10 presents the total irradiance collected at the receiver, as
obtained by the procedure proposed in this paper, and by the MA and center-aiming
strategies. Indeed, the total flux projected by the heliostats controlled through the pro-
posed algorithm is close to that obtained by pointing all the heliostats at the center of
the receiver. From this point of view, the use of fixed aim points in the MA strategy
results in being suboptimal. The bottom plot in Fig. 14.10 shows the difference be-
tween the maximum and minimum value of the flux over the receiver. As expected,
the flux density distribution is greatly improved over the CS. Moreover, the evenness
of the distribution is sensibly improved over the MA strategy.

Although in common plant operation, the heliostats are properly calibrated (see,
e.g., the methodology presented in Ref. [51]), aiming inaccuracy may eventually arise.
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In particular, the error is more noticeable as the distance between the heliostats and the
tower increases (a same error in the pointing angle would produce larger linear dis-
placements on the receiver plane). For the purpose of analyzing the effect of calibration
errors in the distribution of irradiance over the receiver, we carried out some simula-
tions considering each heliostat affected by a random calibration error (uniformly
distributed between 1 m and �1 m on both axes).
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Figure 14.8 Irradiance distribution on the receiver: test on a June day (fs¼�0.45 rad, as¼1.28
rad) with center-aiming (CS) and multiaiming (MA) strategies.
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The example given in Fig. 14.12 compares the points on the receiver actually aimed
at by all heliostats in ideal conditions (blue circles) and when affected by offset (red
crosses). Notice that calibration errors may cause energy losses because some helio-
stats may aim outside the receiver surface.

Figs. 14.13 and 14.14 show the effect of calibration errors on the flux distributions
obtained by the three different strategies (proposed algorithm, CS andMA). Even if the
offset in the aim points deteriorates the evenness of the distribution obtained by the
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Figure 14.10 Day of the year 130 (May), time of the day (11e14 h). Top plot: comparison
between the irradiance at the receiver for three different strategies: center-aiming (CS), mul-
tiaiming (MA), and the proposed one (OptFlux). Bottom plot: difference between maximum
and minimum irradiance values over the receiver, for the three strategies.
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Figure 14.11 Evolution of the solar irradiance relative to Fig. 14.10. Values are considered
constant through the optimization.
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proposed algorithm, this is still capable of providing better uniformity w.r.t. the MA
strategy.

Finally, the data in Table 14.2 refer to a simulation carried out in the same setting of
the test in Fig. 14.10, with the additional effect of calibration errors. The average irra-
diance Fr collected at the receiver is equivalent to that achieved by the CS method. On
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Figure 14.12 Points aimed at by the heliostats: blue circles (ideal pointing), red crosses (offset
due to calibration errors).
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the other hand, the difference DFr between the maximum and minimum irradiance
value is substantially reduced by the proposed algorithm.

14.4 Conclusions and future works

This chapter has presented two cases demonstrating the effectiveness of the use of
advanced control techniques when operating solar energy systems.

The first case describes a hierarchical control strategy to optimize the operation of
solar trough plants. Commercial plants are usually considered to operate optimally
when working at the maximum reachable temperature allowed by environmental
and security conditions. Higher temperatures produce higher efficiencies in the power
conversion cycle, but the thermal losses of the solar field are also increased. On the
other hand, working at higher temperatures implies lower flow rates so that the oil
pump consumption is reduced. The optimal set point (the working temperature of
the field that maximizes the overall efficiency of the plant) has to take into account
these factors. A model of the PSA solar trough plant is used to test the proposed algo-
rithm. A simulation example has shown that important gains in electricity production
are obtained by using the proposed hierarchical control scheme.

The second case deals with one of the most important issues in the operation of
solar tower plants: achieving a uniform flux density distribution at the receiver and
maximizing the energy collected by the receiver. Simulations have been carried out
to compare the effectiveness of the proposed method with two commonly imple-
mented approaches: the CS and the MA strategy. The results show that the proposed
algorithm sensibly improves the flux density distribution obtained by an MA strategy.
At the same time, it is capable of optimizing the total irradiance collected at the
receiver, performing in this sense equivalently to the CS. Furthermore, the proposed
method has demonstrated to be robust to calibration errors.

14.4.1 Future works

Since the first commercial solar trough plants were commissioned the size of the plants
has grown considerably. They are usually divided into quadrants or sectors composed
of several loops, which can be operated independently. Each sector can be affected by

Table 14.2 Average irradiance and maximum variation over the
receiver’s surface w/ calibration errors (day of year: 130)

OptFlux CS MA

Fr
	
kW


m2
�

229.66 229.70 223.97

DFr[kW/m2] 95.02 576.64 274.25

CS, center-aiming; MA, multiaiming.
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different levels of solar radiation and optical efficiency. This fact produces that the
optimal set point may be different for each sector. Distributed control and optimization
strategies are an open and interesting line of research.

As far as solar tower plants are concerned, two future lines of research can be
mentioned. The first deals with the optimal scheduling of solar tower plants. The
idea is similar to that presented here for solar trough plant: using a mathematical model
to obtain the best operating point for maximizing the ROI.

The second line concerns the use of distributed or coalitional approaches for the
optimization of flux distribution. The commercial solar tower plants can be composed
of thousands of heliostats. The number of decision variables can be too high to solve
the centralized optimization problem in real time. Distributed or coalitional optimiza-
tion algorithms can be very useful in addressing the problem.
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Linear Fresnel reflector (LFR)
plants using superheated steam,
molten salts, and other heat
transfer fluids

15

M. Collares-Pereira, D. Canavarro, L.L. Guerreiro
University of Evora, Evora, Portugal

15.1 Introduction (motivation)

As explained in Chapter 3 “Improved field design for linear Fresnel reflector systems,”
there are substantial advantages of linear Fresnel reflector (LFR) technology, when
looking for low-cost energy delivery.

Low-lying flat mirrors, fixed receivers, and best ground cover ratio of all concen-
trated solar power (CSP) technologies are all good reasons for LFR to have inherently
lower cost when compared with parabolic trough (PT); but conventional LFR suffers
from a lower efficiency, mainly because it loses more incident power to the cosine-of-
incidence-angle effect.

In Chapter 3 advanced LFR concepts were presented that uniquely resolve limita-
tions of both PT and conventional LFR, offering the possibility of delivering much
higher concentration with all the advantages explained there.

The new solutions presented must now be discussed from other complementary
points of view, including heat transfer, delivery and conversion, system integration,
and operation, for the complete picture to emerge, with all the potential advantages
of these advanced concepts.

However few more components and system-related comments are in order.

15.2 Heat transfer fluids

The most common heat transfer fluids are water (under pressure), steam (saturated and
superheated), and thermal oils. New fluids are emerging, such as, molten salts, air, and
CO2.

Conventional LFRs have been offered [1e3] to produce water or saturated steam
for operating temperatures up to 270�C. They are typically associated with a Rankine
cycle for electricity production [1,3] or with a direct thermal application such process
heat, air conditioning/refrigeration, and desalination as in the case of [2].
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PTs have been used for all these applications as well. In the case of electricity pro-
duction the most common HTFs are thermal oils, for energy delivered up to 390�C,
providing a much higher solar-to-electricity conversion efficiency [4]. In southern Ibe-
rian Peninsula locations these systems can have a yearly conversion efficiency of about
15%, while the LFRs referred to above would have about 8e9%.

Thermal oil as HTF usually requires a heat exchanger, as in solar-thermal electricity
(STE) applications to produce steam for the Rankine cycle (steam turbine).

Fig. 15.1 shows a typical configuration of a complete system.
This figure also shows another characteristic [5] of many of the present solar power

plants for STE: the thermal energy storage (in this case with molten salts in a two-tank
configuration) connected to the thermal oil loop by means of a heat exchanger. Energy
storage is a highly desirable feature and sets STE completely apart from PV electricity
production. Many hours of storage can be provided in this fashion, allowing for nom-
inal power production for many hours on demand, even with no sunshine: thus STE is
said to be truly dispatchable.

Direct steam production has also been considered and amply studied for these PT
systems [6], with the goal of eliminating the oil to steam heat exchanger and perhaps
also to raise the operating temperature and pressure, for a higher conversion efficiency.
But direct steam production with PTs has still many operational problems associated
with it and does not help with the question of thermal energy storage, which is difficult
to achieve, in particular when steam is in a superheated form, which leads to higher
pressures and costs.

Therefore, why not use the molten salts directly as HTF and as means to store en-
ergy, transforming the scheme in Fig. 15.1 to that of Fig. 15.2?

This is exactly what is being done at the Central Receiver plant of Torressol/Gema-
solar [7], as shown in Fig. 15.3.

The question is: can this also be done with linear concentrator technologydPT and
LFR?
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A - Solar field (parabolic trough collectors)
B - Solar loop (with synthetic oil as HTF)
C - Storage loop (with molten salts as HSM)
D - Molten salt pumps
E - Hot tank
F - Cold tank
G - Heat exchanger: oil vs molten salts
H - Heat exchanger: oil vs water/steam
I - Steam
J - Turbine
K - Generator
L - Condenser
M - Cooling tower
N - Pump

Figure 15.1 Schematics of a conventional solar-thermal electricity plant with storage.
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This chapter considers the use of molten salts in this fashion, using the latest optical
concentration developments, the advanced LFR technology.

Before going further, a comment on other HTFs is in order, in particular, gases like
air. The use of gases is potentially very interesting but brings an added problem, that of
the substantially smaller heat transfer coefficient within the receiver, requiring higher
pressures (as also in the case of CO2) and higher temperatures The usefulness of the
concept will only be apparent for much higher temperatures (i.e., from 600�C above).
This likely means that they are better suited to be combined with central receiver
(three-dimensional, 3D) type optics due to its capacity to deliver substantially higher
concentration values. They constitute a topic of R&D today, in connection with

Solar loop

Solar
field

Hot tank

Cold tank

HTF/steam
Heat exchanger

Condenser

Turbine

Water/steam loop

Figure 15.2 Solar system operating with molten salts as HTF and as heat storage medium.

Figure 15.3 Gemasolar plant: 19 MWe, 15 h of storage (Seville, Spain), with operating
temperatures going up to 565�C on the molten salt receiver loop (540�C/110 bar for the steam
produced). Source: SENER/Torresol Energy.
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suitable Brayton thermodynamic conversion cycles and also in search for solutions
around the issue of suitable compatible energy storage.

Therefore, they will not be further considered in this chapter, dedicated to a linear
(two-dimensional, 2D) technology, that of advanced LFR.

15.3 Higher temperatures: molten salts as HTF and
thermal energy storage medium

Conventional PT plants already store heat in sensible form, transferred from the heated
thermal oil. These plants use a binary molten salt mixture, a so-called solar salt, an
eutectic mixture formed by 40% KNO3 and 60% NaNO3 by weight. It has a fusion
point around 222�C and is used to fit within the operational limits of the thermal oil
(up to ca. 393�C), meaning that it usually operates within the 290e393�C range,
that is, providing a DT of 100�C.

It is simple to calculate that if storage is required for 7.7 h of peak power production
(a common situation) as in [8], it is necessary to have about 26,500 ton of molten salts.
If the salts could be heated to a higher temperature, as in the case of [7], the same stor-
age capacity would require 2.65 times less salt [(565e290)/(390e290)], a substantial
reduction on volume and costs.

Therefore, there is a strong incentive to operate at higher temperatures, from the
perspective of storage size alone. But the other benefit from higher temperatures
will come from higher Rankine cycle efficiency: available turbines range from effi-
ciency values 0.36e0.39 with steam at 380�C to 0.42e0.44 for steam at 540�C [9].

A concern with salts is the freezing/fusion point. R&D is under way to study other
mixtures with substantially lower freezing points, for future consideration in CSP
systems.

Other questions involved in the use of molten salts in linear CSP plants have to be
extensively dealt with before the concept can be used. In Europe demonstration plants
such as that of PCS at Casaccia, Italy or the EMSP in Evora, Portugal, and the solar
direct molten salts loop next to an existing power plant at Priolo Gargalo, Sicily, Italy
are a part of that effort [10e12].

Specifically problems concerning freeze protection, start-up, and shut down in daily
operation must be thoroughly addressed at R&D level before this solution becomes a
commercial option. Currently, there is a broad ongoing research related to molten salts,
namely:

• new mixture (ternary and quaternary) full characterization, presenting lower freezing points
(many of them already studied at laboratory level);

• corrosion and degradation mechanisms, studying the compatibility of new salt mixtures with
different metallic materials used for piping, tank, and circuit components;

• development of new components and associated materials for usage in direct contact with
molten salts;
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• new operational strategies, with an optimization of operation and maintenance when using
molten salts directly as HTF and HSM (heat storage media).

A relevant fact is that the combination of molten salts and LFR technology sim-
plifies some of the unsolved issues, because of the much simpler possible mechanical
configurations and arrangements available, when compared with parabolic trough
technology, as follows:

• LFR technology operates with fixed receivers in contrast with those in standard PT collec-
tors, where potential problems arising from movable joints or flexible hoses must be
addressed.

• LFR technology places the evacuated receivers high above the ground (usually 8 m or more)
and that makes gravity assisted salts drainage a simpler matter.

• LFR technology reduces considerably the length of the piping loop needed, especially not
just because of high concentration, as explained for advanced LFR technology, but also
because of solutions like the one described in the following, where a double receiver is
placed on a single tower.

• LFR technology can be implemented easily with a slight pending gradient, to facilitate drain-
ing operations.

For all the mentioned reasons advanced LFR technology has been gathering
renewed interest, since it can supply both electricity (using molten salts as HTF)
or process heat (using water/steam as HTF) at a lower cost than today’s STE
standard.

In terms of energy storage concepts, there will also be an opportunity for evolution;
for instance, change from two-tank configurations to one-tank only and hybrid solu-
tions with salts and different solid materials as storage media with extensive ongoing
research to validate new materials. In fact, this area has been producing new interesting
opportunities for future R&DþI (research and development plus innovation), for
instance by incorporating residues from other industries to operate as new solid storage
materials or by developing concepts related to safer operation and monitoring of solar
plants, like prewarming and draining concepts (see Fig. 15.4) [13].

All these opportunities are being seized not only by R&D institutions but also by
industry, recognizing that these are new opportunities for competitive STE production.

Phase 1: Phase 2:

Solar preheating
Figure 15.4 New operating concepts using molten salts as direct HTF.
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15.4 Advanced LFR and molten salts: a new concept
plant

In Chapter 3, advanced LFRs solutions were presented. Very high concentration
values (about 50X or even above) were obtained. These will reduce thermal losses sub-
stantially, when compared with the typical 26X concentration value of PTs.1

A yearly expected performance simulation can be made for the collector described
in Fig. 11, of Chapter 3, namely the dual asymmetric macrofocal CEC LFR. Rather
than presenting here an optimized version of this concept with different widths and
curvature radii for the primary mirrors, we note that the configuration shown starts
with 1 m fixed width mirrors commercially produced [14], with different radius and
relative spacing, in comparison with that of their commercial solution.

The evacuated tubular receiver used is the usual 70 mm inner tube as supplied by
companies like Archimede Solar [15] or Schott Solar [16].

Table 15.1 summarizes the parameters of the final configuration, including the ex-
pected (calculated) optical efficiency at normal incidence through ray tracing.

15.5 Yearly performance

The results presented in the following paragraphs follow a analysis similar to the one
made in [17,18]. They take into account a typical choice of materials and respective
optical properties.2 It should be noted that the intercept factor hint was considered to
be 0.98, given that the second stage concentrator and the wide acceptance angle can
indeed compensate for eventual manufacture and for tracking inaccuracies.

The plant configuration for the calculation made below is that of Fig. 15.2. Inlet fluid
temperature to the collector field will be 290�C and outlet temperature below 565�C.

Yearly performance can now be evaluated. To do so, the direct normal irradiance
(DNI) hourly Meteonorm data for Faro (Portugal), 2234 kW h/m2/year, latitude
37.03�N and for Hurghada (Egypt), 3043 kW h/m2/year, latitude 27.26�N are chosen.
The idea is to show results for a location that has one of the highest DNI values in
Europe and also to show the impact that a lower latitude (and higher irradiation value)

1 Concentration is defined to the perimeter of the receiver, not to its diameter, as it is sometimes done; in that
case values are reported above 80X, but that is just wrong!

2 Materials properties used for the collectors in the comparison.

Reflectivity Absorptivity Transmissivity

Primary mirror 92% ([19]) d d
Secondary mirror 92% ([19]) d d
Receiver tube d 96% ([16]) d
Glass cover d d 96% AR-coated glass tube ([16])
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Table 15.1 Optical and other parameters for the advanced LFR with an half-acceptance angle of 0.75 degrees

Configuration

Primary
width
(m)

Total
mirror
aperture
(m)

Receiver
height
(m)

Number
of
mirrors

Mirror
length
(m) 4 (8)

C
(X) q (8) CAP hopt0

Advanced
LFR

25.7 22 10.8 22 1 48.57 45 0.75 0.58 0.70

L
inear

F
resnel

re
fl
ector

(L
F
R
)
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has on the expected results. Lower latitudes are more favorable for LFR collectors,
since they reduce the cosine-of-incidence-angle effect.

The calculation is made on yearly terms, with real solar radiation data and ray
tracing, taking into account end effects, cosine-of-incidence-angle effects, and
incidence-angle-modifiers effects for the incident rays, which are not limited to trans-
versal, and at normal incidence (the design condition).

Fig. 15.5 shows the incidence-angle modifiers (longitudinal and transversal) for the
advanced LFR concentrator (Fig. 10, Chapter 3).

The results of the yearly optical performance of the advanced LFR concentrator are
shown in Table 15.2.

To complete the calculation, all the way to final solar-to-electricity conversion ef-
ficiency, it is important to include all thermal losses and expected performance from
thermodynamic conversion from heat to electricity in a conventional turbine. In the
present project the plan is to use as HTF a combination of molten salts (solar salt),
to extract heat at 565�C. The very high concentration achieved and the evacuated
tube technology, enable the system to operate with high efficiency at 565�Cdvery
important to increase the power block overall efficiency.

For the calculations the so-called SCHOTTSOLAR receiver, tested for heat losses
in different R&D institutions, was considered. Heat losses from the evacuated tubular
receiver can be extrapolated from the data provided by SCHOTTSOLAR [16,20,21]
and confirmed by NREL [22] from tests made up to 500�C.3

From [20] the following fit to the data was used:

HT ¼ 0:141� Tabs þ 6:48� 10�9 � T4
abs (15.1)
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Figure 15.5 Transversal (KT) and longitudinal (KL) IAM curves of the advanced LFR
concentrator.

3 Archimede Solar confirms very similar (if not even better) behavior for their tubes and, therefore, the
decision was made to use this published data.
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yielding a value of 740 W/m (m of tubular length) at 565�C, with accuracy claimed to
be of the order of �10 W/m up to 500�C (Tabs in �C).

To these tubular losses, a further loss mechanismmust be added, corresponding to con-
necting pipe losses, estimated to be between 65 W/m (inlet fluid temperature at 290�C)
and 130 W/m (outlet fluid temperature at 565�C) of linear piping, from a simple model
of pipes insulated with rock wool (10 cm thick) and carrying a hot fluid. With these values
it is possible to simulate the performance of a specific collector field.

A plant (>60 MW peak power) size of 250 000 m2 of mirrors was chosen (see
Fig. 15.6) with 23 rows of 500 m length each. The double tubular receiver allows for
a strategy of using one side with the HTF flowing in one direction and, on the other
side, in the opposite direction with a U-turn at one extremity. This configuration reduces
piping substantially and also easily accommodates receiver expansion at the U end.

500 m

26 m

3 m 3 m 3 m

Tout(565ºC)
Tin(290ºC)

Figure 15.6 Schematic plant layout: not to scale for better viewing and representing just a
portion of the total plant (4 of 23 rows).

Table 15.2 Energy delivery, per meter of tube length, at zero thermal
losses

Optic Location
DNI
(kW h/m2/year)

Collected
energy [same
vacuum tube
(kW h)]a

Collected energy
per m2 of
aperture area
(kW h/m2)

Advanced
LFR

Faro,
Portugal

2359.01 19,795 899

Hurghada,
Egypt

3044.48 27,842 1265

aFor receivers of 70 mm of diameter and 1 m of length.
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Finally, the electrical energy delivered can be calculated according to Eq. (15.1). On
an instantaneous basis the electricity produced can be calculated on an hourly basis ac-
cording to:

qel;hi ¼
�
Acol � DNI � hopt � hint � KL � KT � ðHTðTHTFÞ þ HRðTHTFÞ

þ HPðTHTFÞÞ
�þ�hS � hT

(15.2)

where Acol is the total mirror area of the collector, THTF is the temperature of the HTF
fluid, HR are the heat losses of the receiver, HP are the heat losses of the connecting
pipes, hS is the efficiency of the steam generation, and hT is the efficiency of the
turbine. The superscript “þ” means that only positive values of the quantity in straight
brackets are to be considered, that is, from the energy available from the concentrator
optical performance thermal losses are subtracted for each value of THTF. The result, if
positive, is multiplied by the thermodynamic conversion efficiencies to yield elec-
tricity produced. The total inlet pipe length of 1100 m and outlet pipe length to be
550 m were assumed, and energy-weighted average operating temperature (with a
result higher than the heat loss according to Eq. (15.1), at Tin þ Tout/2) were used.

The yearly sum Qel,yearly is then given by:

Qel;yearly ¼
X8760
i¼1

qel;hi (15.3)

Note: Instead of the product KL*KT a more rigorous approach was followeddthat
of using ray tracing to calculate the real incidence-angle modifier for each solar eleva-
tion angle and azimuth pair.

It was further assumed that overall thermodynamic conversion efficiency, from heat
to electricity, is 0.42*0.98. Turbine efficiency (hT) was chosen to be 0.42 [9], from com-
mercial offers between 0.40 and 0.42 for steam at 540e545�C and 100e110 bar. The
value 0.98 is the conversion efficiency (hS) from molten saltedelivered heat at 565�C
to steam production at 540�C and 110 bar as a result of practical plant operation expe-
rience at Gemasolar/Torresol [9]. Table 15.3 shows the results for the expected energy
delivered to the turbine, for the electricity produced and also the yearly solar-to-elec-
tricity conversion efficiency for Faro and for Hurghada.

15.6 Discussion

These results compare very favorably with present day expected commercial efficiency
from Fresnel and PT technologies, when installed in a place like Faro, with values like
8e9% for LFR and 14e16% for PT, respectively.4

4 Conventional PT is also expected to improve its performance with larger troughs and other optical im-
provements, but not necessarily with the ease and low cost of the LFR solution proposed here.
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It is also interesting to note the effect that lower latitude has on the final result in
terms of overall efficiency.

At the time of writing of this chapter in 2016, these results are no more than a calcu-
lation exercise, with the goal of showing the potential behind advanced LFR technol-
ogy. However a research project for building and testing a prototype with 2200 m2 of
mirror area has been undertaken by a consortium of partners from industry and
research institutions from Europe and South Africa.

This project is planned for the Evora Molten Salt Test Platform in Portugal
(University of Evora [10]); infrastructure is being built at presentdsee Fig. 15.7
(a) and (b)dwith two molten salt tanks, solar field, and a complete water/steam
loop associated.

All claims about optical and thermal performance of the concentrator and of the col-
lector field need to be verified. The CLFR type described above has not yet been built,
operated, and tested in practice. Specific molten salt operational problems in linear
(2D) concentrating systems have to be addressed and solved, before a solution like
this one can be considered ready for the market.

A final comment is due about the calculations presented. On purpose, the assump-
tions made about material and component properties were not overly optimistic. For
instance, a slightly higher turbine efficiency could have been considered (for instance
0.44 instead of 0.42) and, in particular, a further optimized optics (to reduce the num-
ber of rays going more than once through the glass tube, to conserve etendue
completely) could have been used and this could be expected to raise the optical effi-
ciency from 0.70 to 0.71 or even 0.72. This would also benefit the incidence-angle
modifiers, through further reduction of shading and blocking using more elaborate op-
tions for etendue conservation [23,24].

It should also be noted that the reflectivity values (0.92) assumed for the primary
and secondary were also very conservative, since there are mirrors on the market
with values of 0.93e0.94 or even higher.

On the other hand, no parasitic losses (pumping, for instance) were included in this
calculation and thus, the potential improvements referred in the preceding paragraph
will probably cover the negative impact of these losses (at least 5% of the electricity
produced [4]) and the final result will be the same.

Table 15.3 Yearly results, energy and final conversion efficiency, for the
advanced LFR concept plant with a total mirror area of 250,000 m2

(no storage)

Location Thermal Energy
delivered (kWh) 

Electricity produced
(kWh)

Total average yearly
efficiency 

201 × 118Fora 8.56 × 107 0.145 

Hurghada 3.02 × 108 1.24 × 108 0.163 
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Therefore, the safest way to view the previously referred potential improvements is to
let them compensate for parasitic and other losses (intercept factor not exactly 0.99,
manufacturing and tracking accuracies not exactly to the desired standard, etc.) that
will occur, for an end result, which will hopefully not be too far from that of Table 15.3.

As stated, and beyond this excellent expected performance, an advanced LFR of
this sort, offers further advantages for a complete collector field: (1) higher concentra-
tion for a fixed receiver results in a larger aperture and thus a substantial reduction of
the number of necessary rows to achieve a given installed power (in this case, with a
primary of about 26 m the reduction of rows in a comparable PT field would be higher
than a factor of 4); (2) there is also a higher degree of compactness (occupied ground
per peak watt). The first one will certainly impact on kWh production cost, and the sec-
ond one also in applications where land or roof top occupation is at premium. The first
one also means less heat loss and less parasitic losses (e.g., pumping power), all of
them having a potential impact in cost reduction.

Figure 15.7 (a) Solar field and (b) details of the molten salt tanks and heat exchanger (molten
salt to steam production).
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15.7 Conclusions

High concentration is a very important feature for potential energy delivery cost reduc-
tion as explained in the Chapter 3.

Advanced LFR concentrators are uniquely placed to deliver high concentration and
thus stand as a very interesting way to produce low-cost electricity or simple low-cost
heat for direct use.

LFR technology has a much smaller presence in the commercial plant market than
its rival, linear PT technology. One of the reasons, as explained, is that LFR has been
perceived as potentially cheap, but associated with low efficiency conversion from so-
lar to electricity. This seems to have relegated LFR to applications like industrial pro-
cess heat or other niche markets. These new ideas around advanced LFR technologies
are a breakthrough and stand to completely change that perception, showing the true
potential of LFR with advanced optics to operate at much higher temperatures as well
and in conditions that are much easier to install, operate, and control. The impact of
this perception is that LFR technology will have recovered its competitive edge for
CSP and many companies will seek to visit or even revisit this new opportunity, quite
besides the fact that these ideas will also create improvements (cost reduction) in other
applications as well, such as in industrial process heat.

A renewed interest in the technology will thus have a serious impact on the CSP
market. Advanced LFR technologies with molten salts will become a contender for
large-scale competitive electricity production.

A final note a comment on industrial process heat is in order given the new degrees
of freedom introduced by advanced LFR technology:

• For this application, high concentration is also potentially quite important, not so much
because of temperature performance (as in the case of CSP) but because it can provide
very large primaries (twice the typical LFR sizes) reducing the number of rows or increasing
the degree of compactness.

• Another consideration is the possibility of keeping concentration to the usual values, but
adopting non-imaging optics with much larger acceptance angles, easing tolerances on
manufacture, tracking requirements, and so on, for ease of operation and lower cost.
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Central tower systems using the
Brayton cycle 16
R. Buck, S. Giuliano, R. Uhlig
Deutsches Zentrum f€ur Luft-und Raumfahrt (DLR), Stuttgart, Germany

16.1 Introduction and history

In conventional power plant technology, gas turbine systems are known as cost-effective
and reliable components. In combination with a bottoming steam cycle (“combined
cycle,” CC) very high conversion efficiencies can be achieved, exceeding 60% with
the most modern technology. This is significantly higher than the efficiencies that steam
cycles in state-of-the-art concentrated solar power (CSP) systems can achieve (about
42% in molten salt solar tower systems). For this reason, solar gas turbine systems
are considered an attractive option for increasing the solar-to-electric conversion effi-
ciency of CSP plants, and thus reducing the levelized cost of electricity (LCOE).

A solar gas turbine system consists of the following main components:

• solar concentrator: heliostat field with tower or parabolic dish;
• solar receiver for high temperatures;
• gas turbine unit with combustor;
• optional: recuperator, intercooling or bottoming steam cycle;
• generator.

Fig. 16.1 shows a scheme of a typical solar-hybrid gas-turbine (SHGT) system in a
CC configuration. The solar radiation is concentrated by a huge number of heliostats,
all focused on the receiver on top of a tower. In the receiver, the concentrated solar ra-
diation is absorbed heating the compressed air downstream the gas turbine’s compressor.
Depending on the actual solar power input and the selected configuration, the air is heated
to a certain temperature before entering the combustor section. In the combustor, fuel is
supplied to perform heating to the required turbine inlet temperature (TIT). The hot gas is
then expanded in the turbine section and drives both the compressor and the generator for
power production. In the shown CC configuration, the hot exhaust gas from the turbine is
then used in a heat recovery steam generator to provide steam to a bottoming steam cycle,
generating additional power and thus increasing overall conversion efficiency.

16.1.1 Advantages of solar-hybrid gas-turbine systems

SHGT systems offer several advantages, compared with other CSP systems. The most
important are:

High conversion efficiency systems: SHGT systems can achieve thermal cycle efficien-
cies up to 50%, depending on system configuration and power level. These cycle
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efficiencies are significantly higher than efficiencies of state-of-the-art solar steam
cycles.
Reduction of LCOE: Higher conversion efficiency results in a smaller heliostat field with
lower cost. With the heliostat field being the most significant cost contribution in a solar
tower system, this will result in reduced investment and field maintenance cost and lower
LCOE.
Ensured grid capacity with hybridization: Hybridization of the SHGT plant using fossil fuel
is a key asset. Keeping an adapted combustor as part of the gas turbine unit makes the
plant capacity fully available whenever required. Thus, even in longer periods without sun-
shine no additional power plants must be kept as standby, and grid stability can be
supported.
Less expensive power block: The specific power-block cost of gas turbine systems or CC
systems are lower than comparable steam cycles.
Reduced water consumption: SHGT cycles without bottoming steam cycle do not require any
water for the power cycle. Even for systems with bottoming steam cycle, the water consump-
tion is significantly lower than for a conventional steam cycle of comparable power level.
This is due to the fact that the bottoming cycle in a CC plant represents only about one third
of the total power generation.
Fast response time: Fuel flow to the gas turbine combustor can be controlled much faster than
transients from varying solar input (i.e., temperature variations) that occur at the combustor
inlet. Solar transients are significantly delayed by the thermal inertia in the receiver and the
associated connection piping.
Simple plant control: The hybrid operation capability ensures stable and controllable opera-
tion, allowing delivery of any desired power output independent of level of solar power
availability.
Storage integration possible: High-temperature storage systems using pressurized
regenerator-type units can be integrated in parallel with the receiver. This allows increase
of the solar share, for example, by using the stored solar energy during night time.

800°C

350°C

650°C

1200°C

FuelSolar air
receiver

Heliostat field

G

G

Figure 16.1 Scheme of a solar-hybrid combined cycle system.
Copyright: DLR.
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16.1.2 Challenges in solar gas turbine systems

Conventional gas turbines are usually designed as very compact units, with multiple
and complex air flow paths especially for internal cooling purposes. For the integration
of solar energy into gas turbines, several technical issues have to be solved before com-
mercial deployment. The most important ones are:

High receiver temperature required: Gas turbines require high TITs. In order to replace as
much fuel as possible, the receiver temperature must be close to the TIT. This temperature
must be also provided at high receiver efficiency.
Combustor integration/modification: Depending on the configuration, the combustor must be
adapted to accept either higher air inlet temperatures (serial mode), or operation over a wide
range of air mass flows (parallel mode).
Modification of air flow paths: The main air flow must be extracted after the compressor sec-
tion to allow external heating. The heated air must then be reintroduced before the combustor
or the turbine section. Additionally, the internal cooling air paths might be affected. Design
and cost of the required high-temperature piping and auxiliary equipment is also important.
Gas turbine control: Due to the high thermal inertia and additional volume in the solar sub-
system, the dynamic response of the system must be adapted. Start-up and shutdown se-
quences also need to be adapted.
Emergency procedures: Due to the high thermal inertia and additional volume in the solar
subsystem, turbine overspeed situations will occur rapidly when the load is removed (e.g.,
in case of loss of grid). Special countermeasures need to be taken to avoid damage to the
gas turbine and the receiver systems.
Low pressure drop in external heating: Additional pressure drop between compressor and
turbine results in decreased efficiency of the gas turbine cycle. When the additional pressure
drop is too high, the surge limit of the compressor may be reached, leading to operation
failures.
High-temperature storage: Storage units for SHGT systems need to operate at high temper-
atures and pressure, introducing high requirements for the inventory, the storage contain-
ment, and the thermal insulation.

16.1.3 Overview of solar gas turbine projects

Gas turbine systems require high TITs in the range of 900e1500�C. In solar systems,
such temperatures can only be achieved by point-focusing solar systems; that is, solar
tower systems or parabolic dishes. These systems provide average concentration of the
solar insolation by a factor of at least 600.

Early work on solarized gas turbine systems focused on parabolic dish applications.
Following the development of a suitable receiver, a first test setup was built
and operated by Sanders based on a microturbine with about 5 kWe nominal power
[14]. Analysis of hybrid solar gas turbines was performed by Scheuerer [42].
followed by nonsolar laboratory testing using a modified ALLISON 250-C20B
helicopter engine [43].

In 1978 the gas-cooled solar tower project GAST [8] was started for design and
development of a pilot plant with open-cycle gas turbine and for testing the solar-
specific components (heliostat, receiver, and hot gas pipes). On the basis of a
20 MWe lead concept, technical investigations and laboratory tests were carried
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out. The receiver outlet temperature from the cavity receiver with metal tubes was
800�C.

Led by the company Cummins, a 25 kWe solar gas turbine system was under devel-
opment as backup solution within the USJVP program [23]. All relevant components
of that system were completed, but the project stopped before integration to the
system.

In 2001, a European project named “SOLGATE” started with the goal of a demon-
stration of an SHGT system on a solar tower [47]. Again, a modified ALLISON 250
helicopter engine was used, driving a generator. The combustor was modified to accept
air inlet temperatures up to 800�C, using kerosene to provide the remaining heat input
to achieve the nominal TIT. The solar receiver unit consisted of a serial connection of
three receiver modules, each equipped with a secondary concentrator with hexagonal
entrance aperture. The first receiver module used metallic tubes as the absorber, while
the next two modules were pressurized volumetric receivers. The system was installed
at the solar tower test facility PSA (Plataforma Solar de Almería, Spain). A control-
lable air bypass around the receiver was foreseen to enable operation of the receiver
at higher temperatures, without exceeding the combustor inlet temperature limit of
800�C. During solar testing, electric power output of 230 kW was demonstrated. In
a subsequent test campaign, receiver air exit temperatures up to 1030�C were achieved
using the air bypass with a modified receiver unit [10].

A first step toward commercialization was taken in the European project named
“SOLHYCO” [48]. A 100 kW industrial microturbine system was modified for inte-
gration with a 200 kWth metallic tube receiver. Solar-hybrid system tests were again
performed at the PSA. These tests demonstrated system operation with receiver outlet
temperatures up to 803�C [3]. Unintendedly, the system was operated for a certain time
in solar-only mode, when a combustor flame-out was not detected by the control sys-
tem. However, system operation continued smoothly at reduced power output until the
test operators recognized the situation.

Upscaling of SHGT technology was the goal of the following European project
named “SOLUGAS” [40]. In the course of this project a complete SHGT system
was built at the Sanlucar solar platform near Seville, Spain, including heliostat field
and tower (Fig. 16.2). The gas turbine (Solar Turbines Mercury-50) was modified to
accept solar preheating up to 650�C at the combustor inlet. Again, a bypass around
the receiver allowed operation of the receiver at temperatures up to 800�C. In total,
about 1000 solar test hours were accumulated in different load conditions.

Led by the French research institution CNRS, a number of R&D projects regarding
SHGT systems were initiated under the name “PEGASE” [19,27]. The goal was the
development of an SHGT system with 1.4 MWe as next step in technology upscaling.
Several receiver concepts for high temperatures were developed and tested, accompa-
nied by system simulation and optimization including thermal storage.

In 2013 a European project named “OMSOP”was started, aiming for the development
and demonstration of a small dish-based SHGT system [33]. The intended systemwill be
modular and capable of producing electricity in the range of 3e10 kW per module.

Currently, AORA [4] is the only company offering SHGT systems on a commercial
basis. The AORA system is based on a 100 kWe microturbine which is adapted for
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solar operation. The microturbine and the solar receiver are mounted on a tower, with a
small heliostat field providing the concentrated solar radiation. Besides electricity pro-
duction, up to 170 kW of process heat can be supplied from the hot turbine exhaust
gas. Two prototype systems were operational in 2015.

The company Wilson Solarpower [56] is planning for mass production of small
modular SHGT systems. The intended power level is about 400 kWe, and storage is
foreseen to ensure a high solar share.

Another solar-assisted gas turbine technology is the so-called Integrated Solar
Combined Cycle System (ISCCS). Such a system is basically a conventional CC plant,
with the gas turbine operated only on fossil fuel. Solar-produced steam can be intro-
duced into the bottoming steam cycle, either to boost the output of the steam cycle
or to reduce the fuel consumption by operating the gas turbine in part load during
solar-assisted operation. However, the annual solar share of such plants is usually
well below 10%. ISCCS plants are operational in Egypt and Morocco [13]. Another
special system configuration, integrating compressed air energy storage with a solar
gas turbine system to provide load shifting capability, was developed by Kesseli
[32]. Table 16.1 gives an overview over the main projects.

Most of the hardware projects were accompanied by techno-economic studies to
verify the cost reduction potential of SHGT systems. Several techno-economic studies
were dealing with the optimized layout of SHGT systems in different configurations.
A more detailed discussion of these studies follows.

16.2 Solarization of gas turbines

Solarization of gas turbine units generally refers to heating of the compressed air up-
stream the combustor or parallel to the combustor, by means of solar energy. Basically,
two options exist:

• Direct heating: This is the preferred solution, with the solar receiver directly integrated in the
compressed airflow path.

• Indirect heating: A high-temperature heat exchanger is integrated in the compressed air flow
path; thermal energy from any suitable heat transfer medium is transferred by the heat ex-
changer to the compressed air. Due to the high temperatures, such heat exchangers are quite
expensive.

Heliostats field

Solar
tower

Compressor Turbine

650°C

1150°C

Tamb

330°C

800°C 650°C

4.6 MWe

NGL inlet

Solar
receiver

Figure 16.2 Left: SOLUGAS cycle scheme (inside dashed line). Right: plant in operation [40].

Central tower systems using the Brayton cycle 357



Point-focusing solar concentrator systems are required to achieve the high receiver
temperatures for the operation of SHGT system. Dish-based solutions allow for low
power levels per unit (<100 kWe); higher power levels are obtained by installing mul-
tiple units. However, the efficiency of the gas turbine is limited at low power level, and
the integration of storage is hardly feasible. Solar tower systems allow for high power
levels with highly efficient gas turbine cycles, and storage can be integrated and
installed at the bottom of the solar tower. A modular approach using standardized

Table 16.1 Overview over solar-hybrid gas-turbine systems

Project/
company Year

Power
level Main achievements Remarks

SANDERS 1983e84 Demonstration of a
dish system with
microturbine

System
demonstration,
sub-atmospheric
Brayton cycle,
atmospheric solar
receiver

SOLGATE/
HST

1998e2002/
2004

250 kWe First solar tower
system with solar-
hybrid gas turbine,
receiver
temperature up to
1030�C

Modified helicopter
gas turbine,
efficiency about
18%

SOLHYCO 2006e10 100 kWe First solar-hybrid
system with
commercial
microturbine,
biofuel capability

Solar-hybrid system
operation, with
receiver
temperature
800�C

SO LUGAS 2008e12 4600 kWe Upscaling of solar-
hybrid gas-turbine
technology,
demonstration of
cavity receiver

Low solar share
(combustor inlet
temperature
limited to 650�C)

PEGASE 2009e13 1400 kWe Technology
development,
several receiver
concepts

Receiver tests up to
750�C

AORA 100 kWe Commercial solar-
hybrid microturbine
system,
cogeneration option

Two systems in
operation [4]
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SHGT systems with solar tower might be a suitable solution to distribute the develop-
ment cost over a large number of units.

Several solar gas-turbine system concepts were developed the most important ones
are described in the following section.

In SHGTs modified state-of-the-art gas turbines are used. Of interest in this appli-
cation are open-cycle gas turbines having high electric efficiencies. The higher the cy-
cle efficiency the smaller the solar field to be designed and thus, the investment on it
decreases. There are several options to increase the cycle efficiency. Fig. 16.3 shows
the most important solar-hybrid gas turbine configurations. Beside increasing the TIT
it is, for example, possible to use recuperated gas turbine cycles, (multiple) reheated
and/or (multiple) intercooled cycles, steam injection, inlet air cooling, CCs (with

Solar gas turbine cycle concepts
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Figure 16.3 Scheme of solar gas turbine cycles. (a) Solar-hybrid recuperated Brayton cycle. (b)
Solar-hybrid combined Brayton and Rankine cycle.
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bottoming Rankine steam cycle or ORC), and others. However, to achieve high solar
shares, and as the receiver outlet temperature is limited depending on the receiver tech-
nology used, the option of increasing the TIT further is not a favorable option for
SHGTs.

As of 2016 two development paths are followed:

1. SHGT with high TIT: low solar share
A gas turbine cycle with high TIT and thus high thermal efficiency is used. The solar gas

turbine plant has therefore the highest possible efficiency, but because of the limited receiver
outlet temperature more fuel has to be used and thus the solar share is low.

2. SHGT with low TIT (e.g., 950�C): high solar share
The gas turbine cycle is modified to reach high efficiency with low TIT (e.g., 950�C) [31].

The TIT is adapted to the receiver outlet temperature and thus at design point the plant rea-
ches up to 100% solar share.

Gas turbine ratings are specified with ISO conditions to be comparable (ambient
temperature 15�C, elevation 0 m above sea level, relative humidity 60%). The
performance of a gas turbine is strongly affected by the ambient conditions. With
higher ambient temperatures and high elevation (low pressure) the density of air de-
creases and so do the power and efficiency of a gas turbine. Furthermore, the part
load operation of gas turbines has a strong influence on the efficiency. The SHGTs
are operated in countries with high solar irradiation, as this usually also means
high ambient temperatures, the reduction in power and efficiency has to be consid-
ered. One of the common measures to improve the performance is to use air inlet
cooling that is mainly done by evaporative cooling, fogging, and cooling with
chillers.

16.3 Solar gas turbine cycle concepts

16.3.1 Solar-based heat input to solar gas turbine systems

Solar heating means solar power input ranging from 0% to 100% during the day and
often fast temperature transients, for example, due to cloud passages. For power
generation, from 5 kWe small-scale microturbines to large-scale gas turbines up to
400 MWe are available. Common to all SHGT systems is the external heating of the
air. Current gas turbine systems operate at TITs ranging from 950 to about 1500�C,
depending on the layout and power level of the unit. Modern high-efficiency gas
turbines usually operate with a TIT close to the upper temperature range, while, for
example, microturbines with uncooled turbine wheels operate at the lower temperature
range.

In principle, there are two ways for solar heating of solar gas turbines: direct heating
and indirect heating (Fig. 16.4). Both concepts have advantages and disadvantages
[45]. The indirect system is challenging because of the needed high-temperature
heat exchanger. Another important difference is the arrangement of receiver and com-
bustion chamber: serial or parallel (Fig. 16.4).
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16.3.2 Open-cycle Brayton systems

16.3.2.1 Simple cycle

Simple cycle Brayton systems are state of the art. These cycles run as open thermody-
namic cycle and consist only of a compressor, a combustor system, and the turbine sec-
tion with generator. The energy of the exhaust gas is wasted. Commercial simple cycle
gas turbines are robust, easy to operate, and reach efficiencies up to 40% at large power
levels. Fig. 16.5 shows a solar gas turbine process with simple cycle. Because of the
limited efficiency this option is not favorable for solar power generation. However, if
the waste heat (usually about 400e600�C) can be used for process heat (e.g., heating
or cooling applications) the economics can be improved.

16.3.2.2 Recuperated cycles

Recuperated gas turbine cycles are mainly realized at smaller scale (power levels up to
20 MWe). At those power levels a bottoming steam cycle is quite expensive and rea-
ches only moderate efficiencies. Microturbines usually have a recuperator to increase
efficiency. Other gas turbines such as the Mercury-50 from Solar Turbines Inc. in the
range of 4.5 MWe (Fig. 16.6) and the THM1304 GT from MAN Diesel& Turbo SE in
the 10 MWe range use also a recuperator.

In a recuperated cycle the hot exhaust gas is used to preheat the compressed inlet
gas (Fig. 16.7). The recuperator (i.e., a heat exchanger) is used to transfer thermal
energy from the exhaust to the already compressed gas, before it enters the receiver.
As the thermal energy of the exhaust is reused in the cycle, the efficiency increases.
Recuperation is more effective in gas turbine cycles with a low pressure ratio. There-
fore, those cycles are more sensitive against additional pressure losses (e.g., from a
solar receiver).

As the air is preheated before entering the solar receiver the inlet temperature to the
receiver is higher. This has a negative influence of the receiver efficiency, as well as a
reduced temperature spread for a storage system, if used.
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Figure 16.4 Solar based heat input to gas turbine systems. (a) Direct serial. (b) Direct parallel.
(c) Indirect serial.
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The reported nominal efficiency for the small-scale Mercury-50 is 38.5% with a
pressure ratio at about 10 [46].

16.3.2.3 Combined cycle

A CC combines a simple cycle gas turbine with a bottoming steam cycle (Fig. 16.8).
Organic Rankine cycles (ORC) can also be applied. As the waste heat from the simple
cycle is efficiently used, the efficiency of the cycle increases. In general the modifica-
tions to the gas turbine cycle are equal to the simple cycle. The HRSG and the steam
cycle can be regarded as conventional system. Here all known modifications to the cy-
cle can be used (e.g., dual pressure). For a 16-MWe SHGT with CC an efficiency of
44.7% is reported in [44]. Puppe et al. [39] reported an efficiency of 43.7% for a
50 MWe unit for an SHGT with CC at reduced TIT of 970�C. For an SHGT with bot-
toming ORC cycle the efficiency of up to 48.1% is reported.
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Figure 16.5 Scheme of solar gas turbine cycles. (a) Simple cycle solar gas turbine. (b) Simple
cycle solar gas turbine with cogeneration.
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16.3.2.4 Intercooled cycles

With the intercooling of the compressed air (Fig. 16.9) a reduced power consumption
for compression and thus, more useable power from the gas turbine plant can be
achieved. With higher pressure ratios those cycles can improve efficiency compared
to the simple cycle. Currently only one commercial gas turbine with intercooling is
available for power generation: LMS100 from GE Energy, with an efficiency of about
44% [36]. The part load efficiency is higher compared to simple cycle and thus, it has
advantages when used often in part load.

A more sophisticated approach for intercooling was studied in the HYGATE project.
This configuration is based on a multistage compressor with internal downstream
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Figure 16.7 Scheme of SHGT with recuperation, parallel combustor, and storage.
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Figure 16.6 Standard Mercury-50 gas turbine.
Copyright: Solar Turbines.
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cooling of all but the last compressor stage to provide a high efficiency due to low
compression temperatures. This compressor concept is adapted from the commercially
available MAN isothermal compressors. The cooling medium is water, which is cooled
by a dry cooling system. Instead of a bottoming cycle a recuperator is included to use the
exhaust heat from the gas turbine, which is at a temperature of 420�C. The compressed
air is heated in the recuperator from around 130 to 400�C. The design-point gross elec-
tric efficiency of the power block is 45.7% at reduced TIT of 970�C [31].

16.3.3 Closed Brayton cycle systems

In a closed-cycle gas turbine the heat is supplied from an external source. Gases such
as air, helium, carbon dioxide, and nitrogen are used as working fluid. This type of
recirculating turbine follows the Brayton cycle. Those turbines are interesting for
high-temperature solar- and nuclear-power generation [22]. The advantage of
closed-cycle gas turbines compared to open-cycle gas turbines is that they allow higher
efficiencies at lower temperatures and have a better part load behavior. They allow an
operation at higher pressure and the used gases have better thermodynamic properties.
With this, advantages in the receiver design are possible.

The disadvantages are the sensitivity against internal pressure losses, the additional
cost of the required heat exchanger at the cold end, the higher efforts for sealing the
cycle, and that there are no commercially turbines available.

Bammert [6] studied in 1980 a closed-cycle gas turbine plant with air as well as he-
lium as working fluid. For a 20-MWe solar tower plant at a TIT of 800�C an electrical
efficiency of 38.3% with helium and 37.1% with air was reported. For comparison, the
efficiency for the open-cycle gas turbine was given as 34.1% (unfortunately a small-
scale 250 kWe gas turbine was considered). The optimal turbine inlet pressure was
31 bar for helium and 44 bar for air.

Closed-cycle gas turbine with collecting pipes from parabolic dish collectors has
been discussed [35]. The problem was that no suitable gas turbines were available
and that the feasibility of such collecting pipes for the working fluid was critical.

Closed-cycle gas turbines with CO2 as working fluid are considered in [11]. With a
bottoming ORC cycle an efficiency of 47.5% is reported at a TIT of 827�C.

16.4 System components

16.4.1 Gas turbine

Operating a gas turbine with solar heat input requires the possibility to externally heat
the compressed air before entering the turbine section. Conventional gas turbines are
usually not prepared for this operation mode, but must be modified in several aspects to
allow this external air heating. These modifications include:

• air path: compressed air extraction and preheated air re-introduction;
• “solarized” combustor, in parallel or serial connection;
• optimization for solar operation (reduced TIT);
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• adapted safety and emergency measures;
• adapted control system.

Air path

External air heating of the compressed air requires interface ducting between the gas
turbine and the external components (solar receiver, storage system, connection
piping, and so on). In gas turbines equipped with external can combustors, the inter-
face to the combustor can be adapted for this purpose with little modifications to
the gas turbine. Several gas turbine types from different manufactures exist with suit-
able combustor configurations.

However, most of the modern gas turbine units use annular combustor systems that are
highly integrated with all other components. In these gas turbine configurations significant
redesign of the casing and the air flow path is required to allow external air preheating.

In a solarized gas turbine system, a number of external components are included in
the flow path between compressor and turbine, namely solar receiver, storage system
(if used), connection piping, and flow control equipment. All these components result
in both additional volume and additional thermal inertia.

Combustor

A standard gas turbine combustor is designed for stable operation with the compressor
discharge air, that is, at an air inlet temperature of about 400�C, depending on the gas
turbine configuration. In recuperated gas turbines, combustor systems for air inlet tem-
peratures up to 600�C exist.

In solarized gas turbines, the combustor can be integrated with the solar compo-
nents in two ways:

1. Serial connection: The combustor is installed downstream of the receiver (and storage, if
available), upstream the turbine section.

2. Parallel connection: The combustor is installed parallel to the receiver (and storage, if avail-
able), upstream the turbine section.

In serial connection, the combustor receives high air inlet temperature (up to
1000�C), which is varying dependent on the actual solar power input. Due to the serial
connection, the pressure drop is increased, as it is the sum of all components in series.
In this configuration, the pressure drop is the sum of all components in series. There-
fore, the pressure drop is higher than in parallel connection, with negative impact on
turbine performance. With increased air inlet temperature, the fuel mass flow is
reduced accordingly, resulting in different combustion regimes and flame stability is-
sues. The cooling situation of the combustor components is changed significantly, as
the cooling capability of the hotter air is reduced. In addition, the fuel/air mixture tends
to self-ignition at higher air inlet temperatures, resulting in uncontrolled combustion
with the risk of component damage. Also, combustion characteristics under elevated
air temperatures and low fuel ratios vary significantly.
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In parallel connection, the compressor mass flow is split between receiver/storage and
the combustor, with the split ratio depending on the solar power input. The combustor
always receives air at the low compressor discharge temperature (or recuperator exit tem-
perature, in case of a recuperated cycle), but at a varying mass flow. To compensate for
lower temperature in the receiver/storage flow path, the combustor might need some
overheating to obtain the desired TIT, according to the mass flow split ratio. Due to
the parallel connection, the resulting pressure drop of receiver, storage, and combustor
equals the maximum value of all separate flow paths. Appropriate control valves are
used to obtain this pressure drop in all flow paths with the desired mass flow split.

Component cooling and material issues are critical in both configurations; special
designs are under development for solarized gas turbines [12,31].

Optimization for solar operation: reduction of TIT

In hybrid CSP systems it is often desirable to reduce the amount of fuel consumed
annually, that is, to achieve a high solar share. It is assumed that reasonable annual so-
lar efficiencies can be achieved at receiver exit temperatures up to around 1000�C.
With this limitation, the desired high solar shares can only be realized when the TIT
is also reduced to temperatures close to the maximum receiver outlet temperature.
Then, the solar share is mainly determined by the solar resources, storage integration,
and operation schedules. Solar-only operation is then possible directly from the
receiver’s output or from the stored solar energy, or from a combination of both.

Control system

In normal operation mode, the control of an SHGT is relatively simple as long as the
combustor is within its stable operation regime. Fuel flow to the combustor can be
controlled very fast and effectively, while the inertia effects of the receiver and the
piping result in significantly longer time constants of the solar subsystem. Analysis
of a control concept is described in [15].

Safety and emergency measures

The external solar components (receiver, piping, storage) represent a high thermal
inertia and a large additional pressurized volume. In case of emergency situation
(e.g., load shedding) this can lead within sub-second time periods to overspeed in
the turbine section. Special measures need to be taken to control this critical situation.
Several methods have been proposed and tested for this purpose, such as:

• addition of blow-off valves;
• shut-off valves;
• mechanical brakes;
• shunt resistors loading the generator.
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In the SOLGATE project [47] a blow-off valve was added between the receiver and
the combustor. Upstream the valve, a water cooler was installed to enable use of an
inexpensive low-temperature valve. An orifice plate was used to limit the blow-off
mass flow to the desired value.

Felsmann [15] developed a dynamic simulation tool and investigated the response
to critical operation conditions, for example, load shedding. He concluded that appro-
priate and fast-reacting hardware is necessary to avoid damage to the SHGT system
(Fig. 16.10).

Other issues

An SHGT system always has additional components in the flow path between the
compressor and the turbine sections, mainly, the additional receiver or heat
exchanger and the piping. This results in increased pressure drop between
compressor and turbine. As a consequence, the compressor must be designed for
enough safety to stay away from surge limit. Also, the additional pressure drop
results in reduced cycle efficiency. The impact of this pressure drop is very depen-
dent on the gas turbine type.
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Figure 16.10 Measures for control of emergency situations [15].
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16.4.2 Receivers for SHGT systems

The receivers convert the concentrated solar radiation to high-temperature heat and
transfer the heat to the working medium. The receivers can have the typical tubular
receiver configurations, or more complex designs, such as pressurized volumetric
receivers.

As the receivers are exposed to high solar flux densities in combination with high
temperatures, the requirements are quite stringent. The receiver should

• convert and transfer the heat with high efficiency;
• accept high and inhomogeneous heat fluxes (locally and in time);
• achieve long lifetime at acceptable cost.

To fulfill these needs the design of receivers has to take care of several thermal and
mechanical boundaries. Heat transfer by convection, conduction, and radiation ex-
change has to be considered simultaneously. Receivers for central tower solar plants
work at high solar heat fluxes and at high temperatures. The load situations are quite
complex. The solar heat flux varies over time of day and year leading to different load
situations. Fast transients can occur by clouds blocking the sunlight totally or partially.
This leads to high and alternating stresses in the materials that affect the lifetime of the
receiver. The thermal efficiency of the receiver is strongly influenced by the tempera-
ture and the average flux density on the receiver. The (over) temperature of the receiver
is mainly influenced by the heat transfer medium used. For air at medium pressure
levels (as in SHGT systems) the heat transfer capability is low in comparison to liquid
media. As the pressure drop of the receiver is limited by the gas turbine, heat transfer
coefficient enhancement is limited (higher fluid velocity and/or higher turbulence lead
to higher pressure losses). Increasing the heat transfer area is another option to enhance
the heat transfer capability, but it results in higher cost.

16.4.2.1 Metallic tubular receivers

As of 2016, all commercial receivers (for steam or molten salt) are built as metallic
tube receivers. Multiple panels, each consisting of a number of parallel absorber tubes,
are interconnected in serial or parallel configuration. Header sections collect and
distribute the fluid (Fig. 16.11). The absorber tubes are normally coated with a black
paint. The fluid is passed through the tubes and is convectively heated by the tube walls
having absorbed the solar radiation on the outside.

Tube receivers can be built as external or cavity receivers. In external receivers the
panels are arranged in a cylindrical or polygonal configuration. In cavity receivers the
tubes are arranged along the walls of an insulated cavity. Due to the high operational
temperatures and the relatively large absorber areas external receivers would lead to
high thermal losses by radiation and convection. Therefore cavity-type receivers are
usually the preferred solution for SHGT systems.

The SOLGATE project used a modular and multistage approach combining three
different receiver modules, connected in series. The receivers used a hexagonal sec-
ondary concentrator to cover the focal spot like a honeycomb. The first stage used a
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tubular receiver made of 16 parallel connected nickel-based alloy tubes to heat the
compressed air (7 bar) from 280 up to 550�C (Fig. 16.12). The tubes are bent and
arranged to form a shape to obtain a more homogenous heat flux distribution. Further,
the bending of the tubes allows a thermal compensation of each tube. The second and
the third stage are used to heat the air up to more than 1000�C using volumetric re-
ceivers. The receiver setup was tested successfully in 2003 [9,47].

A tubular receiver with a thermal power of 280 kW, preheating the air of a recuper-
ated microturbine with 100 kWe, was developed and tested within the SOLHYCO proj-
ect [1]. The receiver was built using 60 nickel-based alloy tubes connected in parallel
(Fig. 16.13). The irradiated length of the tubes was 2.5 m. To enhance the heat transfer
a wire-coil insert was used within the absorber tubes. A torus built from bent tubes
acted as the distributor. To compensate the different thermal expansions of the
absorber tubes, every absorber tube was connected to the distributor using a metallic
bellow. The mass flow of each absorber tube was then collected at an internally
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Figure 16.11 Principle schematic of tubular receiver.
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Figure 16.12 Scheme of the SOLGATE LT-Module (left) and prototype (right).
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insulated collector. The system was tested at the PSA, Spain, in 2006, reaching the
design outlet temperature of 800�C. However, due to problems with the cavity insu-
lation (enabling cold air streams through the cavity) the convection losses were quite
high. As a result, the measured receiver efficiency at design point reached only 39%
instead of the expected 77.7% [3].

Under the European SOLUGAS project, a tubular receiver with a thermal power of
3 MWwas developed and tested. The receiver was designed to heat the compressed air
(10 barabs) of a gas turbine from 330 up to 800�C with a maximum pressure drop of
250 mbar. Due to limitations of the test setup the design receiver efficiency was limited
to 73%. To allow flexible testing of the receiver only a fraction of the compressor mass
flow was heated in the receiver. The outlet mass flow of the receiver was mixed with
the other fraction bypassing the receiver. The receiver design follows a modular
approach using 10 circularly arranged panels. Fig. 16.14 shows the design of the
receiver (insulation is illustrated transparent). The solar radiation is absorbed and trans-
ferred to the fluid by 170 parallel absorber tubes with an inner diameter of 19.6 mm
and an irradiated length of 5 m. The absorber tubes as well as the collector are
made of a nickel-based alloy to withstand the high material temperatures while the
distributor and the support frame are made of stainless steel. To compensate the
different thermal expansions of the absorber tubes, every absorber tube was connected
to the collector tube using a metallic bellow [53].

The receiver was tested at Abengoa’s Solucar Platform and reached all design
goals. More than 1000 h of solar operations have been accomplished [40].
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Figure 16.13 SOLHYCO receiver setup.
Copyright: DLR.
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Cavity receivers show high heat losses by convection to ambient. The reason is that
cold air enters the aperture at the bottom of the aperture, is heated by the hot walls, and
leaves the cavity at the top. Wind can drastically increase these losses [20]. One way to
reduce these losses is to close the aperture using a transparent window made of fused
silica. As the manufacturing of such parts is limited in size a segmented approach can
be used. It is also possible to cover only a part of the aperture (Fig. 16.15) to increase
the stagnation zone with no heat exchange between hot walls and air [21]. A
Prototype of such a window was tested at the SOLHYCO receiver tests [2]. A
larger version of the window using 4.5 m long halved fused silica tubes was
developed under the SOLTREC project. A system study showed a receiver
efficiency enhancement and lower LCOE when such a window is used [29,54].
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Figure 16.14 Scheme of the SOLUGAS receiver.
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Absorber tubes of such receivers have to accept inhomogeneously absorbed solar
radiation. Due to the pressure drop limitations of the gas turbine the air flow velocity
is relatively low, resulting in low heat transfer coefficients. This leads to high thermal
gradients and as a consequence to high stresses in the tube walls. To reduce the gra-
dients a so-called “profiled multilayer tube” (PML) was developed [52]. The PML
tube consists of a profiled inner tube made of nickel-based alloy, a copper intermediate
tube, and a nickel-based alloy outer tube. The PML tubes where manufactured using a
hydroforming process, followed by an annealing step to bond the different materials by
diffusion welding. The profiling allows an enhancement of the heat transfer perfor-
mance by increasing the turbulence of the fluid flow. The copper layer reduces the ther-
mal gradients due to the high thermal conductivity of copper. Simulations showed a
possible decrease of thermal gradients from 220 K down to 65 K, resulting in signif-
icantly lower stresses (30 MPa instead 100 MPa). The maximum temperature of the
tube is also reduced (812�C instead of 885�C). The copper layer is protected against
oxidation by the inner and outer nickel-based alloy layers.

Using corrugated tubes adds a design space to the thermohydraulic layout of tubular
receivers. The turbulence and the following heat transfer can be influenced by the sur-
face structure. This means that the heat transfer performance can be more independent
of the tube dimensions [55].

Under the PEGASE project a 4-MWth receiver heating compressed air from 350 up
to 750�C was developed. The receiver concept uses several metallic (nickel-based
alloy) tubes located in a copper filled box of nickel-based alloy (Fig. 16.16). This
approach combines the advantage of the high thermal conductivity of copper with
the high temperature resistance of nickel-based alloys. The receiver is irradiated
only at one side of the box, with the opposite side being insulated. Thus, only the irra-
diated side contributes to the radiation and convection losses of the receiver. The heat
is transferred by conduction to the tubes where the air is heated up. A twisted tape
insert was used to enhance the heat transfer coefficient. A prototype with a thermal po-
wer of 360 kWth was tested in solar operation. An outlet temperature of 784�C was
reached with an efficiency of 81.3% and a pressure drop of 300 mbar [26].

Volumetric receivers use highly porous structures for solar absorption and heat
transfer. These structures offer a huge internal surface area, allowing effective heat
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Figure 16.16 Scheme of the PEGASE receiver [26].
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transfer. The concentrated solar radiation is absorbed in the volume of the absorber, as
the porous structure allows for penetration of the radiation. Air or other gas passing
through the structure is heated by forced convection. The porous absorber is usually
a matrix or a foam structure made of SiC ceramic. There are two main directions of
volumetric receiver concepts under development.

An open volumetric receiver uses ambient air as heat transfer fluid [5,16]. The hot
air can then be used to heat up the compressed air of the gas turbine by a heat
exchanger. But such heat exchangers would be costly due to the large heat transfer
areas needed and the necessary high-temperature alloys.

If the fluid is under pressure a so-called pressurized volumetric receiver (PVR) can
be used. Such a receiver consists of an internally insulated pressure vessel, the porous
absorber, and a transparent quartz window covering the vessel’s aperture. As the
quartz window is limited in size, it is necessary for high power levels to connect
several receivers to a cluster. For a complete coverage of the focal spot, secondary con-
centrators with hexagonal entry apertures in front of the receivers are used [28,51]
(Fig. 16.17). Under the REFOS, and later in the SOLGATE project, volumetric re-
ceivers had been designed and tested. The receiver of the REFOS project used a
metallic mesh absorber to reach outlet temperatures of about 800�C at a power level
of about 400 kWth and a pressure of 16 bar. The absorber was located within an inner
insulated pressure vessel closed by a dome-shaped quartz window. This receiver was
later on used in the SOLGATE project as the middle stage of a modular receiver set up.
The first stage, a tubular receiver, passed the fluid with a temperature of 550�C to the
metallic volumetric absorber module for heating up the air to 800�C. Within the last
stage a volumetric receiver using a ceramic foam absorber the air was finally heated
up to 1000�C before entering the combustor of the turbine. Several hundred hours
of operation were performed under different solar load conditions [9,28,51].

The directly irradiated annular pressurized receiver (DIAPR) is a volumetric
receiver designed to heat compressed air (10e30 bar) up to 1300�C (Fig. 16.18).
The design uses a large number of ceramic pins arranged within a cavity closed by
a window. The layout of the pins is optimized to reach good radiative exchange be-
tween the pins. The inhomogeneous heat flux distribution is homogenized by the
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Absorber Pressure vessel

Figure 16.17 Scheme of the pressurized volumetric receiver (PVR) (left); secondary
concentrator (right).
Copyright: DLR.
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radiative exchange within the receiver. The air is heated by convective heat transfer
directly from the heated surface of the pins. A prototype was tested at the Weizmann
Institute’s Solar Furnace reaching outlet temperatures of 1200�C with receiver effi-
ciencies of 70e90% at a pressure level of 17e20 bar [34].

16.4.2.2 Other concepts

A pressurized modular air receiver avoiding pressurized windows was proposed in
[37] with air at 5 bar. The concept is foreseen to operate up to outlet temperatures
of 1200�C and 30 bar. So far a prototype of 3 kWth has been tested in a solar furnace
reaching an efficiency of 77% at an outlet temperature of 1000�C at 5 bar.

A volumetric particle receiver was proposed to reach high temperatures (1300K)
and high efficiencies. In comparison to the pressurized volumetric receiver concept
an air-particle mixture is used to absorb the solar radiation [17,18].

In direct absorption receivers (DAR) the heat transfer medium also acts as the
absorber. As the solar radiation does not need to heat an absorbing structure first,
and then transfer the heat based on a temperature difference, the DAR concept prom-
ises lower over temperatures and reduced requirements for the receiver structural ma-
terials. The use of ceramic particles is a promising option, allowing temperatures up
to 1000�C [30,41]. The heat transfer to the gas turbine compressed air can be done
using a moving bed particle heat exchanger. As the heat transfer coefficient of the
particle flow to a tube bundle, for example, is very low, large heat transfer areas
are needed. In addition, the high temperatures and the abrasion of the ceramic parti-
cles can lead to high cost due to expensive materials (high-temperature alloys or
ceramics).

Several receiver concepts are in the R&D phase [57]. As of 2016, particle-to-
compressed air heat exchangers at high temperatures (1000�C) are not available
commercially, but designs have already been presented [38].
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Figure 16.18 Scheme of the pressurized volumetric receiver (DIAPR) [34].
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16.4.3 Storage options

In order to achieve high solar shares, thermal storage systems for SHGT have to pro-
vide high-temperature heat, preferably close to the TIT. Since storage of hot air is prac-
tically not feasible, a separate storage medium has to be used instead. While indirect
integration using high-temperature heat exchangers is very expensive, direct contact
heat exchange in regenerator-type storage units is the preferred option. These units
are similar in concept to commercial regenerator storage units (e.g., Cowper stoves
used with blast furnaces). Several options exist for the storage inventory: fixed bed
with stacked material, or packed beds from regular or irregular materials. Due to the
required high temperatures, ceramic materials must be used. Compared to Cowper
stoves with charge/discharge cycle periods less than 1 h, units for storage of solar en-
ergy have usually one cycle per day.

Storage systems are integrated into the system parallel to the receiver. Fig. 16.19
shows a solar-hybrid system with storage, with the combustor connected in parallel.
For charging the storage, the solar subsystem must be oversized. A blower can
generate an additional air mass flow through the receiver and the storage. As the stor-
age loop with the blower is practically a closed loop, the additional air mass flow does
not alter the mass flow through the compressor and the turbine section. The operation
of the system is then as follows:

• Charge mode: when the receiver delivers more power than the gas turbine can take, the
excess power is taken by an increased mass flow, obtained from the compressor and an addi-
tional mass flow introduced by a blower downstream the storage. Thus, a certain fraction of
the receiver outlet air passes through the storage. The receiver outlet temperature is main-
tained at the design outlet temperature.

• Discharge mode: when the receiver delivers less power than the gas turbine requires, the
mass flow from the compressor is split into a fraction toward the receiver and another through
the storage (with flow then reversed compared to charge mode).

• In both modes fluctuations in the receiver/storage outlet temperature can be compensated by
the combustor connected in parallel.
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Figure 16.19 Scheme of a solar-hybrid combined cycle system with storage.
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16.5 System studies

A large number of system studies were performed by groups to evaluate the cost and
performance potentials of SHGT systems.

A comprehensive study on SHGT with CC at 100 MWe was performed 1979 by
Bechtel National, Inc [7]. The thermodynamic analyses were based on a Westinghouse
gas turbine. For gas turbine inlet temperatures of 1093�C and 1316�C net efficiencies
of 43.5% and 47.7% were reached. A major result of the study was that the hybrid
plant offers a cost-effective alternative to conventional gas turbine and CC plants.
As outlook the authors noted: “Preparation and assessment of system design with
gas TITs matching the peak receiver temperatures is possible with heat pipe and
with ceramic receivers.”

Cost-optimized design and performance prediction for SHGT plants in the power
levels 1.4, 4.2, and 16.1 MWe for two different locations were shown in [44].

An annual average solar to net electric efficiency of up to 19% was calculated,
among the highest conversion efficiencies for solar electric technologies. Solar
LCOE between about V0.13/kWh and V0.90/kWh were calculated. Using the cost
reduction potential that lies in combined design, construction and operation of multiple
distributed plants leads to solar LCOE of below V0.10/kWh for a power level of
16.1 MWe.

In the SOLHYCO project a 100 kW industrial microturbine system was modified
for integration with a 280 kWth metallic tube receiver (800�C) (SOLHYCO final
report). Among other activities in this project different design variations for cogenera-
tion systems and CC systems were analyzed and the cost for electricity generation
evaluated. For a good solar site in Algeria the LCOE for the 100 kWe unit is
V0.101/kWh in an operating scheme with 25% solar share. For the large CC systems
a 21 MWe system was selected and evaluated. The LCOE of such system is V0.078/
kWh being operated in base load configuration with a solar share of 18%. For solar
shares of 35% the LCOE will be V0.094/kWh. This plant would be operated on
mid-load for 4000 h per year. It could be shown that the solar-hybrid CC system
can provide dispatchable power at a high conversion efficiency of 48%.

In the USYHNE project the technical feasibility and the economic benefit of SHGT
cogeneration units with absorption chillers (power level 5e7.5 MWe) were investi-
gated [25]. The project served as preparation for a demonstration plant. The main result
of the study shows, that in most cases it is more advantageous to generate electricity
with the SHGT as much as possible (bottoming steam cycle) and then to use some of
the generated electricity to drive a compression chiller to generate cooling energy.

During the projects SHCC and HYGATE several system studies were carried out.
The projects are part of a technology program for the development of a commercial
demonstrator of an SHGT in the 20-MWe range. In the first phase (SHCCdsolar
hybrid combined cycle) several concepts of SHGT plants were identified and studied
[45]. A major result was that the LCOE of such systems are competitive to other CSP
reference plants (molten salt tower, parabolic trough with thermal oil) [24]. Addition-
ally it was identified that a technological development should focus in future on further
reducing the CO2 emissions by increasing the solar share. This was studied in the
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following second phase of the program in the HYGATE project (Hybrid High Solar
Share Gas Turbine Systems) [31]. Key improvements are the integration of thermal
energy storage and the reduction of the operating temperature of the gas turbine to
950�C. As a result, the solar receiver can provide the necessary temperature for
solar-only operation of the plant at design point, without using the auxiliary burner.
Compared to the defined reference molten salt solar tower the SHGT plants have
higher plant efficiencies, but have a slightly lower potential for CO2 reduction. The
LCOE are comparable and therefore the SHGT can be considered as an interesting
alternative to molten salt tower plants [39].

A multiobjective optimization was used by [49,50] to identify pareto-optimal
designs and highlight the trade-offs between minimizing investment costs and
minimizing specific CO2 emissions of SHGT with thermal energy storage and
combined-cycle power blocks. A major result was that “advanced solar-hybrid
combined-cycle power plants provide a 60% reduction in electricity costs
compared to parabolic trough power plants. Furthermore, a 22% reduction in costs
and a 32% reduction in CO2 emissions are achieved relative to a combination of
parabolic trough and combined-cycle power plants.”

16.6 Conclusions

SHGT systems offer several advantages; most of all, reduced cost of solar electricity,
full dispatchability, simplicity of operation, and reduced water consumption. Several
hardware test systems were built and operated, accompanied by numerous studies
on system optimization and techno-economic analysis.

However, such systems are not mature yet. Further development is required to
obtain an efficient and reliable technology. The main challenges toward market intro-
duction of solar gas turbine systems are as follows:

• Development of gas turbines for solar operation
Highly efficient gas turbines adapted to solar conditions are a prerequisite. Suitable gas tur-
bines are available as the basis, but gas turbines adapted to solar operation are not readily
available. The required modifications are known and considered feasible, but significant
effort must be made to provide technically proven units. The challenges are mainly associ-
ated with interfacing to external air heating, modification of the combustor system, compo-
nent cooling, and system control. Currently, the gas turbine manufacturers hesitate to
undertake these developments due to an unclear market perspective.

• Development of high-temperature receivers
SHGT systems require high-temperature receivers with outlet temperatures in the range of
1000�C. The corresponding receiver technology is not mature yet. Several concepts are
developed to different levels of technical readiness, but upscaling and long-term operation
experience are lacking.

• General aspects
All in all, further development effort is required to bring SHGT systems to the market.
Modular system designs might be the right approach to limit the development cost on the
gas turbine and receiver side, distributing these cost over a larger number of identical units.
Selecting and developing the appropriate modular configuration needs to be done.
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Abbreviations

CC system Combined-cycle system

DAR Direct absorption receiver

GT Gas turbine

LCOE Levelized cost of electricity

ORC Organic Rankine cycle

PML Profiled multilayer tube

PSA Plataforma solar de Almería, Spain

SHGT Solar-hybrid gas turbine

SiC Silicon carbide

TIT Turbine inlet temperature
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17.1 Introduction

Solar power-tower systems (also known as central receiver systems) can efficiently
achieve high temperatures because of the high concentration ratios they can achieve
using different configurations of the collector field and receiver. The combination of
solar power towers with high-temperature cycles permits to increase the global
efficiency in the conversion of solar radiation to electricity with respect to today’s
CSP plants based on the sub-critical Rankine cycle and could result in LCOE reduc-
tion, as far as the increase in efficiency outweighs the increased costs associated to the
use of more expensive equipment and materials.

Although operating temperatures higher than 1000�C can be achieved with solar
power towers, there are still significant technological barriers that must be overcome
before CSP plants operating at these elevated temperatures reach the market. The
use of power cycles operating at temperatures in the range 600e800�C, only moder-
ately higher than those of the current CSP plants, has been identified as a promising
path to increase the efficiency and reduce the LCOE of the next generation of CSP
plants that would require technological developments achievable in a relatively short
term.

The technological developments required to improve the technology readiness level
of these options seem to be achievable in the short term at least in some cases,
although, as of 2016, none of these concepts has been demonstrated beyond a pilot
scale. In some cases, the adaptation of the state-of-the-art equipment would be suffi-
cient, while in other cases further research is required.

In any case, this path has been recognized in different programs and initiatives, like
DOEs Sunshot [16], the European Solar Thermal Electricity Industry Association,
ESTELA, [12] or the Australia Solar Thermal Research Initiative, ASTRI [26].

In this chapter we present a review of three options to follow this path:

• power towers with supercritical steam Rankine cycles (SSRCs);
• power towers with supercritical CO2 cycles;
• decoupled solar combined cycles (DSCCs).
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17.2 Solar power towers with supercritical cycles

In this section, the different options for the integration of solar power towers and su-
percritical steam and CO2 cycles are described and discussed. Both supercritical cycles
operate in temperature ranges only moderately superior to state-of-the-art solar power
towers, although the different physical and chemical properties of the cycle working
fluid involve specific requirements for the solar power tower in terms of integration
schemes, heat transfer media (HTMs), materials, and so on.

17.2.1 Supercritical steam Rankine cycles

SSRCs operate at pressures greater than 22.1 MPa in a range of temperatures only
moderately higher (600e720�C, up to 760�C in the case of advanced ultra-
supercritical cycles) than those of the state-of-the-art solar power towers and have
been identified as a promising option to increase the efficiency and reduce the cost
of the electricity generated by CSP plants in the near or medium term.

The Sunshot Initiative of the US Department of Energy [16] identified the pos-
sibility to adapt current molten salt and direct steam generation (DSG) solar power
towers to supercritical steam cycles operating in the range 600e700�C. Years
before, the long-term scenario for 2020 analyzed by [37] already considered a so-
lar power tower plant using an SSRC. Kolb [23] explored the benefits of a new
generation of molten salt CSP plants with SSRCs operating in the range
600e650�C, finding potential LCOE reductions of up to 8% compared to current
sub-critical molten salt plants. [39] studied the cost reduction potential of ultra-
supercritical steam cyclesd350 bar and up to 720�C with a thermal efficiency
of 55%dcoupled with a solar tower using tubular receivers with different liquid
metals and salt mixtures as HTMs. According to their estimates, the LCOE could
be reduced up to 15% compared to the current molten salt CSP plants. The same
authors [40,41] compared the potential of two innovative receiver conceptsd
internal direct absorption, beam downdwith tubular receivers using different
HTMs and ultra-supercritical steam cycles, estimating potential LCOE reductions
from 7.2% (direct absorption receiver with chloride salt) to 0.5% (beam down with
molten nitrate salts) with respect to molten salt power towers of 2016. Peterseim
and Veeraragavan [34] compared three solar power towers using an advanced
steam cycle with sub-critical parameters and two supercritical solar power towers:
the first, a hybrid solarenatural gas configuration with state-of-the-art molten salts
and steam parameters of 280 bar and 620�C and the second, a solar-only plant with
a precommercial, advanced molten salt and steam parameters of 620�C at 280 bar.
They found that the LCOE could be reduced about 4.3% with the third option, that
requires the development of a commercial molten salt mixture, stable at about
700�C. [38] analyzed the requirements, in terms of materials technology, for the
use of advanced ultra-supercritical steam cycles operating at steam conditions
up to 760�C with up to 35% improved efficiency compared to superheated steam
cycles of 2016.
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However, working at high temperature and pressure increases the costs of materials
and equipment. In addition, there are some challenges associated to the development of
SSRC solar power towers:

• Size of the plant. A major challenge for the immediate deployment of SSRC solar power
towers is the upscaling of current power tower plants or downsizing the SSRC. The largest
solar power tower built today is Crescent Dunes (Nevada, USA) with a rated power of
110 MW and 10 full-hour molten salt thermal energy storage (TES); on the other hand,
the smallest commercially available supercritical steam turbines are in the range of the
250 MW. Hybrid solarefossil fuels options may provide a path to overcome the current
gap [34].

• High-temperature receivers. State-of-the-art molten salt receivers operate at temperatures of
about 560�C. Increasing this temperature requires the development of new salt mixtures
which are stable at the temperatures required by SSRC plants (600e700�C) or the use of
other HTMs like solid particles, liquid metals, air, or supercritical steam. On the other
hand, materials that can withstand the demanding conditions during the lifetime of the plant
will be required for the receiver, heat exchangers [35], and other equipment. Further technol-
ogy developments are required in all cases.

17.2.1.1 Integration of solar power towers and supercritical
steam Rankine cycles

There are multiple possible configurations of SSRCs solar power towers: direct or in-
direct supercritical steam generation, direct, indirect, or thermochemical storage sys-
tem, solar-only or hybrid plants, and so on. In the following, we provide an
overview of the main variants referenced in the literature.

Direct steam generation
In the DSG configuration, water enters the solar receiver at low temperature and super-
critical pressure and is heated to temperatures above 550�C. No additional heat
exchanger or steam generator is required unless the plant includes an indirect-type
TES. The main concern for the development of direct supercritical steam receivers
is the demanding requirements in terms of materials and design to withstand the
high-pressure and high-temperature conditions of the steam [19]. An early 2010s proj-
ect in CSIRO [3,15] has demonstrated the feasibility of such receivers, with a pilot
project (309 kW thermal power) generating supercritical steam at pressures from
22.5 to 23.5 MPa and temperatures of 570�C (Fig. 17.1).

Indirect steam generation
Another option to integrate solar power towers with supercritical steam is to use a
high-temperature HTM. In this case, the concentrated solar flux is used to increase
the temperature of the HTM and a high-pressure HTM steam generator is used to
generate the supercritical steam feeding the turbine. The overall configuration of the
plant can be very similar to current molten salt plants (Fig. 17.2). Potential HTMs
are molten salt mixtures, liquid metals, solid particles, and so on.
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Molten salt mixtures appear today as the most immediate option for SSRC solar po-
wer towers. A hybrid configuration based on the current molten salt plants producing
supercritical steam at 280 bar and 545�C with additional natural gas superheating to
reach a steam temperature of 620�C was analyzed by Peterseim and Veeraragavan
[34] (Fig. 17.3).This design would not require any major technological development
since only the molten saltdsteam generator would need to be modified to operate
at supercritical pressure.

The use of other salt mixtures that have stability beyond 650�C would allow to in-
crease the steam temperature without the use of natural gas superheating. Chlorides,
carbonates, and fluorides have been identified as potential candidates [19,40,41].

Figure 17.1 A picture of the CSIRO supercritical steam receiver [15].
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Figure 17.2 Sketch of a supercritical steam plant with liquid HTM and TES [41].
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Figure 17.3 Process diagram of the supercritical solar tower with natural gas superheating.
From Peterseim JH, Veeraragavan A. Solar towers with supercritical steam parametersdis the efficiency Gain worth the Effort? Energy Procedia
2015a;69:1123e32. http://dx.doi.org/10.1016/j.egypro.2015.03.181.
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However, operating beyond 650�C will require the development of new receiver ma-
terials and, in some cases, the use of oxygen blankets to avoid or reduce the rate of
corrosion in the hot storage tank and other equipment [23,37].

Liquid metals and metal eutectics can operate at the high temperatures required to
generate supercritical steam. They exhibit excellent heat transfer characteristics allow-
ing for high efficiency and high flux density on the receiver. The use of alkali metals
(mainly sodium) and leadebismuth eutectic (LBE) has been analyzed by different au-
thors [19,31]. Table 17.1 presents a comparison of the physical properties of solar salt
(state-of-the-art molten nitrate salt mixture), sodium, and LBE. While the upper tem-
perature limits of both liquid metals are well above the current range of supercritical
and ultra-supercritical steam plants, sodium has the drawback of its extreme reactivity
with air and water and LBE has a low thermal capacity, preventing their application in
direct TES configurations.

Solid particles (see Chapter 10 of this book) can achieve high temperatures too.
They can be used in different types of receivers and configurations as HTM and
TES mediumddirect absorption falling particles [43], fluidized bed [25], particles
in tube [13], and so ondand have the potential to be relatively cheap. In principle,
the integration of solid-particles solar power towers with supercritical steam cycles
seems straightforward, with an overall scheme similar to that of molten salts solar po-
wer towers. However, the solid-particle technology in its different variants is still at a
relatively early stage of development [19].

Table 17.1 Comparison of solar salt and two candidate liquid metals

Physical property Solar salt Liquid Na Liquid LBE

Lower temperature
limit,�C

220 98 125

Upper temperature
limit,�C

600 883 1670

Heat capacity cp, kJkg
�1

k�1
1.52 1.27 0.143

Thermal conductivity l,
Wm�1 k�1

0.53 69.8 13.7

Density r, kg m�3 1804 850 10,139

Dynamic viscosity m,
MPa s

1.69 0.27 1.44

Prandtl number 4.85 0.005 0.015

Other characteristics Low-cost direct TES
is possible

React with air
and water

Larger density,
lower cp

From Pacio J, Singer C, Wetzel T, Uhlig R. Thermodynamic evaluation of liquid metals as heat transfer fluids in
concentrated solar power plants. Applied Thermal Engineering 2013;60:295e302. http://dx.doi.org/10.1016/j.
applthermaleng.2013.07.010.
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Ammonia-based thermochemical energy storage
Ammonia-based thermochemical energy storage (TCES), Fig. 17.4, is based on the
realization of the endothermic dissociation of NH3 at the solar receiverereactor
absorbing solar energy. The products of the reaction, N2 and H2, are stored in a phys-
ical tank (charging process). The thermochemical energy stored in the tank can be used
by performing the reverse, exothermic reaction at the discharge reactor (steam gener-
ator). A prototype ammonia-based TCES coupled to a parabolic dish was demon-
strated at the Australian National University, ANU, achieving temperatures of 475�C.

The use of ammonia TCES in SSRCs has been explored by several researchers
[9,24], exploring alternatives for the physical gas containment (salt caverns, drilled un-
derground shafts), supercritical steam generatorereactor, and the solar reactor. The au-
thors expect to develop a TCES with a cost of US $15/kW h thermal.

17.2.2 Supercritical carbon dioxide Brayton cycles

Supercritical carbon dioxide (sCO2) closed-loop Brayton cycles have been introduced
and described in Chapter 11 of this book. sCO2 cycles have the potential to provide
higher efficiency than the sub-critical steam cycles used in CST power plants and
equivalent or higher than supercritical steam cycles operating on the same temperature
range, with the advantage of lower operating pressure and greater compactness. In
addition, the heat rejection temperature ranges of sCO2 cycles make them appropriate
for the use of dry-cooling. Sensible heat TES can be easily integrated because the CO2

presents a single phase in all the cycle processes. These characteristics reveal a poten-
tial to develop highly efficient and compact CST plants (Fig. 17.5).

Different sCO2 cycle configurations have been discussed in Chapter 11. The selection
of themost appropriate one for integration in CST towers depends on the cycle efficiency,
the temperature difference, and the complexitydwhich is directly associated to its cost.

Chacartegui et al. [7] compared two configurations of sCO2 Brayton cyclesdsimple
and recompressiondand an sCO2eORC combined cycle, integrated with central
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Figure 17.4 Schematic of ammonia-based thermochemical energy storage system [24].
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receiver systems. Their analysis, which used a simple solar tower model, concluded that
the recompression cycle provides the best performance. Other analyses using an effec-
tiveness model for the recuperator [42] suggested that the performance of the partial
cooling and recompression cycles were similar. A later study using a conductance model
for the recuperators [27] showed that the partial cooling cycle provides higher efficiency
than the recompression cycle up to high values of the recuperator conductance.
Assuming that the cost of the equipment increases with the recuperator conductance,
the partial cooling configuration is better for low- and medium-conductance values. In
addition, they also found advantages for the partial cooling cycle regarding the design
and operation of the solar receiver. The simple sCO2 Brayton cycle has a lower effi-
ciency than the partial cooling and the recompression cycle, but has the advantage of
its simplicity for near-term implementation.

Iverson et al. [21] modeled and validateddwithin the limits of the experimental
setup availabledan sCO2 cycle for CST plants. The results include the transient
part-load response of the cycle and the identification of necessary research for success-
ful implementation of sCO2 Brayton cycles in CST power plants, including the devel-
opment of turbines, bearings, seals, heat exchanger designs, and materials.

Padilla et al. [32,33] compared the thermal and exergetic performance of four cycle
configurations: simple, recompression, partial cooling, and recompression with main
compression intercooling configurations, finding that the latter has the best perfor-
mance with a thermal efficiency of about 47% at temperature greater than 700�C.

17.2.2.1 Integration of solar power towers and supercritical
CO2 cycles

As in the case of SSRCs, the options for the integration of sCO2 cycles and solar power
towers are multiple: direct or indirect sCO2 generation, direct, indirect, or thermo-
chemical storage system, solar-only or hybrid plants, and so on. In the following,
we provide an overview of the main variants referenced in the literature.
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Figure 17.5 Simple closed-loop supercritical carbon dioxide Brayton cycle [2].
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Direct sCO2 receivers
The main advantage of direct receivers, where the working fluid is the same at the solar
receiver and power cycle, is that it eliminates the need for intermediate heat ex-
changers, thus avoiding the thermal and exergy losses and the cost associated to this
equipment. In the case of solar powers with sCO2 cycles, there are three main options
for a direct sCO2 receiver: tubular, pressurized volumetric, and fluidized bed, small
particle-gas receiver. Of these three options, only the first seems to be sufficiently
mature for its commercial deployment in the near to medium term.

Tubular receivers would operate at pressures of up to 30 MPa. Ortega and Christian
[30] established the design requirements for tubular CO2 receivers operating at super-
critical conditions. They have also developed a coupled opticalethermal-fluid model
[29] and performed a structural and creepefatigue evaluation of such receiver [28].
Their results show that thermal efficiencies close to 85% can be achieved at the
receiver when using appropriate aiming-point strategies to obtain adequate flux pro-
files on the receiver surface and flow patterns with high recirculation of the working
fluid.

Besarati et al. [4] proposed a direct CO2 solar receiver based on compact heat
exchanger (CHE) technology. The receiver consists of Inconel 625 plates with square
shaped channels bonded together, operating at pressures close to 20 MPa, and temper-
atures between 530�C and 707�C with a solar flux density of 500 kW/m2.

Indirect receivers for sCO2
The integration of sCO2 receivers with storage is today a major, unsolved challenge;
thermal [18] storage of supercritical fluids is not viable [22] and the use of a different
TES medium does not seem to be an efficient option. In this context, the use of
different HTMs as working fluid appears as the best option for integration of solar po-
wer towers with storage and sCO2 cycles.

As in the case of the SSRCs, the concentrated solar flux is used to increase the tem-
perature of the HTM and a high-pressure HTMdCO2 heat exchanger is used to
generate the high-temperature supercritical CO2 feeding the sCO2 turbine. The overall
configuration of the plant can be very similar to molten salt plants (Fig. 17.6). Potential
HTMs are, again, molten salt mixtures, liquid metals, and solid particles in different
receiver configurations. Ho et al. [20] reviewed several high-temperature designs for
sCO2 Brayton cycles, concluding that the most viable option today for indirect CO2
heating and TES is the use of falling particles receivers.

Liquid metalsdmainly sodium and LBEdcan operate at the high temperatures
required by sCO2, but, again, sodium has the problem of its extreme reactivity with
air and water and LBE has a low thermal capacity, preventing their immediate appli-
cation in direct TES configurations.

Thermochemical energy storage for sCO2 cycles
Several thermochemical cycles for TES coupled to sCO2 cycles have been proposed.
Buckingham et al. [5] propose redox transitions in metal oxides and sulfur-based cycles,
where energy is stored inexpensively in the form of elemental sulfur (Fig. 17.7). These
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reactions that occur at temperatures between 500�C and 1000�C take place at the solar
receiver (moving-bed reactor). The authors estimate that these configurations have the
potential to increase the efficiency of the plant with respect to the state-of-the-art molten
salt Rankine cycle plants, however, with significant uncertainties related to cost.

Calcium looping with sCO2 cycle is a promising option too, to be integrated with
solar power towers [6]. The calcium looping process is based on the calcinatione
carbonation reaction of CaCO3. It has a high volumetric energy density and can pro-
duce temperatures close to 900�C, well coupled to sCO2 cycles and solar power
towers.

17.2.3 Comparison of supercritical steam and carbon dioxide
Brayton cycles

A review of high-efficiency thermodynamic cycles and their applicability to CSP sys-
tems performed by Dunham and Iverson [11] concluded that steam Rankine systems
may offer higher thermal efficiencies up to temperatures about 600�C, material limits
for steam components as of 2016 while an sCO2 recompression Brayton cycle may be
the best candidate for higher temperature, with potential efficiency of about 60% at
30 MPa and above 1000�C and wet-cooling.

The benchmarking exercise realized by [8] concluded that a superheated steam
Rankine cycle is both more efficient and more cost-effective than the three sCO2 power
cycle concepts and the SSRC considered in their analysis (Figs. 17.8 and 17.9). How-
ever, the validity of these conclusions is limited by the fact that they considered a con-
stant thermal power input of 213.7 MWdrelatively small for state-of-the-art
supercritical and combined cyclesdand that the comparison was mainly based on
the normalized cost ($/kW) rather than the LCOE.
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Figure 17.6 Schematic of a solar-driven, indirectly heated, closed-loop supercritical CO2

Brayton power cycle.
From Ho CK, Carlson M, Garg P, Kumar P. Cost and performance Tradeoffs of alternative
solar-driven S-CO2 Brayton cycle configurations. In: Proceedings of the ASME 2015 power
and energy conversion Conference. San Diego, California, 2015. p. 1e10.
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In any case, any conclusions as of 2016 can be only considered of a temporary char-
acter, since there is a vast activity in the field of high-temperature materials for
advanced power generation and other related fields that could modify the outcomes
of these analyses.

17.3 Decoupled solar combined cycles

DSCCs have been identified as a promising option for LCOE reduction that takes
advantage of the high temperature achievable by means of CSP systems and the
use of TES. A DSCC is the combination of a high-temperature cycle where
the heat is provided by a CSP system and a lower temperature, bottoming cycle.
The heat rejected during the operation of the high-temperature cycle is used to charge
the TES. The energy stored in the TES can be asynchronously used to feed the bot-
toming cycle, thus decoupling the operation of both cycles and allowing for great
operation flexibility.

The DSCC concept seems “naturally” linked to the solar tower technology because
of its capacity to efficiently achieve high concentration ratios and high temperature,
thus taking advantage of the high exergy of the solar radiation.

The DSCC concept provides great flexibility in the design of the plant. Despite its
relatively recent developmentdthe first reference to DSCCs dates from 2012 [36]d
several different configurations can be found in the literature.
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Figure 17.7 Metal oxide TES configuration.
From Buckingham R, Wong B, Brown L. Thermochemical energy storage for concentrated solar
powerecoupling to a high efficiency supercritical CO2 Power cycle. In: Proceedings of the
SolarPaces Conference 2011. p. 0e5.
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Figure 17.8 Comparison of cycle performance at 20 MPa maximum pressure under (a)
wet-cooling and (b) dry-cooling conditions.
From Dunham MT, Iverson BD. High-efficiency thermodynamic power cycles for concentrated
solar power systems. Renewable and Sustainable Energy Reviews 2014;30:758e70. http://dx.
doi.org/10.1016/j.rser.2013.11.010.
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Figure 17.9 Comparison of cycle performance at 30 MPa maximum pressure under (a)
wet-cooling and (b) dry-cooling conditions.
From Dunham MT, Iverson BD. High-efficiency thermodynamic power cycles for concentrated
solar power systems. Renewable and Sustainable Energy Reviews 2014;30:758e70. http://dx.
doi.org/10.1016/j.rser.2013.11.010.
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Researchers of CENER (National Renewable Energy Center, Spain) identified and
analyzed two configurations [36], both of them based on multitower solar fields, each
tower having its own gas turbine (Brayton cycle). Both the multitower solar energy
collection and the Brayton cycle have the potential to achieve high efficiency.

In the first configuration (concept A of the authors) the heat rejected from every
gas turbine is used to charge a common, single medium-temperature thermal
storage system that provides thermal energy to the bottoming cycle, a single low-
temperature organic Rankine cycle (ORC). The potential of this configuration to
achieve competitive LCOE lies in the use of the relatively low-cost TES (based
on a thermocline tank with mineral oil) and the ORC. Because of the characteristics
of both the TES and the ORC, this configuration could be used in relatively small
CSP plants.

The second configuration (concept B) combines the multitower system with a sin-
gle high-temperature molten salts TES and a superheated Rankine cycle. The TES is
charged trough airemolten salt heat exchangers (one per tower). The emphasis of this
configuration is on the efficiency achievable by the combination of the Brayton and
superheated Rankine cycles and the high TES capacity, allowing for large CSP plants.

In both cases, the authors consider a solar energy collection system with a heliostat
field, a beam-down reflector, and a secondary concentrator coupled to a ground-based
high-temperature air receiver (Fig.17.10).

The authors analyze two cases (“conservative” and “optimistic”) for each
configuration:

• Concept A. Both the optimistic and the conservative Brayton cycles have a rated power of
13.06 MW and the ORC of 1.7 MW, with four towers and storage capacities of 13 (conser-
vative) and 14 h (optimistic). The estimated LCOE are 11.7 cV/kWh and 9.9 cV/kWh (rela-
tive reductions of 26% and 41% with respect to the base casedGemasolar CSP plant located
near Seville, Spaindrespectively).

• Concept B. The optimistic case has a Brayton cycle of 44.8 MW and 10 solar towers, while
the conservative leads to a Brayton cycle of 53.7 MW and 12 towers. The Rankine cycle has
a power of 19.9 MW in both cases. The preliminary results show potential LCOE reductions
of 26e41% with respect to the reference case.

A variant of the first configuration is proposed and analyzed in greater detail by the
same group [14]. This variant, based on already existing components, uses a medium-
temperature superheated steam Rankine cycle (40 bar, 274�C) instead of the ORC. In
this case, the system consists of 32 towers and a TES capacity of 9 full hours of the
Rankine cycle of the solar field is composed of small, single-facet heliostats with a bio-
mimetic layout arranged in a hexagonal shape. The pressurized air receiver with
advanced cavity configuration operates at 800�C. This relatively low temperature is
considered to minimize the risks and the efficiency penalties associated with higher
temperature. The rated power of each Brayton cycle is 3.34 MW, and the common
Rankine cycle has 10.8 MW. The authors use a probabilistic approach to assess the
performance and estimate the achievable cost reduction, concluding that the LCOE
could be reduced up to 25% from the reference case, based on the Gemasolar CSP
plant, with a probability of 90% (Fig.17.11).
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Agalit et al. [1] propose a decoupled configuration with a Brayton cycle and a
superheated-steam Rankine cycle, and two TES systems (Fig. 17.12). The solar field
with a high-temperature air receiver (800e1200�C) is connected to the gas turbine and
a high-pressure regenerator/packed-bed storage system using natural (quartzite) rocks.
The system includes a fuel combustor which can be used to complement or replace the
solar energy input. The combustor and the TES provide operational flexibility to the
Brayton cycle. The exhausts from the gas turbine feed the second, low-pressure
TES, also based on natural rocks, which in turn feeds the Rankine cycle through an
air-steam heat exchanger. The authors focus their work in the simulation of the thermal
storage systems, not providing any LCOE estimates.

This configuration is a modification of the SUNSPOT concept [17] developed at the
Stellenbosch University of South Africa, which includes only the low-pressure TES
and is conceived for partially decoupled operation (the Rankine cycle would operate
during nigh time). The authors elaborate a relatively simple model which is used to
calculate the LCOE, estimating values of V0.11e0.18/kWh.

Crespo [10] proposes a DSCC hybrid configuration, with a large fuel-driven Bray-
ton cycle and a molten salt heat exchanger to recover the exhaust thermal energy of the
air turbine, combined with a molten salt CSP plant operating at about 560�C
(Fig. 17.13). The storage system can be charged either from the solar receiver or
from the gas turbine exhausts at the same conditions. The generation of electricity
from the steam cycle is completely decoupled either from the gas turbine or from
the solar part. According to the author’s estimates, the efficiency in the conversion
of the thermal energy from the fuel to electricity is similar to that of conventional com-
bined cycles, with solar shares (fraction of the electricity generated from solar radiation
to total electricity generated) ranging from 50% (in base load operation) to 80%.

Small gas
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Cavity air
receiver

Small north
solar fields

Multi-tower
concept

Central oil
storage system

Large steam
cycle

Figure 17.11 Scheme of the DSCC concept proposed by [14] based on a multitower system
with Brayton cycles and a central oil storage systems feeding a bottoming medium-temperature
Rankine cycle.
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As a summary, the combination of a high-temperature power cycle with a bottom-
ing cycle using a TES system in place of the conventional heat recovery steam gener-
ator not only allows to a very large extent the decoupling of the operation of the
bottoming cycle from that of the high-temperature cycle, but it also introduces addi-
tional degrees of flexibility in the design and operation of solar tower systems that
can be used to create more flexible, reliable, and cost-effective systems.

17.4 Summary and conclusions

In this chapter, the integration of SRCCs and supercritical CO2 Brayton cycles with
solar power towers is reviewed. Both power cycles operate in temperature ranges
only moderately superior to molten salt plants, being thus well suited to the tempera-
ture levels achievable with central receiver systems. The integration of these power
systems poses, however, significant challenges both on the power cycle and on the so-
lar energy collection system, especially in terms of the identification or development of
new materials that can withstand the demanding operating conditions of these systems
without increasing the costs so much that the potential efficiency increase is negatively
counterweighed.

According to the literature, SRRCs can be a good option for temperatures up to
600e650�C, while sCO2 cycles would be more competitive for higher temperatures.
However, there is no complete consensus about this conclusion, since most of the
possible configurations require significant technology developments, especially in
the solar energy collection and TES systems, whose outcomes are difficult to estimate
in terms of performance and costs.

Thermochemical storage based on ammonia dissociation, metal oxides or sulfur
redox reactions, or calcium looping coupled to supercritical plants also seem to be
promising long-term options.
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Figure 17.13 Hybrid DSCC concept.
Proposed by Crespo L. Ste plants: beyond Dispatchability Firmness of Supply and integration with
VRE. Energy Procedia 2015;69:1241e1248. http://dx.doi.org/10.1016/j.egypro.2015.03.161.

Solar power towers 399

http://dx.doi.org/10.1016/j.egypro.2015.03.161


This chapter also includes a section on DSCCs, where the heat rejected by a high-
temperature cycle integrated with a solar power tower is used to charge a TES system
which, in turn, feeds a bottoming cycle. Several DSCC configurations are described
and discussed. DSCCs have the potential to achieve high efficiency without the
need of significant technology development, being an excellent candidate for the
next generation of CST plants.
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Solar thermal processing 18
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18.1 Introduction

The sun is a virtually unlimited source of radiant heat at approximately 5800K. Hence,
solar radiation can be used as a source of renewable process heat to drive energy-
intensive chemical processes. The engineering challenge lies in introducing this
intermittent and spatially dilute energy source to processes in an industrially useful,
technically feasible, and cost-effective manner.

In 2013, 18% of the global end-use energy was supplied in the form of electricity,
while two-thirds were supplied as fossil-derived hydrocarbon fuels (coal, oil, and nat-
ural gas) [1]; 40% of the energy supplied as fossil fuels is used for transportation and
27% is used for industrial applications [1]. Hence, mitigating the majority of the global
greenhouse gas emissions requires a substitution of fossil fuels with renewable energy
not only in the electricity sector but also in the transportation and industrial processing
sectors. Concentrated solar energy can be used to provide a large portion of the energy
demand for transportation and industrial processes in the form of fuels, process heat,
and high-flux radiation.

Fig. 18.1 gives an overview of processes other than electricity production that can
utilize concentrated solar energy, including reactants, products, and process types.
Additional processes are likely to emerge as research into novel applications of
concentrated solar energy continues. Processes are organized according to their
application into three groups: H2/CO production; material processing and chemical
commodity production; and other thermal processes. A large body of research fo-
cuses on the production of H2 and CO. The mixture of H2 and CO, referred to as syn-
thesis gas (or syngas), is the feedstock for the production of synthetic fuels (e.g.,
diesel, kerosene, gasoline, methanol, and dimethyl ether) via the FischereTropsch
process and other catalytic processes. In addition, H2 plays an important role in
many industrial applications, most notably in the production of ammonia via the
HabereBosch process. Ammonia is used as the main source of nitrogen in fertiliza-
tion and could be used in the future as a vector for hydrogen as a fuel [14]. H2/CO
production processes can be further divided according to the feedstock. In H2O/
CO2 splitting processes with CO2 either recovered from flue gases or captured
from the atmosphere the heating value of the produced syngas corresponds to the
amount of solar energy stored in the process, resulting in a carbon-neutral fuel. On
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the other hand, solar conversion of carbonaceous feedstocks, such as coal, petcoke,
natural gas, biomass, and carbonaceous waste materials, to syngas leads to a calorific
upgrade of the feedstock and offers the possibility for decarbonization. While the so-
lar processing of fossil feedstocks does not result in carbon-neutral products and
hence is not a sustainable long-term solution, it may provide a viable transition
path from today’s largely fossil fuel-based to a carbon-neutral economy. In addition,
a group of hybrid H2/CO production processes can be defined that either combine
multiple feedstocks or multiple energy sources.

Besides syngas production, many other industrial applications for concentrated
solar energy have been proposed. The calcination of limestone is the main energy-
intensive step in the production of cement and, as such, responsible for about 4.5%
of the total global anthropogenic CO2 emissions [9]. Replacing fossil fuels with
concentrated solar energy in the production of cement has the potential to reduce
the CO2 emissions from the process by up to 50% [9]. The cyclic calcination of
CaCO3 and carbonation of CaO can also be used to separate pure CO2 from flue gases
and atmospheric air.

Other proposed important process applications of concentrated solar energy are the
thermochemical or carbothermal reduction of metal and semiconductor oxides in the
processing of mineral ores and waste to produce pure metals and semiconductors,
lower valence metal oxides, metal carbides, and metal nitrides. Metal carbides and
nitrides can be used either as high-performance ceramics, or in solar-driven thermo-
chemical cycles to produce renewable commodity materials such as ammonia, syngas,
and hydrocarbons.

Besides these specific chemical process applications, concentrated solar energy can
also be used as a generic source of process heat for other industrial production pro-
cesses. Major process heat applications are found in the agricultural, food, chemical,
pharmaceutical, and paper and pulp industries and for water desalination. A key aspect
for the industrial use of process heat is its dispatchability via the use of thermal storage.
Finally, in thermal processes that require extreme heat fluxes, concentrated solar radi-
ation can also be introduced directly to the process. Examples include high-flux solar-
driven heat treatment, cutting, surgery, and ablation.

18.2 H2/CO production

The processes discussed in this section aim at using concentrated solar energy to pro-
duce syngas (H2 and CO). Syngas is a universal feedstock for processes that produce a
range of synthetic fuels and solid organic materials. Syngas can be produced from
various fossil and non-fossil feedstocks and via several solar process routes. Solar pro-
cesses are grouped into thermochemical H2O/CO2 splitting processes, hybrid pro-
cesses using a combination of thermal energy and electricity or a carbonaceous
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reducing agent, and processes for the conversion and upgrade of carbonaceous
feedstocks.

18.2.1 Thermochemical H2O/CO2 splitting

18.2.1.1 Thermolysis

The direct thermal dissociation of H2O and CO2 according to:

H2OðlÞ/H2 þ 1
2
O2 ;DH

�
298K ¼ 286 kJ=mol; (18.1)

CO2/COþ 1
2
O2 ;DH

�
298K ¼ 283 kJ=mol; (18.2)

is conceptually the simplest way to produce syngas from H2O and CO2 [15,16].
However, at ambient pressure, reactions (18.1) and (18.2) occur only at extremely high
temperatures. For example, 20% dissociation of H2O and CO2 requires about 2800K and
2600K, respectively [15,17]. In addition, unwanted gaseous species (e.g., H, O, and OH)
are coproduced at these high temperatures [15,17]. Furthermore, in order to avoid the
recombination of the product gases upon cooling, they must be separated at the
extremely high dissociation temperatures required by the process, which is technolog-
ically challenging. Effusional [15,18] and electrolytic [19] separation and quenching
[16,20] have been proposed to mitigate the recombination of the products. Finally, the
availability of construction materials that can be operated at temperatures in excess of
2500K over extended periods of time is limited. These drawbacks and challenges with
the direct thermal dissociation of H2O and CO2 have been the motivation for the
development of alternative thermochemical processes to split H2O and CO2.

18.2.1.2 Thermochemical cycles

Thermochemical cycles use multiple chemical reactions to dissociate H2O and/or CO2.
In the simplest case of a two-step redox process, an intermediate oxygen exchange ma-
terial, M, with sufficient reducing power is used in the first process step to split H2O
and/or CO2 into H2 and/or CO according to:

Mþ xH2O/ MOx þ xH2 (18.3)

and/or:

Mþ xCO2/ MOx þ xCO (18.4)

In the second process step, the oxidized form of M, MOx, is regenerated in an endo-
thermic thermal reduction step, operated with concentrated solar energy as the source
of high-temperature process heat:

MOx/Mþ x

2
O2 (18.5)
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The main advantages of splitting H2O/CO2 via multistep thermochemical cycles
compared to their direct thermolysis are (1) the need for high-temperature separation
or quenching of H2/CO and O2 is avoided because the two gases are produced in sepa-
rate process steps, and (2) the maximum process temperature can be reduced.
Numerous candidate cycles have been scanned for their suitability to split H2O using
concentrated solar thermal energy [21e23], but only a few have been investigated in-
depth. Table 18.1 gives an overview of the main H2O/CO2 splitting thermochemical
cycles that have been investigated to date. Several additional H2O/CO2 splitting ther-
mochemical cycles have been considered. Comprehensive reviews of H2O/CO2 split-
ting via thermochemical cycles can be found in Refs. [2,23,34,35].

Among the cycles that have been studied so far, those that comprise more than two
chemical process steps tend to be operable at lower temperatures than the two-step
cycles, which makes the reactor design and material selection less challenging and
reduces the required solar flux concentration ratio. On the other hand, increasing the
number of cycle steps increases irreversibilities in the process due to internal heat
transfer, heat losses to the environment, and the number of transport and separation
processes of reactants and products, leading to an increase in the overall complexity
and costs of the process [21]. Consequently, a large part of the research since around
2000 has focused on two-step cycles using metal oxide redox materials, and in partic-
ular non-volatile materials that remain solid throughout the process, which simplifies
the separation of products.

Research since around 2000 has been dedicated to thermodynamic, kinetic, and
heat transfer analyses, as well as material and solar reactor developments, with the
overarching goals to improve process efficiency and stability. Doping of ferrite redox
materials has been considered in order to prevent sintering during redox cycling. Co-
and Ni-ferrites show promise as they reduce at about 1700K and hence about 100K
below their sintering temperatures [36]. Doped ferrites supported on zirconia support
structures resulted in both improved reaction kinetics and resistance to sintering [34].
Non-stoichiometric redox cycling of ceria at temperatures up to about 1773K leads to
limited sintering but results in relatively low H2/CO yields. Numerous dopants have
been considered to increase the oxygen exchange capacity of ceria. A trend of
increasing reducibility with decreasing ionic radius of the dopant was observed
[37]. For Zr-doped ceria, both the oxygen yield and the fuel (H2) productivity increase
significantly with increasing dopant concentration [38,39]. Different porous ceria
structures have been tested, in order to improve volumetric radiation absorption,
mass transfer, and reaction kinetics, including monolithic reticulate and particulate
porous ceramics with single- and dual-scale porosity [27,40e42], porous ceramic felts
[27], and three-dimensionally ordered macroporous structures [43].

Since 2013 metal oxide materials with the perovskite structure (ABO3) have been
proposed for solar thermochemical H2O/CO2 splitting. This class of redox materials
has long been used as electrolyte material in solid oxide fuel cells and shows great
promise for H2O/CO2 splitting due to their increased H2/CO yields and lower
reduction temperatures compared to ceria. An overview of perovskite material compo-
sitions investigated so far is provided in Table 18.2. Strontium-doped lanthanum man-
ganites (SrxLa1�xMnO3�d) were investigated thermodynamically and experimentally
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Table 18.1 Overview of the main H2O/CO2 splitting thermochemical cycles

Name Categorization Chemical reactions References

Ferrite cycles Two-step, non-volatile,
stoichiometric

MxFe3-xO4(s)/xMO(s)þ(3�x)FeO(s)þ1/2O2(g)
xMO(s)þ(3�x)FeO(s)þH2O/CO2(g)/MxFe3-xO4(s)þH2/CO(g)
M: Co, Ni, Zn, Mg, Mn

[17,24]

Zinc oxide cycle Two-step, volatile, stoichiometric ZnO(s)/Zn(g)þ1/2O2(g)
Zn(s/l)þH2O/CO2(g)/ZnO(s)þH2/CO(g)

[17,25]

Ceria cycles Two-step, non-volatile,
non-stoichiometric

MxCe1�xO2(s)/MxCe1�xO2�d(s)þd/2O2(g)
MxCe1�xO2�d(s)þdH2O/CO2(g)/MxCe1�xO2(s)þdH2/CO(g)
M: 1þ: Li; 2þ: Mg, Ca, Sr; 3þ: Sc, Y, Pr, Sm, Gd, Dy, La; 4þ: Zr, Hf; 5þ:
Ta; 6þ: Cr

[26,27]

Hercynite cycle Two-step, non-volatile,
stoichiometric

CoFe2O4(s)þ3Al2O3(s)/CoAl2O4(s)þ2FeAl2O4(s)þ1/2O2(g)
CoAl2O4(s)þ2FeAl2O4(s)þH2O(g)/CoFe2O4þ3Al2O3(s)þH2(g)

[28]

Perovskite cycles Two-step, non-volatile,
non-stoichiometric

ABO3(s)/ABO3�d(s)þd/2O2(g)
ABO3�d(s)þdH2O/2CO2(g)/ABO3(s)þdH2/CO(g)
A: Ba, Ca, Ce, Dy, Gd, La, Nd, Sm, Sr, Y; B: Al, Co, Cr, Fe, Mg, Mn

[29]

Sulfureiodine cycle Three-step, volatile, stoichiometric SO2(g)þI2(l)þ2H2O/2HIþH2SO4(aq,inf)
2HI(aq,inf)/H2(g)þI2(g)
H2SO4(aq,inf)/H2O(g)þSO2(g)þ1/2O2(g)

[30]

Manganese oxide
cycle

Three-step, non-volatile,
stoichiometric

1/2Mn2O3(s)/MnO(s)þ1/4O2(g)
MnO(s)þNaOH(1)/NaMnO2(s)þ1/2H2(g)
NaMnO2(s)þ1/2H2O(l)/1/2Mn2O3(s)þNaOH

[31]

UT-3 cycle Four-step, volatile, stoichiometric CaBr2(s)þH2O(g)/CaO(s)þ2HBr(g)
CaO(s)þBr2(g)/CaBr2(s)þ1/2O2(g)
Fe3O4(s)þ8HBr(g)/3FeBr2(s)þ4H2O(g)þBr2(g)
3FeBr2(s)þ4H2O(g)/Fe3O4(s)þ6HBr(g)þH2(g)

[32]

d refers to the non-stoichiometric change in the oxygen content of non-stoichiometric redox materials.
Adapted from [33], with additions from [23], Copyright, with permission from Elsevier.



[29]. These perovskites exhibit higher oxygen non-stoichiometry than ceria at identical
conditions (1773K, oxygen partial pressure of 1 Pa), but lower reactivity with H2O/
CO2. Nevertheless, higher fuel productivity was predicted compared to ceria. Stron-
tium- and manganese-doped lanthanum aluminates (SrxLa1�xMnyAl1�yO3�d) were
shown experimentally to release several times more oxygen than ceria under the
same conditions (1623K, He sweep gas flow with O2 partial pressure of 0.2 mbar)
[44]. Subsequent re-oxidation of the perovskites with 40 vol% H2O and CO2 at
1273K yielded up to 9 times and 6 times more H2 and CO, respectively, compared
to ceria. The time to complete the re-oxidation step was comparable for the two ma-
terial classes. Redox cycling between 1623K and 1273K over 80 cycles resulted in sta-
ble CO production of 125e150 mmol/g per cycle. Several additional perovskite
material compositions have been studied [46]. Most of these materials exhibit higher
oxygen exchange capacity compared to ceria at temperatures in the range of
1273e1673K and noticeable access to metallic valence transitions during re-
oxidation in steam [46].

Further developments of advanced redox materials are expected to be promoted by
first-principle material analyses [53e55], direct pore-level numerical simulations
[56e59], and micro- and nanoscale material design, engineering, and manufacturing
[60e62]. Recent reviews of material developments for solar thermochemical H2O/
CO2 splitting can be found in Refs. [23,33,35].

The performance of thermochemical H2O/CO2 splitting cycles can be quantified in
terms of the thermal efficiency:

hthermal ¼
_W

_Qsolar
(18.6)

Table 18.2 Overview of perovskite material compositions investigated
for H2O/CO2 splitting

A-site atoms B-site atoms References

La, Sr Mn Scheffe et al. [29]

La, Sr Al, Mn McDaniel et al. [44]

La, Sr Mn Demont and Abanades [45]

Ba, La, Sr Co, Fe, Mn Demont et al. [46]

La, Sr Mn Yang [47]

Ce, La, Sr Co, Fe, Mn Jiang et al. [48]

Ba, Ca, La, Sr, Y Al, Mg, Mn Demont and Abanades [49]

Ca, Dy, Gd, La, Nd, Sm, Sr, Y Mn Dey et al. [50]

La, Sr Cr, Co Bork et al. [51]

Ca, La, Sr Mn, Al Galvez et al. [52]
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Figure 18.2 Solar reactor technology to realize ferrite cycles: (a) schematic and (b) 100 kW
pilot-scale dual-chamber solar receiver-reactor based on honeycomb absorber structure coated
with ferrite-based redox materials; (c) prototype of a counter-rotating ring reactor with
integrated solid-phase heat recuperation and (d) prototype circulating fluidized-bed reactor.
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or the solar-to-fuel energy conversion efficiency:

hsolar�to�fuel ¼
D _Hfuel

_Qsolar
(18.7)
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depending on whether the intended use of the produced fuel is for work and/or heat.
In Eqs. (18.6) and (18.7), _Qsolar is the solar thermal power input to the entire solar
process. The numerators in Eqs. (18.6) and (18.7) are the net mechanical power and
the rate of heat stored in the solar process, respectively. First- and second-law
analyses were conducted to determine the theoretical efficiencies of two-step
thermochemical H2O/CO2 splitting cycles. For the pure ferrite cycle, the pre-
dicted thermal efficiency is <8% (solar-to-fuel efficiency <10% [34]) without any
heat recovery [63]. Assuming complete conversion of the sensible and latent heat
rejected by the hot products to work via an ideal Carnot engine, predicted thermal
efficiencies are up to 61%. In a similar analysis, the thermal efficiency of the zinc
oxide cycle is predicted to be 50e55% with complete heat recovery from the
process units and 30e34% without any heat recovery. Corresponding solar-to-fuel
efficiencies are 10e24% higher than the thermal efficiencies [64]. A first-law
analysis was conducted for temperature-swing non-stoichiometric ceria cycles
with thermal reduction enabled by an inert sweep gas flow [65]. The predicted
solar-to-fuel efficiency is >50% with complete solid- and gas-phase heat recovery
and <6% without any heat recovery, illustrating the importance of heat recovery in
non-stoichiometric ceria cycles, due to the low conversions of reactants and oxygen
exchange material. Operating the cycle isothermally eliminates the need for solid-phase
heat recovery, but requires very high sweep gas flow rates and, consequently, a high
degree of gas-phase heat recovery [66,67]. The possibilities of solidesolid heat
recuperation to reduce the heat losses in temperature-swing operation, and vacuum
pumping as an alternative to sweep gas flow to lower the oxygen partial pressure in the
reduction step have been considered [68e71].

The Carnot efficiency for solar energy emitted at 5780K is around 95%. Irrevers-
ibilities in solar thermochemical H2O/CO2 splitting cycles include material-related
temperature limitations of about 2000K in air (w3000K in vacuum), radiative and
conductive heat losses from the hot solar reactor, unrecovered enthalpy of hot reaction
products (including the oxygen exchange material), and internal heat transfer resis-
tances. Further efficiency penalties are due to the auxiliary energy demand by separa-
tion processes, vacuum pumps, flow circulation pumps, solar system electronics and
controls, and upstream and downstream processes. Additional entropy generation
takes place in the conversion of fuel to mechanical work.

Reactor developments since around 2000 for solar thermochemical H2O/CO2 split-
ting via the ferrite, zinc oxide, ceria, and hercynite cycles are depicted in
Figs. 18.2e18.4. Reactor concepts include those containing fluidized beds [75] and
honeycomb support structures for redox cycling of ferrites [83], moving-bed [78],
rotating-cavity [77], and aerosol flow reactors [84,85] for zinc oxide dissociation,
and directly [26] and indirectly [80] irradiated stationary cavity receiver-reactors con-
taining porous structures, a dual-chamber packed-bed reactor [81], and dual-zone re-
actors with internal rotary cylinders [74,86e88] for redox cycling of ferrites and/or
ceria. The development stage of these reactors varies greatly and ranges from concept
stage, to initial prototype testing, to pilot-scale testing, and to demonstration-scale
plant design.
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A 100-kW dual-chamber pilot-scale solar reactor for ferrite-based redox cycling
was developed and tested on sun (Fig. 18.2(a)e(b)) [72,73,89]. The redox cycle is con-
ducted sequentially in a single reactor. The redox material is coated on a monolithic
silicon carbide honeycomb structure contained in a solar receiver and exposed to direct
concentrated solar radiation. The aperture of the receiver is covered with a quartz glass
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Copyright with permission from Elsevier.
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window. Gases enter through inlet ports in the frustum of the receiver, flow through the
axial channels of the honeycomb structure, and are collected in a funnel at the back
of the reactor. Two full H2O splitting cycles were conducted with H2O conversion
of up to 30%, resulting in about 35 g of H2 produced [73].

A 100-kW pilot-scale solar reactor was developed to conduct the thermal dissoci-
ation of ZnO particles (Fig. 18.3(a)e(b)) [77,90e92]. The reactor consists of a rotating
cylindrical cavity receiver with a windowed aperture to control the gas atmosphere
inside the reactor. Particles are fed into the reactor by a screw feeder and are distributed
over the cylindrical wall of the cavity by its rotating motion, where the particles are
directly exposed to concentrated solar radiation. Argon sweep gas is injected through
radial and tangential nozzles near the window and around the frustum, generating a
vortex flow that protects the window from zinc deposits and carries the gaseous prod-
ucts out of the reactor. Product gases exit the reactor through an annular outlet at the
back of the reactor that forms a water-cooled quench unit in which argon is injected to
quench the products to avoid their recombination. The reactor was tested in the 1 MW
solar furnace in Odeillo, France. The total amount of dissociated ZnO in a typical
experiment was 157 g [77].

Thermochemical H2O and CO2 splitting via non-stoichiometric redox cycling of
ceria in a single prototype solar reactor, shown in Fig. 18.4(a), has been demonstrated
[26]. The reactor consists of an insulated cavity containing cylindrical porous ceria
structures [27,41]. The measured reactor’s solar-to-fuel efficiency is in the order of
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1e2%. Main thermal losses are attributed to heat radiation and conduction. A proto-
type solar thermochemical reactor to realize isothermal redox cycling of ceria and
gas-phase heat recovery has been developed and tested (Fig. 18.4(b)) [80,93]. The
reactor consists of an array of six reactive element tubes, filled with a packed bed of
porous ceria pellets, which can be operated individually. This allows for simultaneous
reduction of ceria in one section of the reactor and oxidation of ceria in another section,
thus allowing for a constant solar power input to the reactor and quasi-steady fuel
production. During 20 h of operation, the 4-kW reactor showed a stable rate of CO
production of about 2 mL/s over 25 cycles.

18.2.2 Hybrid processes

18.2.2.1 High-temperature electrolysis

Hydrogen can be produced with solar energy via conventional water electrolysis
using electricity generated with solar photovoltaic (PV) cells or concentrating solar
power. Syngas can be obtained from H2 and CO2 via reverse water-gas shift reaction.
However, with typical solar-to-electricity energy conversion efficiencies of single-
junction PV cells and concentrating solar power systems limited to about 25% and
hydrolysis cell efficiencies of about 70% [2], this process route is limited to
maximum solar-to-fuel efficiencies of about 18%. Higher efficiencies may be
obtained by reducing the required electric power input to the electrolysis cell by
increasing the cell-operating temperature. For example, at 1000K the theoretically
required cell voltage to hydrolyze H2O is reduced to about 1 V, compared to about
1.23 V at ambient temperature. The heat input to the cell can be provided by a com-
bination of ohmic losses occurring in the cell and concentrated solar energy. High-
temperature electrolysis cells typically operate at about 973e1173K, suitable for
concentrated solar energy input. High-temperature electrolysis is based on solid oxide
fuel cell technology and materials, and offers the possibility of co-electrolyzing
H2O and CO2 to produce syngas [94]. Reviews of solid oxide electrolysis technology
can be found in Refs. [5,95].

18.2.2.2 Electro-thermochemical cycles

Thermodynamic analyses indicate that below 1000K, H2O/CO2 splitting thermochem-
ical cycles require at least three process steps [96]. In fact, there are currently no known
pure thermochemical two-step H2O/CO2 splitting cycles that operate at temperatures
below 1373K [21]. However, the operating temperature of two-step H2O/CO2 splitting
cycles can be lowered if at least one cycle step is hybridized electrochemically. An
example is the two-step H2O splitting hybrid sulfur cycle.

The first step is the thermochemical decomposition of sulfuric acid [34]:

H2SO4ðaqÞ/H2OðgÞ þ SO2ðgÞ þ 1=2O2ðgÞ (18.8)
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The second step is the electrolysis of water:

SO2ðaqÞ þ 2H2OðlÞ/H2SO4ðaqÞ þ H2ðgÞ; E� ¼ �0:156 V (18.9)

The first process step, Eq. (18.8), proceeds in three stages. The sulfuric acid is first
vaporized, followed by its decomposition to H2O and SO3 at 623e673K. In the third
stage, SO3 is dissociated catalytically into SO2 and 1/2O2 in the temperature range of
973e1273K [6]. The second process step, Eq. (18.9), is conducted at 353e393K in an
electrolysis cell [97,98]. While the hybrid sulfur cycle does require electric energy
input, it has the potential to be more efficient than direct water electrolysis due to
the strongly reduced cell potential required in the electrolysis step compared to con-
ventional water electrolysis.

The thermal decomposition of sulfuric acid has been conducted in a 2-kW
two-chamber solar cavity reactor (Fig. 18.5). Both reaction chambers are made of
AISI 316Ti steel, have individual apertures that are closed with a quartz window,
and contain SiSiC (siliconized silicon carbide) volumetric absorber structures. In
the lower-temperature chamber, sulfuric acid is vaporized and dissociated at
673K. The SO3eH2O vapor is then fed to the second chamber where the catalytic
decomposition to SO2 and 1/2O2 is conducted at 923e1223K. Iron and mixed
metal oxides (Fe2O3 and CuFe2O4) are used as catalytic coatings on the absorber
structure. Conversions of SO3 of more than 90% were obtained at 1223K. Highest
measured net efficiency of converting solar energy to enthalpy change in the gas
flow was 28% [97].

SO3 + H2O

SO2 + O2 + H2O

H2SO4

(a) (b)

Figure 18.5 Two-chamber solar reactor to conduct the thermochemical decomposition of
sulfuric acid.
Reprinted from [97], Copyright with permission from Hydrogen Energy Publications, LLC.
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In an alternative two-step hybrid cycle, a metal (Fe, Mn, or Co) oxide is reduced
with concentrated solar energy in air and subsequently used as an anode or solute to
split H2O electrolytically at a reduced cell potential [7].

18.2.2.3 Carbothermal cycles

The high temperatures required to thermally reduce metal oxide redox materials in
two-step thermochemical H2O/CO2 splitting cycles lead to challenges associated
with material stability and durability, and significant heat losses. Instead of including
an electrochemical step, the required temperatures of H2O/CO2 splitting cycles can also
be significantly reduced by hybridizing thermochemical cycles with a carbothermal
reduction step, that is, by replacing reaction (18.5) by reaction (18.25) (see
Section 18.3.3). In carbothermal H2O/CO2 splitting cycles, H2 and/or CO are produced
in both cycle steps. The process can be represented by [8]:

Carbothermal reduction step:

CHx þ 1
z
MyOz/

x

2
H2 þ COþ y

z
M (18.10)

H2O/CO2 splitting step:

y

z
Mþ H2O/

1
z
MyOz þ H2 (18.11)

and/or:

y

z
Mþ CO2/

1
z
MyOz þ CO (18.12)

A thermodynamic process analysis estimated the theoretical solar-to-fuel
energy conversion efficiency of the isothermal carbothermal redox cycle,
Eqs. 18.10e18.12, with non-stoichiometric ceria as the redox material and methane
as the reducing agent [99]. If ceria is reduced carbothermally with methane at
1273K, the maximum reachable oxygen non-stoichiometry of ceria within the cubic
fluorite phase of 0.25 can be reached and methane can be completely converted to
syngas [99,100]. The results of the analysis show that with an increased oxidation
non-stoichiometry of 0.1 nearly complete conversion of H2O/CO2 can be achieved
in the H2O/CO2 splitting step. Operating the cycle at 1273K with a solar concen-
tration ratio of 1000 and without any gas-phase heat recovery, the predicted
solar-to-fuel efficiency (Eq. 18.7) is 38% for complete methane conversion. With
a more realistic methane conversion of 25%, the predicted efficiency is 27%
without heat recovery and 37% with 90% heat recovery [99].
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Thermodynamic and experimental studies of the carbothermal reduction of metal
oxides are further discussed in Section 18.3.3.

18.2.3 Conversion and upgrade of carbonaceous feedstocks

High-temperature solar thermal processing of carbonaceous feedstocks has been pro-
posed as a hybrid solarefossil and near-term route to production of H2/CO as a feed-
stock for solar fuel synthesis and as commodity materials. Solar energy is used as the
exclusive source of process heat, and the carbonaceous feedstocks are the source of
carbon and hydrogen. The main processes are gasification, cracking, and reforming
[101]. Chemical reaction equations presented in this section are written for carbona-
ceous feedstocks containing exclusively carbon, hydrogen, and oxygen. Impurities
and other elements are typically found in fossil fuels and biomass, for example, sulfur
and nitrogen, and lead to formation of additional product compounds as compared to
those reported in this section.

18.2.3.1 Gasification

Solar thermal gasification has been studied for a variety of carbonaceous feedstocks
including coal, coke, biomass, bitumen, and carbonaceous wastes [102]. While the
use of biomass as the feedstock promises a carbon-neutral fuel, the availability of
biomass for energetic uses is limited. Coal remains the most abundant fossil fuel
resource in the world, with the total recoverable reserves estimated in year 2008 to
be 909 billion tons. The United States share the largest portion of these reserves, which
are 262.7 billion tons (29%). The main approach to coal utilization is the direct com-
bustion for electricity generation, which produces about 0.92 kg of CO2 per 1 kWhe of
electricity generated. In spite of environmental concerns, coal is likely to remain one of
the leading energy sources in the near future. Coal gasification technologies can sub-
stantially reduce greenhouse gas emissions through increased conversion efficiency.
Further emission reductions are possible, if the process heat required to drive the gasi-
fication process is obtained from a CO2-free energy source such as concentrated solar
energy, eliminating the need for combustion of a significant portion of the feedstock.
In addition, elimination of internal combustion for supplying the process heat mitigates
contamination of the synthesis gas with the combustion by-products [101,103]. The
produced synthesis gas can then be used for efficient power generation in com-
bined-cycle power plants or for synthesis of hydrocarbon fuels.

Thermal gasification of carbonaceous materials is a complex chemical process
that involves several different intermediate reactions. Steam and carbon dioxide
are the common oxidizing agents. A simplified net reaction of steam gasification
was proposed [104]:

CHxOy þ ð1� yÞH2O/
�x
2
þ 1� y

�
H2 þ CO; (18.13)
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where x and y are the molar ratios of hydrogen to carbon (H/C) and oxygen to carbon
(O/C), respectively. Analogously, a simplified net reaction of dry gasification can be
written as [105]:

CHxOy þ ð1� yÞCO2/
x

2
H2 þ ð2� yÞCO. (18.14)

Reactions (18.13) and (18.14) proceed endothermically under atmospheric
pressure at temperatures above 850K and 900K, respectively. The simplified reactions
given by Eqs. (18.13) and (18.14) are the net result of the following intermediate
reactions:

Boudouard reaction:

Cþ CO2 ¼ 2CO; (18.15)

Methane cracking/hydrogasification:

Cþ 2H2 ¼ CH4; (18.16)

Reforming/methanation:

CH4 þ H2O ¼ COþ 3H2; (18.17)

Wateregas shift:

COþ H2O ¼ CO2 þ H2; (18.18)

Reactions (18.15)e(18.18) are strongly dependent on temperature, pressure, and
the C/O ratio. The composition of syngas, and thus its suitability for production of syn-
thetic fuels is highly dependent on the outcome of reactions (18.15)e(18.18). Thermo-
dynamic analyses of solar thermal gasification of four types of coaldanthracite,
bituminous, lignite, and peatdwere studied [104,105]. Fig. 18.6 shows the equilib-
rium mole fractions of the main species for the steam and dry gasification, respectively,
of anthracite over the temperature range 700e1500K. For temperatures below 700K,
the intermediate reactions do not take place. Thus, components such as C, CH4, CO2,
and H2O are thermodynamically stable at temperatures below 700K. As the tempera-
ture increases from 700K to about 1200K, rates of the intermediate reactions increase
and the fractions of C, CH4, CO2, and H2O decrease. At temperatures higher than
1200K, both steam and dry gasification produce syngas that consists of only H2 and
CO with a constant H2/CO ratio.

Kinetic models of solar thermal gasification processes have been proposed in
several studies [106e108]. The models are typically based on the Langmuire
Hinshelwood type of kinetic rate expressions for production and consumption of
each gas species [102]. A detailed discussion of the kinetic analyses and models is
omitted from this work, and the reader is referred to the cited literature references.
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Solar reactors for gasification of carbonaceous feedstocks are among the most
mature reactor concepts in solar thermochemistry. Both directly and indirectly irra-
diated reactors have been developed [102,109]. The configurations of the reacting
two-phase solidegas media include fluidized beds [110], entrained particle flows
[111], vortex flows [112], and packed-bed reactors [113]. Example solar reactors
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Figure 18.6 Equilibrium composition for (a) steam and (b) dry gasification of anthracite as a
function of temperature.
Reprinted from [105], Copyright with permission from Elsevier.
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containing reacting media of such configurations are depicted in Fig. 18.7. Since
2010, reactors implementing more complex approaches to solar thermal gasification
have been proposed, which include gasification of biomass in molten salts [114] and
with supercritical water [115]. The solar reactor from the latter study is shown in
Fig. 18.8.

18.2.3.2 Cracking

Solar-driven cracking of hydrocarbons to coproduce hydrogen and carbon black can be
represented by the simplified reaction:

CxHy/xCðgrÞ þ y

2
H2 (18.19)

The process is typically realized in the form of a directly irradiated gas flow laden
with carbon particles [116e118], or an indirectly irradiated flow in tubes [119e122].
The particles serve as radiant absorbers and provide surface to the heterogeneous re-
action. Fig. 18.9 shows an example directly irradiated solar thermochemical reactor
featuring a horizontal cylindrical reaction cavity containing the reactive mixture of car-
bon particles and methane [116,117].

18.2.3.3 Reforming

Steam and dry reforming of hydrocarbons are described by the simplified reactions:

CxHy þ xH2O/
�
xþ y

2

�
H2 þ xCO; (18.20)

CxHy þ xCO2/
y

2
H2 þ 2xCO. (18.21)

A directly irradiated solar reactor for the steam and dry reforming of methane was
developed, scaled up to 300 kW, and tested on the solar tower facility at the Weizmann
Institute of Science, Israel (Fig. 18.10) [123e125]. The reactor uses an Al2O3 or SiC
reticulate porous ceramic structure, supporting the g-Al2O3 washcoat and rhodium
catalyst and acting as both the radiation absorber and reaction site. On-sun operation
was conducted with average absorber temperature between 700 and 860�C and total
pressure of 3.5 bar, resulting in methane conversions >80% [124].

Selected design aspects of a solar reactor for methane decomposition in both
cracking and reforming processes based on thermodynamic and kinetic analyses
are discussed in Ref. [126]. A comprehensive review of solar methane reforming
is given in Ref. [127].
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Figure 18.7 Examples of solar thermochemical reactors for thermal gasification of
carbonaceous materials: (a) directly irradiated fluidized bed reactor; (b) indirectly irradiated
entrained particle flow reactor; (c) directly irradiated vortex-flow reactor; and (d) indirectly
irradiated packed-bed reactor.
(a) Reprinted from [110], Copyright with permission from Elsevier. (b) Reprinted from [111],
Copyright with permission from Elsevier. (c) Reprinted from [112], Copyright with permission
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with permission from Elsevier.
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Figure 18.8 Solar thermochemical reactor for supercritical water gasification of biomass.
Reprinted from [115], Copyright with permission from Elsevier.
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methane laden with carbon particles and directly exposed to concentrated solar radiation.
Reprinted from [116], Copyright with permission from Elsevier.
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18.3 Material processing and chemical commodity
production

The high-temperature process heat derived from concentrated solar radiation is suitable
for driving highly endothermic processes to process materials and produce chemical
commodities. Examples include production of lime and cement, chemical-looping
processes for gas separation, extractive metallurgy, recycling of hazardous waste
materials, ammonia production via nitride-based cycles, nanomaterial production via
ablation, and more.

18.3.1 Calcination of CaCO3

The calcination of limestone (CaCO3) to lime (CaO) according to:

CaCO3ðsÞ/CaOðsÞ þ CO2ðgÞ; DH
�
298K ¼ 178 kJ=mol; (18.22)

is the main endothermic step in the production of lime and cement, and is operated
above 1173K [2]. In most lime kilns, process heat is supplied by combustion of fossil
fuels. The CO2 emissions from the lime industry are about 1% of the global anthro-
pogenic CO2 emissions [9]. The CO2 emissions from the process can be mitigated by
operating the process with high-temperature solar process heat and sequestering the
CO2 evolving from the calcination reaction (18.22). The CO2 can be stored or used as a
feedstock in the production of solar fuels.
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Figure 18.10 Directly irradiated 300-kW solar reactor for the solar reforming of methane.
Reprinted from [123], Copyright with permission from the American Society of Mechanical
Engineers.
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A 10-kW prototype solar-heated rotary kiln was developed and tested
(Fig. 18.11) [2,9,129]. It consists of a 225 mm � 252 mm indirectly irradiated cy-
lindrical cavity receiver made from recrystallized silicon carbide (maximum oper-
ating temperature 1873K). Solar radiation at a concentration ratio of about 2000,
provided by a solar furnace, enters the reactor through a 9 cm-diameter aperture
in the water-cooled aluminum front. 1e5-mm large limestone particles are fed
into the preheating chamber at the back of the reactor. Due to the inclination and
the rotation of the reactor, the particles are moved into the 16 silicon carbide
absorber tubes that line the solar cavity. Calcined CaO particles are collected in
a funnel at the front of the reactor. The reactor was tested on-sun for over 100 h,
producing up to 4 kg/h of lime at solar energy conversion efficiencies of up to
35%. The cost of lime produced in a 20-MW solar calcination plant was estimated
to amount to 131e158 $/t, corresponding to two to three times the current selling
price (cost estimation from 2006) [128].

In order to mitigate both the CO2 emissions resulting from the combustion of fossil
fuels to provide the process heat and the CO2 emissions resulting from the calcination
reaction itself, the combination of CaCO3 calcination with methane reformation was
explored in a directly irradiated solar cavity reactor [130]. Up to 83% conversion of
CaCO3 and 38% conversion of CH4 were achieved at a nominal temperature of
1223K [130].

18.3.2 CaCO3/CaO cycle

Operated in a closed cycle, the calcination of limestone followed by the carbonation
of lime can be utilized to capture CO2 from CO2-rich flue gas streams or from

Absorber tubes

Reactants inlet

Pre-heating chamber

Ceramic insulation

Rotating cavity

Products outlet

Figure 18.11 10-kW prototype solar rotary kiln for the calcination of limestone.
Reprinted from [128], Copyright with permission from Elsevier.
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air, or as a high-temperature thermochemical storage system. The process is
described by:

CaCO3ðsÞ/CaOðsÞ þ CO2;DH
�
298K ¼ 178 kJ=mol (18.23)

CaOðsÞ þ CO2/CaCO3ðsÞ DH
�
298K ¼ �178 kJ=mol (18.24)

To obtain a product stream of pure CO2 during the calcination step, the reaction needs
to be operated in a sweep gas flow of pure CO2.

A thermodynamic process analysis was conducted to calculate the theoretical en-
ergy input required by the process (18.23)e(18.24) as a function of CO2 concentration
in the flue gas and heat recovery from the hot products [131]. The energy requirement
of the process strongly depends on the CO2 concentration in the inlet gas and on gas-
phase heat recovery, while solid-phase heat recovery is relatively unimportant. With
100% gas- and solid-phase heat recovery, 207 kJ of thermal energy is required per
mole of captured CO2, irrespective of the CO2 concentration in the flue gas stream.
In the absence of gas-phase and solid-phase heat recovery, the energy requirement
is between 45 MJ and 283 kJ per mole of captured CO2 for initial CO2 concentrations
spanning those encountered in air (w0.03%) to those encountered in flue gas (15%).
For comparison, the theoretical minimum work to separate CO2 from a binary gas
mixture is between 20 and 30 kJ/mol of captured CO2 at atmospheric CO2 concentra-
tions and 7 kJ/mol of captured CO2 for an initial CO2 concentration of 15%.

A packed-bed solar reactor has been designed to conduct both process steps
(Fig. 18.12) [132,133]. The reactor has a beam-up configuration. This downward-
facing orientation of the solar cavity receiver reduces convective heat losses from
the open receiver aperture. Calcium carbonate particles are contained in an annular
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Figure 18.12 Packed-bed solar reactor to capture CO2 via process (18.23)e(18.24).
Reprinted from [132], Copyright with permission from the American Society of Mechanical
Engineers.
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space surrounding the cavity receiver. The particles are calcined in a pure stream of
CO2 with solar heat input. During the carbonation step, flue gases or atmospheric
air flow through the particle bed. Due to the exothermicity of the chemical reaction,
solar heat input to the reactor is not required during the carbonation step. Hence,
two or more reactors could be operated in parallel and the solar energy input be
switched between the reactors, for example, by changing the orientation of the helio-
stats of a solar tower plant [73].

Other reactors that have been examined to conduct one or both of the process steps
(18.23)e(18.24) include rotary kilns (including the reactor shown in Fig. 18.11)
[9,134], fluidized beds [134,135], and cyclone and vortex-flow reactors [130,136,137].

18.3.3 Extractive processes and recycling

The extraction of metals from mineral ores involves very energy-intensive process
steps. For example, extraction of aluminum from alumina (Al2O3) via the electrolytic
HalleHéroult process requires an electric energy input of about 45 MJ per kg of
aluminum, resulting in emissions of 4.9e7.4 kg CO2-eq. per kg of aluminum [138].
Overall, the total energy consumption by the metallurgical industry is estimated to
contribute 10% of the total global anthropogenic greenhouse gas emissions [2].

Solar thermochemical and carbothermal processes could replace some of the most
energy-intensive extractive metallurgical processes and strongly reduce the CO2 emis-
sions associated with this industry. In addition, through the solar carbothermic conver-
sion of waste materials, such as electric arc furnace dust (EAFD) and automobile
shredder residue (ASR), hazardous and valuable elements can be recovered. Depend-
ing on the reactants and process conditions, solar carbothermal reduction of metal (and
Si) oxide-containing feedstocks yields pure metals, lower valence metal oxides, metal
carbides, or metal nitrides. In all cases, CO or syngas is coproduced, which can be
further processed to synthetic fuels.

The overall chemical reactions for the carbothermal reduction of metal oxides,
such as Fe3O4, ZnO, MgO, and Al2O3, to the metals with carbonaceous reducing
agents (e.g. coal, coke, and natural gas), can be represented by (M stands for metal
or Si) [8]:

CHx þ 1
z
MyOz/

x

2
H2 þ COþ y

z
M (18.25)

For pure carbon (represented by graphite, x ¼ 0) and methane (x ¼ 4) as the
reducing agents, Eq. (18.25) yields, respectively [11,139]:

CðgrÞ þ 1
z
MyOz/COþ y

z
M (18.26)

CH4 þ 1
z
MyOz/2H2 þ COþ y

z
M (18.27)
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The purified metals can either be used as a commodity material for steel production
and manufacturing or as an energy vector. Combustion of metals yields high-
temperature heat, oxidation in fuel cells yields electricity, and oxidation with H2O/
CO2 yields syngas (Section 18.2) [140].

Thermodynamic equilibrium calculations for the carbothermal reduction of a range
of metal oxides show that the onset temperature for the formation of the free metals can
be considerably lowered by decreasing the total pressure in the system [141]. Carbo-
thermal reduction in vacuum further enables vacuum distillation of the products and
suppresses the formation of undesired by-products, such as Al-carbides and -oxycar-
bides [141].

For certain metal oxides, such as TiO2, ZrO2, and SiO2, carbothermal reduction in
an inert environment or in N2 at ambient pressure can lead to the formation of carbides,
nitrides, and lower valence metal oxides rather than pure metals [11]. These processes
can be summarized as [2]:

CðgrÞ þMyOzfþ N2g/fMy0Cz0 ;My00Nz00 ;My000Oz000 g þ CO (18.28)

Carbides and nitrides, such as TiC, SiC, TiN, and Si3N4, are high-performance
ceramic materials with exceptionally high mechanical hardness, chemical inertness,
and heat resistance. This makes them valuable for a range of applications, for example
as protective coatings of cutting and sliding surfaces, as non-toxic coatings of medical
implants, as heat shields for spacecraft surfaces, and as base materials to manufacture
high-temperature parts of cars, rockets, and solar reactors. Hydrolysis of other metal
carbides and nitrides can be used for the production of commodity materials and/or
fuels (Section 18.3.4) [2]. In the following sections, exemplary studies of carbothermal
reduction of alumina, zinc oxide, and solid waste materials are described. Other studies
investigated the carbothermal reduction of other metal and semiconductor oxides,
including MgO, SiO2, SnO2, and GeO2 [142e144], and the silicothermal and the
electro-thermochemical reduction of MgO [145,146].

18.3.3.1 Aluminum

At ambient pressure, the formation of a pure mixture of Al and CO via reaction (18.26)
requires excessively high temperatures of more than 2800K (Fig. 18.13(a)) [138].
Reducing the gas pressure in the process can substantially reduce the required temper-
ature and the formation of undesired by-products, such as Al2O and Al4C3. For
example, at 10�6 bar the reaction goes to completion at less than 1500K
(Fig. 18.13(b)) [138]. Exploratory experiments of vacuum carbothermal reduction of
alumina were conducted in a directly solar-heated quartz tube reactor operated at pres-
sures in the range of 3.5e12 mbar and temperatures in the range of 1300e2000K with
biocharcoal as the reducing agent. Measured aluminum mass fraction in the condensed
products was up to 19%, accompanied by the formation of Al4C3 and Al4O4C within
the crucible [138].

The equilibrium composition of reaction (18.27) with Al2O3 and of the carbo-
thermal reduction of bauxite components has been studied theoretically
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[147,148]. It was predicted that carbothermal reduction of Al2O3 with methane at
above 2573K and ambient pressure yields a mixture of Al and syngas with only
limited amounts of unwanted by-products (Al2O, AlH, and H). In a separate study,
the beneficial role of gaseous oxygen in the carbothermal reduction of Al2O3 with
methane was shown [149].

An experimental study demonstrated the production of AlN via carbothermal
reduction of Al2O3 with carbon and methane as reducing agents in an N2 flow under
direct concentrated irradiation [150].
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Figure 18.13 Equilibrium composition of the system Al2O3 þ 3C (a) at 1 bar and (b) at
10�6 bar.
Reprinted from [138], Copyright with permission from Springer.
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18.3.3.2 Zinc

The reduction of zinc oxide to zinc via the thermochemical, carbothermal, and elec-
trothermal routes has been studied extensively for the production of zinc as an
important commodity (annual production of 13.4 million tons in 2015 [151]), as
a potential future energy vector used in zinceair batteries and fuel cells, as well
as in the context of the H2O/CO2 splitting zinc oxide cycle (see Section 18.2.1)
[25,77,84 152e157]. The thermal dissociation of ZnO (Eq. 18.5) is thermodynam-
ically favored above 2235K [158]. Somewhat lower reduction temperatures can be
achieved if the product gases are diluted with inert gas to shift the reaction equilib-
rium to the right [64]. A major challenge in the thermal dissociation of ZnO is to
avoid the recombination of the gaseous products either by quenching or by high-
temperature gas separation [159,160].

The thermal reduction of ZnO was conducted in a solar-driven thermogravime-
ter to measure the thermal dissociation rate and study the chemical reaction kinetics
under heat and mass transfer conditions closely approximating those in a directly
irradiated solar reactor [161,162]. A directly irradiated rotating solar cavity
reactor for the thermal dissociation of ZnO was developed, modeled, and tested
at up to 100-kW solar power input (Fig. 18.3(a) and (b)) [77,90e92,163,164].
Other reactor concepts for the thermal reduction of ZnO can be found in
Refs. [84,85,156,165].

In the presence of carbon or CH4, ZnO can be completely reduced above approx-
imately 1200K [11,153]. The carbothermal reduction of zinc was conducted in solar
reactors at up to 300 kW [8,166e170]. A 300 kW pilot-scale two-cavity beam-
down solar reactor, shown schematically in Fig. 18.14, was tested at temperatures
of 1300e1500K, yielding up to 50 kg/h of 95% purity Zn with a solar-to-fuel effi-
ciency (Eq. 18.7) of 30% [169].

Other processes to extract Zn that have been explored include the thermochem-
ical reduction of willemite (Zn2SiO4), yielding Zn(g), O2, and SiO2(l) [171], the
combined ZnO reduction and biomass pyrolysis [2], and the “solar
clinkering” followed by the carbothermal reduction with biocharcoal of Waelz
oxide [172].

18.3.3.3 Extraction of metals from solid waste materials

High-temperature carbothermal conversion of solid waste materials using concen-
trated solar energy as the source of process heat is an efficient way to extract metals
from metal-rich feedstocks [173,174]. Two important sources of waste are electric
arc furnace dust (EAFD) and automobile shredder residue (ASR) [173]. Both types
of waste occur in millions of tons annually and contain large amounts of metals,
mostly in oxidized form. Their typical elemental compositions are listed in
Table 18.3. Solid carbon and methane are considered as reducing agents for
EAFD, while the carbon contained within the waste material is used as the reducing
agent for ASR [173].
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Figure 18.14 300-kW pilot-scale two-cavity beam-down solar reactor for the carbothermal
reduction of ZnO.
Reprinted from [169], Copyright with permission from the American Society of Mechanical
Engineers.

Table 18.3 Main metal elemental compositions of electric arc
furnace dust (EAFD) and automobile shredder residue
(ASR). Oxygen is complementary to 100%

Element EAFD (mass %) ASR (mass %)

Zn 37.8 2

Fe 13.5 14

Pb 10.1 0.8

Cu 0.23 2.5

Cd 0.09 0.02

Cr 0.12 0.18

Cl 4.8 1.6

S 0.6 0.4

Si 1.7 5

Alkaline earth elements 0e5 0e10

C <2 38

Reprinted with permission from [173]. Copyright American Chemical Society.
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Thermodynamic equilibrium calculations for the carbothermal reduction of EAFD
and ASR indicate that above 1300K the main metallic constituents (Zn(g), Fe, Pb for
EAFD; Zn(g), Fe, Pb, Cu for ASR) are present in elemental form, along with CO (and
H2), as well as SiO2 added as vitrification agent (Fig. 18.15). The theoretical minimum
process heat required to convert the feedstocks at 1500K (including heating from
ambient temperature) is in the range of 2500e4100 kJ/kg, depending on feedstock
and reducing agent used [173].
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Figure 18.15 Equilibrium compositions for carbothermal reduction of waste materials: (a)
EAFD, initial composition 3.46 mol ZnO, 0.91 mol ZnFe2O4, 0.12 mol Pb3O4, 7.56 mol C,
and 5.45 mol SiO2; (b) ASR, initial composition 29 mol C, 3 mol H2O, 1.66 mol SiO2,
1.18 mol Fe2O3, 0.39 mol CuO, 0.37 mol Al2O3, 0.31 mol ZnO, 0.05 mol Cl2, and 0.02 mol
Pb3O4 (Pb not shown in graph due to low concentration) [173].
Reprinted with permission from [173]. Copyright American Chemical Society.
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The conversion of EAFD was conducted in a beam-down solar reactor, shown in
Fig. 18.16. The reactor consists of a windowed inner cavity to absorb concentrated so-
lar radiation and reemit it into the outer rotary reaction chamber. The feedstock, 87%
EAFD and 13% activated charcoal, was either placed into the reactor as a batch of
100e200 g, or continuously fed with a screw feeder at a rate of 2e24 g/min. The
reactor was purged with a nitrogen flow of 8e25 Ln/min. Gaseous products were
continuously pumped out of the reactor via a water-cooled quench tube and a battery
of filters to condense and collect solid products. Experiments were conducted with
reactor temperatures in the range of 1140e1400K. More than 99% of Zn and Pd
initially in the EAFD were extracted in batch mode operation at 1400K; in continuous
mode, the corresponding values were 90% and 80% at 1250K. No ZnO was detected
when the O2 concentration in the outlet stream remained below 2% [174].
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Figure 18.16 10-kW two-cavity prototype solar reactor used for the carbothermal conversion of
EAFD.
Reprinted with permission from [174]. Copyright American Chemical Society.
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18.3.4 Metal carbide/nitride cycles

Metal carbides and nitrides formed in the carbothermal reduction of metal oxides
according to Eq. (18.28) can be used in the synthesis of chemicals. For example,
hydrolysis of CaC2 yields acetylene, hydrolysis of manganese and iron carbides
yields H2 and hydrocarbons, and hydrolysis of AlN yields ammonia [2,175,176].
Hence, metal carbides and nitrides can be used to design cyclic processes for the pro-
duction of commodity materials and fuels with concentrated solar energy as the source
of high-temperature process heat.

18.3.4.1 Ammonia

Conventional ammonia production via the HabereBosch process uses H2 obtained via
methane reforming. About 100 million metric tons of ammonia are produced per year,
using about 5% of the globally produced natural gas [14,177]. Thermodynamic and
thermogravimetric analyses have been conducted to study the production of ammonia
with concentrated solar energy via the two-step Al2O3/AlN thermochemical cycle
according to [178e180]:

Carbothermal reduction:

Al2O3 þ 3Cþ N2/ 2AlNþ 3CO; DH
�
298K ¼ 708:1 kJ=mol (18.29)

Ammonia production:

2AlNþ 3H2O/Al2O3 þ 2NH3; DH
�
298K ¼ �274:1 kJ=mol (18.30)

Results of thermodynamic equilibrium calculations for both process steps are
shown in Fig. 18.17 [178]. The first endothermic process step, Eq. (18.29), goes to
completion at about 2273K (Fig. 18.17(a)). In the second process step, Eq. (18.30),
oxidation of AlN is favored at all temperatures between 273 and 1773K
(Fig. 18.17(b)). In contrast, NH3 is thermodynamically unstable at temperatures above
273K. However, NH3 may exist in a metastable state in the absence of a catalyst [178].
These findings were confirmed with thermogravimetric experiments at 1 bar and in
absence of any catalyst. Carbothermal reduction was conducted at 1773e1973K
with activated carbon as the reducing agent and a flow of pure N2. Ammonia produc-
tion was conducted between 1173 and 1473K with steam concentrations of 20e80% in
argon. At 1973K, carbothermal reduction yielded reaction extents (percentage of
Al2O3 reacted) >80% after 30 min. Highest NH3 yield (number of NH3 moles in
the gas products relative to initial number of moles of AlN) of 88% was obtained at
1273K with 80% steam concentration, and with a reaction extent of AlN of 93%
[179]. Cycling experiments over four consecutive cycles showed trends of decreasing
particle size and increasing specific surface area, resulting in increasing reaction rate in
the first and increasing ammonia yield in the second process step [180].

An alternative process for NH3 production was proposed with CrN instead of AlN
[177]. Cr2O3 is reduced to Cr with both CO and H2 as reducing agents. Nitridation of
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Cr2O3 to CrN occurs at 773e1273K without reducing agent, followed by hydrolysis of
Cr2N in the same temperature range to produce NH3. Experimentally determined NH3

yield (relative to the N in the nitride) in the hydrolysis step was below 1 mol% [177].
Another proposed process is based on molybdenum nitride [181]. Thermodynamic and
electronic structure analyses of metal reactants for ammonia production can be found
in Refs. [14] and [182], respectively.
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Figure 18.17 Equilibrium compositions for the systems Al2O3 þ 3C þ N2 (a) and
2AlN þ 3H2O (b).
Reprinted with permission from [178]. Copyright American Chemical Society.
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18.3.5 Ablation

Ablation of solid materials with pulsed lasers can be used to fabricate high-purity
nanomaterials suitable for a wide range of potential applications, for example, in nano-
composite materials, as surface coatings, and for medical diagnostics and targeted drug
delivery [183]. Pulsed lasers can deliver light pulses at heat fluxes in the order of about
106 MW/m2 and can be used to reach a local plasma near the surface of the ablated
material, which enhances the ablation process [184,185]. Heat fluxes theoretically
attainable by concentrating solar radiation in air or vacuum are limited to about
46 MW/m2. Nevertheless, ablation with concentrated solar radiation has been success-
fully applied to produce different nanostructures.

18.3.5.1 Carbon nanostructures

Carbon fullerenes (C60 and C70) can be formed by condensation of carbon vapor. Ful-
lerenes were first produced by vaporizing solid graphite disk samples in a high-density
helium flow via laser ablation [186] and later by evaporating graphite electrodes via
electric arc discharge into helium at subatmospheric pressure [187,188]. However,
scale-up of these processes has proven difficult [2,189].

Fullerenes synthesis via ablation of a graphite sample with high-flux solar radiation in
a solar furnace was first demonstrated in 1993 [190,191] and has since been upscaled to a
50-kW solar reactor, producing gram quantities of fullerenes [189,192,193]. A sche-
matic of the solar reactor is shown in Fig. 18.18. It comprises a metallic tube (40-cm
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Figure 18.18 50-kW solar reactor for the production of carbon fullerenes.
Reprinted from [189], Copyright with permission from Elsevier.
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long, 13-cm i.d.) closed at the front by a quartz dome. The sample is a 10e15-cm long,
6-cm o.d. graphite rod, surrounded by a protective insulated graphite tube. The front end
of the carbon rod is vaporized by direct exposure to concentrated solar radiation with a
radiative flux of about 8 MW/m2. Evaporated carbon is entrained by the buffer gas (he-
lium) flow and cooled in a dark water-cooled zone behind the rod to form fullerenes. The
process was operated at 0.13e0.5 bar total pressure. Condensed carbon samples were
collected from the reactor, the heat exchanger, and the filter. The carbon vaporization
rate was 21 g/h, with a mean fullerenes yield of 13.5%. The same reactor setup was
also used to produce single-walled carbon nanotubes [194].

18.3.5.2 Inorganic nanostructures

Ablation with high-flux solar radiation has also been used to produce inorganic single-
and multi-walled fullerene-like nanostructures and nanotubes, as well as nanospheres,
nanofibers, nanowires, and graphene-like nanosheets [12,195e198]. Inorganic mate-
rials studied include Cs2O, Si, SiO2-x, SiC, MoS2, MoSe2, WS2, and WSe2
[197e199]. Initial on-sun experiments with Cs2O crystallites were conducted in an
evacuated quartz ampoule, directly exposed to a radiative flux of 2.5e9.8 MW/m2

delivered by an optical fiber connected to a solar mini-dish concentrator, shown in
Fig. 18.19 (see also Section 18.3.6). TEM images confirmed the presence of nested
closed-cage fullerene-like structures with a diameter of about 20e40 nm [195].
Following these initial experiments, solar production of single- and multi-walled
MoS2 nanotubes and closed-cage structures, and amorphous SiO2 and crystalline Si
nanostructures was demonstrated with the same experimental setup (Fig. 18.19).
TEM images of the resulting nanostructures are shown in Fig. 18.20 [12].
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Figure 18.19 Experimental setup used to produce MoS2, SiO2, and Si nanostructures: (a) solar
dish concentrator connected with an optical fiber to the evacuated quartz ampoule; quartz
ampoule containing MoS2 before (b) and during (c) a solar experiment.
Reproduced from [12], with permission from The Royal Society of Chemistry.
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18.3.6 Surgery

An optical system, shown in Fig. 18.21, to bundle and transport concentrated solar
radiation was designed to provide high-flux solar radiation for solar surgery
[200e203]. It uses a 200-mm diameter mini-dish solar concentrator. Concentrated ra-
diation is coupled into a 20-m long 1 mm diameter fused silica optical fiber via a flat
beam-down mirror. The system delivers a radiative heat flux of 11e12 MW/m2 at the
distal tip of the fiber. Another optical fiber-based solar energy transmission system was
designed, consisting of a bundle of 19 silica optical fibers coupled to a two-stage
concentrating system, capable of transmitting up to 60 W of radiative power with an
efficiency of 60% [204].
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Figure 18.20 TEM images, showing nanofibers (a), nanowires (b), nanospheres (c), and single-
and multi-walled closed-cage and tubular nanostructures (d) produced via high-flux ablation
with concentrated solar radiation.
Reproduced from [12], with permission from The Royal Society of Chemistry.
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18.4 Other thermal processes

In 2013, about 28% of the global final energy consumption was used by the transport
sector, while about 29% was used by the industry sector (most energy-intensive in-
dustrial sectors: iron and steel, chemical and petrochemical, non-metallic minerals,
food, and tobacco), and the remaining 43% were used by other energy and non-
energy-related sectors, including the residential sector (23%) [205]. In particular,
the industrial and residential sectors include a vast number of low- to medium-
temperature process heat applications where solar thermal energy could be used. In
order to serve as a generic source of process heat that can be used on demand, solar
thermal energy needs to be transferred between collector and application with a heat
transfer fluid and stored for periods of low or no solar energy collection and/or high
process heat demand.

Table 18.4 provides an overview of solar collector technologies for solar process
heat generation, including their typical solar concentration ratios and operating

Figure 18.21 Optical system for the transmission of high-flux concentrated solar radiation.
Reprinted from [200], Copyright with permission from Elsevier.
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temperature ranges. Stationary and one-axis tracking solar collectors typically use air,
water, water/ethylene glycol solutions, thermo-oils, or a refrigerant as the heat transfer
medium [13]. Two-axis tracking systems can operate at higher temperatures and typi-
cally use molten nitrate salts, water/steam, liquid sodium, or pressurized air as the heat
transfer fluid. Low-cost heat transfer fluids such as water or molten salt can be directly
stored in an insulated thermal storage tank. Alternatively, inexpensive storage media,
such as pebble stones, concrete, phase-change materials (e.g., KNO3eNaNO3 mix-
tures), or reversible chemical reactions can be used [3,13,208,209].

Table 18.5 gives an overview of typical low- to medium-temperature industrial pro-
cess heat applications along with their temperature requirements. Other applications
not listed in Table 18.5 include refrigeration, sea water desalination, extraction oper-
ations in metallurgical and chemical processing, evaporation, distillation, dehydration,
hydrolyzing, polymerization, cleaning, and more [210,211]. In addition, low- to
medium-temperature heat can be used for industrial and domestic water heating and
space heating and cooling. The required temperatures for these applications range
from 60 to 260�C and hence are best met with low-concentration solar systems,
such as flat-plate collectors with stationary (compound parabolic) concentrators, or
one-axis tracking systems, such as parabolic trough and linear Fresnel concentrators.

In addition, there exists a range of potential high-temperature applications for solar
process heat. For example in Australia, currently large amounts of natural gas are used
to generate process heat at temperatures >800�C for the metal processing industry,
basic chemicals and ammonia industries, and non-metallic minerals and cement indus-
tries [207]. These sectors offer additional large opportunities for the substitution of
high-temperature solar process heat generated with two-axis tracking solar collectors.

Table 18.4 Overview of stationary and one- and two-axis sun-
tracking solar collectors suitable for process heat generation

Tracking Collector type
Concentration
ratio

Operating
temperature (8C)

None Flat-plate collector 1 30e80

Evacuated tube collector 1 50e200

Compound parabolic
collector

1e5 60e240

One-axis Linear Fresnel collector 10e40 60e450

Parabolic trough
collector

10e50 60e450

Two-axis Solar tower collector 100e1500 100e2000

Solar dish collector 100e2000 100e2000

Adapted from [206] with modifications based on [207], Copyright with permission from Elsevier.
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Table 18.5 Low- to medium-temperature applications of
industrial process heat

Industry Process Temperature (8C)

Dairy Pressurization 60e80

Sterilization 100e120

Drying 120e180

Concentration 60e80

Boiler feed water 60e90

Tinned food Sterilization 110e120

Pasteurization 60e80

Cooking 60e90

Bleaching 60e90

Textile Bleaching, dyeing 60e90

Drying, degreasing 100e130

Fixing 160e180

Pressing 80e100

Paper Cooking, drying 60e80

Boiler feed water 60e90

Bleaching 130e150

Chemical Soaps 200e260

Synthetic rubber 150e200

Processing heat 120e180

Preheating water 60e90

Meat Washing, sterilization 60e90

Cooking 90e100

Beverages Washing, sterilization 60e80

Pasteurization 60e70

Flours and by-products Sterilization 60e80

Timber by-products Thermodiffusion 80e100

Drying 60e100

Preheating water 60e90

Preparation pulp 120e170

Bricks and blocks Curing 60e140
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18.5 Other solar processes

Other technologies and applications of concentrated solar radiation, including alterna-
tive solar electricity technologies, such as concentrated PV [212] or solar thermoelec-
trics [213], PV/thermal hybrid solar technologies [214], solar thermal seawater
desalination [215], photochemical and photocatalytic water treatment [216,217], solar
cooking [218], solar daylighting [219], solar-pumped laser [220], as well as new
emerging solar technologies, such as photo-electrochemical H2O splitting and CO2

conversion [221], are beyond the scope of this chapter. The reader is referred to the
literature cited above and references cited therein.

18.6 Conclusions and future trends

Solar energy is by far the most abundant source of renewable energy and, as such, will
naturally play a major role in the future global energy system. Rapidly decreasing costs
of PV as well as concentrated solar thermal electricity have resulted in a rapid expan-
sion of solar electric power generation. As a result, to date, solar energy has been
mainly associated with electricity production. However, the majority of today’s energy
supplies come in the form of hydrocarbon fuels rather than electricity. Major energy-
intensive sectors and applications include transportation, metal and steel production,
cement production, and ammonia production. Concentrated solar energy is a vast
butduntil todaydlargely untapped source of highly exergetic energy, capable of
providing the required energy input to a broad range of energy-intensive sectors and
applications.

This chapter has provided an overview of applications of concentrated solar radia-
tion as a source of high-temperature process heat besides electricity generation. The
pertinent scientific literature has been reviewed, with a focus on advances in solar pro-
cess technology research and development. Technologies and applications have been

Table 18.5 Continued

Industry Process Temperature (8C)

Plastics Preparation 120e140

Distillation 140e150

Separation 200e220

Extension 140e160

Drying 180e200

Blending 120e140

Adapted from [206], Copyright with permission from Elsevier.
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divided broadly into three main groups, H2/CO production, material processing and
chemical commodity production, and other thermal processes.

Several processes have been described for the production of syngas (H2 and CO)
as a universal feedstock for the production of synthetic fuels. Concentrated solar
energy can be used to produce syngas either via solar upgrading of carbonaceous
feedstocks, such as coal, petcoke, methane, and biomass, or via thermochemical,
electro-thermochemical, or carbothermal processes that split H2O and CO2. While
processes involving fossil feedstocks are not CO2-neutral, they do significantly
reduce the CO2 emissions involved with the use of fossil fuels and provide a viable
transition path from today’s fossil fuels to tomorrow’s CO2-neutral solar fuels pro-
duced from CO2 and H2O or other sustainable feedstocks. Two-step thermochemical
cycles to split H2O and CO2 have been studied intensively in the literature as a long-
term technology to produce CO2-neutral synthetic fuels, due to their relative
simplicity and their ability to reduce the temperatures required to dissociate H2O
and CO2 compared to their direct thermolysis. Non-volatile metal oxides, including
ferrites, ceria, and different perovskites, appear as promising oxygen exchange ma-
terials due to their ability to release oxygen and split H2O/CO2 without changing
their solid phase, which simplifies the separation of the gaseous products. In addition,
the electro-thermochemical hybrid sulfur cycle appears to be a promising technology
to split H2O, due to its strongly reduced electric energy demand compared to pure
water electrolysis.

Concentrated solar energy can further be used in the production of a broad range of
commodity materials. Calcination of limestone, the main energy-intensive process in
the production of lime (quicklime) and cement, was demonstrated in a 10-kW solar-
driven rotary kiln reactor with solar energy conversion efficiencies of up to 35%.
The calcination/carbonation cycle with CaCO3/CaO has further been shown to offer
a method to remove CO2 from flue gases or ambient air and to store solar energy
thermochemically. Coproduction of CO and aluminum via the solar carbothermal
reduction of aluminum oxide has been discussed as a cleaner alternative to the
energy-intensive electrochemical route via the HalleHéroult process. Other elements
that can be produced via the solar carbothermal route include zinc, magnesium, and
silicon, as well as hazardous elements, such as lead, chlorine, and cadmium extracted
from waste materials. Solar carbothermal reduction of metal oxides can also be con-
ducted to produce metal carbides and nitrides. These products can either be used as
high-performance materials or as intermediates to produce fuels and commodity
materials. For example, AlN has been used in a solar carbothermal two-step Al2O3/
AlN cycle to produce ammonia from molecular nitrogen and water. Further, concen-
trated solar radiation can also be used as a source of high-flux radiation for processes
requiring extreme heat fluxes, such as cutting, ablation, and heat treatment. Finally, there
is a large potential to integrate solar process heat into low- to medium-temperature
industrial processes across a range of industrial sectors, and for domestic water and
space heating and cooling.

The research results to date demonstrate the usefulness of concentrated solar radi-
ation as a universal, high-quality heat source, capable of providing virtually unlimited
renewable energy for the production of clean electricity as well as fuels and materials.
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air-cooled heat exchanger and cooling
tower sizing, 184e191

cooling technologies for CST power plants,
180e183

Dry cooling towers, 182e183
direct dry cooling tower, 183f
indirect dry cooling tower, 183f

DSCCs. See Decoupled solar combined
cycles (DSCCs)

DSG. See Direct steam generation (DSG)

E
EAFD. See Electric arc furnace dust (EAFD)
Easy-to-clean effect, 32
ECMWF. See European Centre for Medium-

Range Weather Forecasts (ECMWF)
EHT. See Electrical heat tracing (EHT)
Electric arc furnace dust (EAFD), 430, 434t

Electric PowerResearch Institute (EPRI), 195
Electrical heat tracing (EHT), 89
Electricity market, 296
Electro-thermochemical cycles, 417e419
Electrolysis of water, 418
Electrolytic HalleHéroult process, 430
Encapsulated phase change material latent

heat storage (EPCM-LHS), 227,
232e235, 233f

heat transfer comparison between
TPCM-LHS and, 235e236

spherical phase change material capsules
for, 235f

transient evolution of HTF temperature and
PCM, 234f

Energy analysis for TCES systems,
248e250

Energy storage, 340
Enhanced oil recovery (EOR), 21
EOR. See Enhanced oil recovery (EOR)
EPCM-LHS. See Encapsulated phase

change material latent heat storage
(EPCM-LHS)

EPRI. See Electric Power Research Institute
(EPRI)

ESTELA. See European Solar Thermal
Electricity Association (ESTELA)

Etendue, 47, 48f
conservation, 50, 50f

European Centre for Medium-Range
Weather Forecasts (ECMWF),
297e298

European Solar Thermal Electricity
Association (ESTELA), 22, 31

Evaporated carbon, 439e440
Evaporation/condensation processes,

148
Exergetic efficiency, 224e227
Exergy, 247
analysis for TCES systems, 248e250, 248f,

250f
Extractive processes and recycling,

430e436
aluminum, 431e432
equilibrium compositions for carbothermal

reduction of waste materials, 435f
metals extraction from solid waste

materials, 433e436
zinc, 433
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Extractive processes and recycling
(Continued)

300-kW pilot-scale two-cavity beam-down
solar reactor, 434f

10-kW two-cavity prototype solar reactor,
436f

F
Finned tubes, 228
Fire hazards, 76
FischereTropsch process,

403e405
Fluidized particle

flow-through tubes, 117
receivers, 115e116

Fluids, 76
Flux distribution optimization in solar tower

plants, 322e333
CESA-1 tower plant, 324fe325f
mathematical modeling, 325e327
optimization problem, 327e328
simulation results, 328e333, 329fe331f,

333t
on solar receivers, 323

Forecast Systems Laboratory (FSL),
297e298

Forecasting. See also Advanced control
strategies

CST power plants forecasting, 305e306
demand and energy production, 295f
DNI, 305e306
solar, 294
radiation, 296t, 305

techniques, 295e304
image-derived solar radiation, 299e303,
299f

NWPMs, 297e299, 298t
statistical forecasting, 303e304

tools, 293
Fossil fuels, 403
Fractal-like geometries, 121e122
Free-falling particle receivers, 109e112,

110f
air curtain modeling for particle receivers,

111f
FSL. See Forecast Systems Laboratory

(FSL)
Fuel production, 408
Fullerene synthesis, 439e440

G
Gas Brayton cycles, 158e167. See also

Steam Rankine cycles (SRC)
air Brayton cycle, 160, 160f
helium Brayton cycle, 160e161
supercritical carbon dioxide Brayton cycles,

161e167
Gas turbine, 365e366
systems, 353, 355

Gas-cooled solar collectors project, 95
Gas-cooled solar tower project (GAST

project), 355e356
Gasification, 420e423
GAST project. See Gas-cooled solar tower

project (GAST project)
Gatton cooling tower, 210f
Gemasolar heliostat field, 7f
Gemasolar plant, 340, 341f
Geostationary orbit, 300
Getters, 67
GFS. See Global Forecast System (GFS)
GHI. See Global horizontal irradiance (GHI)
Gigatonnes (Gt), 16
Glass composition, 61
Glass cover, 60e63
ARC, 61e63
glass composition, 61

Glass to metal seal, 66e67
Global Forecast System (GFS), 297e298
Global horizontal irradiance (GHI), 297
Global warming potential (GWP), 170
Goswami cycle, 157, 173e175, 174f
Grashof number (Gr), 130
Gravity-driven particle flow-through

enclosures, 116e117, 116f
Greenhouse gas emissions, 403
GWP. See Global warming potential (GWP)

H
H/C ratio. See Hydrogen to carbon ratio

(H/C ratio)
H2/CO production, 403e423
conversion and upgrade of carbonaceous

feedstocks, 420e423
hybrid processes, 417e420
thermochemical H2O/CO2 splitting,

406e417
HabereBosch process, 263, 403e405
HCE. See Heat collector elements (HCE)
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Heat collector elements (HCE), 24, 60e61
Heat exchangers (HXs), 87, 275e276
Heat loss coefficient, 130
Heat pipes (HPs), 227
Heat thermal fluid. See Heat transfer fluid

(HTF)
Heat tracing system, 89, 90f
Heat transfer coefficient, 137e138, 137f
Heat transfer fluid (HTF), 45, 60, 121e122,

129, 140, 146, 157, 216, 276,
339e342, 341f

innovative power conversion cycles with
liquid metals, 147e151

molten salts, 342e343
in parabolic trough collectors, 93e94

pressurized gases, 100e101
technology, 75

Heat transfer media (HTMs), 384
Heliostats, 16, 48
field, 13fe14f, 14

Helium Brayton cycles, 167
High conversion efficiency system,

353e354
High thermal conductivity liquid metals, 129
High-performance receiver designs,

117e122. See also Particle receivers
air curtains, 122
light-trapping receiver designs, 120e122

High-pressure stage (HP stage), 279e280
High-reflective mirror materials, 34e36, 35f
High-temperature
containment stability, 257
mirrors for secondary concentrators,

36e39, 37fe38f
receivers, 385

High-temperature LHS for CST systems,
213e214

challenges for CST LHS systems, 216e227
charge/discharge characteristics,
222e224

corrosion and containment compatibility,
220e221

CST power plant integrated with LHS,
217f

exergetic efficiency, 224e227
LHS sizing for CST power plant,
221e222

PCM selection, 218e220
LHS, 214e215, 227e242

EPCM-LHS, 232e235
heat transfer comparison between
TPCM-LHS and EPCM-LHS,
235e236

large-scale demonstrations,
241e242

LHS CST power plant system
integration, 236e237

TPCM-LHS, 227e232
High-temperature recovery (HTR),

164e165
High-temperature recuperators (HTR), 216
Hitec XL, 94
Hot gas, 353
Housekeeper method, 67
HP stage. See High-pressure stage (HP

stage)
HP/thermosyphons, 228e230
different arrangements, 230f
heat storage with embedded heat pipes,

229f
large-scale gravity-assisted HP embedded

LHS, 231f
HPs. See Heat pipes (HPs)
HTF. See Heat transfer fluid (HTF)
HTMs. See Heat transfer media (HTMs)
HTR. See High-temperature recovery

(HTR); High-temperature
recuperators (HTR)

100 kW industrial microturbine system, 356
HXs. See Heat exchangers (HXs)
Hybrid processes
carbothermal cycles, 419e420
electro-thermochemical cycles,

417e419
high-temperature electrolysis, 417

Hydrogen (H2), 68, 263
getters, 67
hydrogen-permeable membranes, 67

Hydrogen to carbon ratio (H/C ratio),
420e421

Hydrolysis, 431
Hydrothermal processing, 21
HYGATE project, 363e365, 377e378

I
IAM. See Incidence-angle modifiers (IAM)
IEA. See International Energy Agency (IEA)
IHP. See Industrial heat processes (IHP)
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Image-derived solar radiation, 299e303,
299f

cloud mapping using sky cameras,
301e302

cloud motion vectors determination, 303
satellite-derived cloud index, 300e301,

300f, 301t, 302f
Impedance heating, 89
Incidence angle, 326
Incidence-angle modifiers (IAM), 346, 346f
Indirect heating, 357
Indirect particle heating receivers. See also

Direct particle heating receivers
fluidized particle flow-through tubes, 117
gravity-driven particle flow-through

enclosures, 116e117, 116f
Indirect receivers for sCO2, 391
Indirect steam generation, 385e388
Industrial heat processes (IHP), 86e87
Industrial processing heat, 18e21
Infrared (IR), 64
Inlet air precooling

with nozzle spray, 198e200
registered droplet trajectories, 200f
3D model of spray cooling, 199f

with wet media, 196e197, 197f
performance of NDDCT, 198f

Innovative power conversion cycles
with liquid metals, 147e151
performance of CRS, 149t

Innovative working fluids
alternative working fluids vs. thermal oils,

77t
compressed gases, 94e101
DSG, 77e87
molten salts, 87e94

Inorganic nanostructures, 440
Institute for Solar Energy Systems (ISE), 39
Integrated Solar Combined Cycle System

(ISCCS), 357
Intercooled cycles, 363e365
Intercooled solar gas turbine cycles, 364f
Intergranular stress corrosion cracking

(ISSC), 69e70
International Energy Agency (IEA), 20,

30e31, 75
CRS-SSPS project, 140e144

IR. See Infrared (IR)
Iron-based stainless steels, 220

ISCCS. See Integrated Solar Combined
Cycle System (ISCCS)

ISE. See Institute for Solar Energy Systems
(ISE)

ISSC. See Intergranular stress corrosion
cracking (ISSC)

K
Kalina cycle, 157, 172e173, 172f
Kalina cycle system 1 (KCS 1), 172
Karlsruhe Institute of Technology (KIT),

136
Kilowatt-hour (kWh), 23

L
LangmuireHinshelwood type of kinetic

rate, 421
Latent heat, 272
Latent heat storage (LHS), 213e215,

273
CST power plant system integration,

236e237
energy stored in, 215f
TES based on, 281e282
TES systems combining sensible and latent

heat storage, 282e286
double screw heat exchanger, 286f
DSG solar plant layout with three-part
storage, 284f

practical operating point diagram for
DSG solar plant, 285f

temperatureeentropy diagram, 285f
three-part TES system for DSG solar
plants, 283f

LBE metals. See Leadebismuth eutectic
metals (LBE metals)

LCOE. See Levelized cost of electricity
(LCOE)

Le Cha

ˇ

telier’s principle, 247, 250e251
and TCES, 260e265
carbonation, 263
metal hydrides, 264e265
metal oxides, 260e261
nonmetal oxides, 261e262
synthesis reactions, 263e264

Leadebismuth eutectic metals (LBE
metals), 133e135, 388

Levelized cost of electricity (LCOE), 60,
213, 286, 353
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Levelized cost of energy. See Levelized cost
of electricity (LCOE)

LFR systems. See Linear Fresnel reflector
systems (LFR systems)

LHS. See Latent heat storage (LHS)
Light-trapping receiver designs
bladed geometries, 121, 122f
fractal-like geometries, 121e122
spiky receiver, 120
surface features, 120, 120f

Lime (CaO), 427
Limestone (CaCO3), 427
CaCO3/CaO cycle, 428e430
calcination, 405, 427e428

Line focus solar concentrators, 9e11.
See also Point-focus solar
concentrators

linear Fresnel, 11, 12f
concentrator, 10f

parabolic trough, 10e11, 11f
concentrator, 10f

Linear Fresnel concentrator, 10f
Linear Fresnel reflector systems (LFR

systems), 11, 12f, 16, 25, 45, 339.
See also Solar energy generating
systems (SEGS)

advanced LFR and molten salts, 344,
345t

advanced LFR concentrators
conventional LFR, 48e49, 49f
“Etendue” conservation, 50, 50f
toward maximal concentration, 50e54,
51fe52f

CAP, 47e48
concentration, 46e47
energy delivery, per meter of tube length,

347t
Etendue, 47, 48f
higher temperatures, 342e343
HTF, 339e342, 341f
low energy cost, 45e46
one recipe for low-cost energy delivery, 48
solar field, 350f
yearly performance, 344e348
yearly results, energy and final conversion

efficiency, 349t
Linear rate law, 221
Liquid Metal Magneto-Hydro-Dynamic

power conversion systems

(LMMHD power conversion
systems), 149e150, 151f

Liquid metals, 129, 134f, 388, 391
in CRS
CRS-SSPS project of IEA, 140e144
early experimental solar tower facilities,
140t

experience, 139e140
in solar receivers, 145e146, 146fe147f

innovative power conversion cycles as heat
transfer fluid, 147e151

Liquid sodium, 138, 138f
receiver, 140, 141f

Liquid water stratification, 84
Liquid-water/steam, 76
LMMHD power conversion systems.

See Liquid Metal Magneto-Hydro-
Dynamic power conversion systems
(LMMHD power conversion
systems)

Long-term forecasting, 293
Low energy cost, 45e46
Low partial pressure inert gases, 68
Low-cost mirrors based on stainless steel, 40
Low-temperature recuperators (LTR), 216

M
MA strategy. See Multiaiming strategy

(MA strategy)
Manganese-doped lanthanum aluminates,

407e409
Mass flow rate, 138
Material processing, 21e22, 427e441
ablation, 439e440
CaCO3/CaO cycle, 428e430
calcination of CaCO3, 427e428
extractive processes and recycling,

430e436
metal carbide/nitride cycles, 437e438
surgery, 441
10-kW prototype solar rotary kiln, 428,

428f
Mechanical draft cooling tower, 188e189
MEE. See Multieffect evaporation (MEE)
Melting
process, 88e89
temperature, 133e135

Metal(s)
ammonia, 437e438
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Metal(s) (Continued)
carbide/nitride cycles, 437e438
carbides, 405
extraction from solid waste materials,

433e436
foams, 231e232
hydrides, 264e265
metallic tubular receivers, 369e375
nitrides, 405
oxides, 260e261, 431
reduction, 22

structures, 231
Methanation, reforming, 421
Methane cracking hydrogasification, 421
Methane reforming, 22
MEXSOL prototype, 40, 40f
Microturbines, 361
Mirror concepts for CST systems

advanced mirror concepts, 41t
anti-soiling coatings, 31e34, 32f
high-reflective mirror materials, 34e36,

35f
high-temperature mirrors, 36e39,

37fe38f
low-cost mirrors based on stainless steel, 40

ML coating. See Multilayer coating (ML
coating)

Model output statistics (MOS), 303
Model predictive control (MPC), 312
Molten salts, 60, 79e80, 87e94, 135, 139f,

148e149, 341, 344
as heat transfer fluid in parabolic trough

collectors, 93e94
as HTF and thermal energy storage

medium, 342e343
STE plant, 88f
thermo-hydraulic aspects, 91

Moody’s friction factor, 81e82
MOS. See Model output statistics (MOS)
MPC. See Model predictive control (MPC)
MSF. See Multistage flash (MSF)
Multi-University Research Initiative

(MURI), 22
Multiaiming strategy (MA strategy), 328
Multieffect evaporation (MEE), 20e21
Multilayer coating (ML coating), 33
Multistage flash (MSF), 20e21
MURI. See Multi-University Research

Initiative (MURI)

N
National Center for Atmospheric Research

(NCAR), 297e298
National Center for Environmental

Prediction (NCEP), 297e298
National Renewable Energy Center, Spain

(CENER), 395
National Renewable Energy Laboratory

(NREL), 236e237
Natural draft cooling tower,

189e191
Natural draft dry cooling tower (NDDCT),

189
NCAR. See National Center for

Atmospheric Research (NCAR)
NCEP. See National Center for

Environmental Prediction (NCEP)
NDDCT. See Natural draft dry cooling

tower (NDDCT)
New generation of solid particle
function and objective of receiver,

107
high-performance receiver designs,

117e122
next-generation receivers, 108
particle receivers, 108e117
technical challenges and requirements,

107e108
NIO. See Nonimaging optics (NIO)
Nitridation, 437e438
Nitrides, 431
Nitrogen (N2), 263
Nonimaging concentrators, 8
Nonimaging optics (NIO),

46e47
Nonmetal oxides, 261e262
Nowcasting, 296e297. See also Forecasting
Nozzle spray
Inlet air precooling with,

198e200
3D model of spray cooling, 199f
registered droplet trajectories, 200f

NREL. See National Renewable Energy
Laboratory (NREL)

Numerical weather prediction models
(NWPMs), 295e299, 295f

Nusselt number, 136
NWPMs. See Numerical weather prediction

models (NWPMs)

470 Index



O
O&M. See Operation and maintenance

(O&M)
O/C ratio. See Oxygen to carbon ratio

(O/C ratio)
Obstructed particle receivers, 112e114
images of particle flow over staggered

array, 112f
moving packed bed particle reactor, 113f

ODP. See Ozone depletion potential (ODP)
Oil ullage system, 75e76
OMSOP project, 356
Once-through solar field configuration, 87
Open-cycle Brayton systems. See also

Closed Brayton cycle systems
combined Brayton and Rankine cycle,

364f
combined cycle, 362
intercooled cycles, 363e365
intercooled solar gas turbine cycles, 364f
recuperated cycles, 361e362
simple cycle, 361
solar gas turbine cycles, 362f
standard Mercury-50 gas turbine, 363f

Operation and maintenance (O&M), 30, 45
costs, 60, 76

Optimization of flux distribution in solar
tower plants, 322e333

ORC. See Organic Rankine cycle (ORC)
Organic fluids, 169, 169f
Organic Rankine cycle (ORC), 157,

169e170, 362, 395
Oxidation, 64
Oxygen gas (O2), 261
Oxygen to carbon ratio (O/C ratio),

420e421
Ozone depletion potential (ODP), 170

P
Packed-bed solar reactor, 429e430
to capturing CO2 via process, 429f

Parabolic dish, 12e13, 13f
Parabolic rate law, 221
Parabolic trough (PT), 10e11, 11f, 339
concentrator, 10f, 46f
solar plant, 311e312
technology, 47, 60

Parabolic trough collectors (PTCs), 75
collector row, 86f

DSG in, 85e87
heat transfer fluid, 93e94

Parallel connection, 366e367
Partial cooling cycle, 166e167, 166f
Partial differential equations (PDE), 313
Particle receivers, 108e117, 133. See also

High-performance receiver designs
direct particle heating receivers, 109e116
falling particle receiver system, 109f
indirect particle heating receivers,

116e117
technologies, 117, 118te119t

Particles, 231
sintering, 254e255

PB. See Power block (PB)
PCM. See Phase-change materials (PCM)
PCS. See Power conversion system (PCS)
PDE. See Partial differential equations

(PDE)
PEGASE
project, 373
receiver, 373f

Phase-change materials (PCM), 79e80, 213,
272e273, 275, 281f

selection, 218e220
Phase-change process, 79e80
Photovoltaics (PV), 294
applications, 33
cells, 417
glass covers, 62e63
plants, 79e80

Plant layout, 347, 347f
Plataforma Solar de Almería (PSA), 33e34,

78, 96f, 311, 356
PML. See Profiled multilayer tube (PML)
PMMA. See Polymethylmethacrylate

(PMMA)
Point-focus solar concentrators, 11e14.

See also Line focus solar
concentrators

heliostat field, 13fe14f, 14
parabolic dish, 12e13, 13f
concentrators, 12f

systems, 358e359
Polymethylmethacrylate (PMMA), 33
Power block (PB), 224e225
Power conversion system (PCS), 75,

311e312
Power cycles, 157, 160e161, 383, 391
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Power plant, 256e260
corrosion, 256e257
difficulties matching optimal rate of

reaction, 257e259
high-temperature containment stability, 257
lack of operational systems, 259e260
technology, 353

Prandtl number (Pr), 130
Pressurized gases, 94e95

as heat transfer fluids in parabolic trough
collectors, 100e101

Pressurized volumetric receiver (PVR), 374,
374f

Processing, solar radiation, 403
applications of concentrated solar thermal

energy, 404f
electricity production, 403e405
H2/CO production, 405e423
material processing and chemical

commodity production, 427e441
technologies and applications, 445
thermal processes, 442e443
low-to medium-temperature
applications, 444te445t

stationary and one-axis tracking solar
collectors, 443t

Profiled multilayer tube (PML), 373
PSA. See Plataforma Solar de Almería

(PSA)
PT. See Parabolic trough (PT)
PTCs. See Parabolic trough collectors

(PTCs)
Pulsed lasers, 439
Pumping power, 91, 92t
PV. See Photovoltaics (PV)
PVR. See Pressurized volumetric receiver

(PVR)

Q
Queensland Geothermal Energy Center of

Excellence (QGECE), 191

R
R&D program. See Research and

development program (R&D
program)

Rankine cycle, 15, 340
efficiency, 15t

Rayleigh number, 222e223

Re-evacuable pipes, 68, 69f
Reactor developments, 412
Receivers
reactor, 113e114, 113f
for SHGT systems, 369e375
metallic tubular receivers, 369e375
PEGASE receiver, 373f
pressurized volumetric receiver,
375f

SOLGATE LT-Module, 370f
SOLHYCO receiver setup, 371f
SOLUGAS receiver, 372f
transparent window, 372f

Recuperated cycles, 361e362
Recuperator, 361
Reflectors, 30
Reforming, 423
Refractive indices, 6e7
Renewable energy, 213
Research and development program (R&D

program), 78, 356
Residence time, 111
Return of investment (ROI), 25, 311
Reynolds number (Re), 130
of liquid heat transfer fluids, 137f

ROI. See Return of investment (ROI)
Rotating kiln receivers, 114, 114f
Ruths accumulators, 278, 278f

S
Salt crystallization, 88e89
SAM. See Solar Advisor Model (SAM)
Satellite-derived cloud index, 300e301,

300f, 301t, 302f
Saturated steam, 83e84
SC effect. See Self-cleaning effect (SC

effect)
SCHOTTSOLAR receiver, 346
SCRAP design. See Spiky central receiver

air preheater design (SCRAP design)
Screw heat exchanger (SHX), 286
Second law of thermodynamics, 8
SEGS. See Solar energy generating systems

(SEGS)
Selective absorber, 64e65
Self-cleaning effect (SC effect), 32
Sensible heat, 272
Sensible heat storage (SHS), 213, 273
energy storage, 215f
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TES, 278e281
steam accumulators, 278
three-tank molten STES systems,
280e281

two-tank molten STES systems,
279e280

TES systems combining sensible and latent
heat storage, 282e286

double screw heat exchanger, 286f
DSG solar plant layout with three-part
storage, 284f

practical operating point diagram for
DSG solar plant, 285f

temperatureeentropy diagram, 285f
three-part TES system for DSG solar
plants, 283f

Sensible thermal energy storage (STES
systems), 274

three-tank molten STES systems, 280e281
two-tank molten STES systems, 279e280

SERI. See Solar Energy Research Institute
(SERI)

Serial connection, 366
SF. See Solar field (SF)
SFERA. See Solar Facilities for European

Research Area (SFERA)
SHC. See Solar heating cooling (SHC)
SHCC. See Solar hybrid combined cycle

(SHCC)
SHGT. See Solar-hybrid gas-turbine system

(SHGT)
Shot peening, 220
SHS. See Sensible heat storage (SHS)
SHX. See Screw heat exchanger (SHX)
Side reactions, 255e256
Silica (SiO2), 61, 261
Silicon oxides (SiOx), 32
Simultaneous multiple surface (SMS), 51,

52f
Single-phase flow, 84e85
Sixty-three solar thermal electric plants

(STE plants), 75, 79f, 90t
Sliding pressure, 278
Small Solar Power Systems (SSPS), 129,

143f, 145f
project, 75

SMS. See Simultaneous multiple surface
(SMS)

Sodium, 135

Sodium nitrate (NaNO3), 282e284
Solar
carbothermal process, 430
chemistry, 21e22
constant, 3
energy
forecasting, 293
systems, 311, 420

forecasting, 294
fuels, 420, 427
optimization for solar operation, 367
processes, 405
reactors, 422e423
to ceria and hercynite cycles, 415f
to ferrite cycles, 410f
to zinc oxide cycle, 413f

receivers, 129, 131f
operating temperature and flux ranges,
132t

projects with liquid metals in,
145e146, 146fe147f

reflector, 30
for secondary concentrators, 37e38

salt, 89, 91, 94, 342
thermal gasification, 420e421
thermal power plants, 133e135, 146
thermochemical process, 430
vector, 325e326

Solar Advisor Model (SAM),
236e237

Solar electricity generating systems.
See Solar energy generating systems
(SEGS)

Solar energy generating systems (SEGS),
17, 75

plants, 158
VI plant, 17t, 18f

Solar Energy Research Institute (SERI),
77e78

Solar Facilities for European Research Area
(SFERA), 22

Solar field (SF), 93, 224e225
Solar gas turbine
cycles, 362f
systems, 353
challenges in, 355
solar gas turbine cycles, 359f
solar gas turbine projects, 355e357

Solar heating cooling (SHC), 20
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Solar hybrid combined cycle (SHCC),
377e378

Solar hybrid natural draft dry cooling tower,
191e195, 192f

coverage ratios, 194f
net power generation, 193f
solar irradiance and temperature data, 192f

Solar power towers, 322
integration and sCO2, 390e392
direct sCO2 receivers, 391
indirect receivers for sCO2, 391
thermochemical energy storage for
sCO2cycles, 391e392

plant, 129
Solar power-tower system. See Central

receiver system (CRS)
Solar radiation, 3, 294, 353, 403, 428.

See also Image-derived solar
radiation

concentration, 5
forecasting baseline, 305
optical system for transmission of high-

flux, 442f
physical impact on Earth, 3

Solar thermal electricity (STE), 14e18, 19f,
19t, 47

plant, 59
Solar Thermo-Electric Industry Initiative

(STEII), 23
Solar tower plants, 312

optimization of flux distribution in,
322e333

CESA-1 tower plant, 324fe325f
mathematical modeling, 325e327
optimization problem, 327e328
simulation results, 328e333, 329fe331f,
333t

on solar receivers, 323
Solar towers (STs), 30
Solar trough plants, 311

optimal operation, 312e321
concentrated parameter model, 314
distributed parameter model, 313e314,
313t

power conversion cycle, 314e315,
315f

simulation results, 320e321, 320f,
322fe323f

three-layer algorithm, 315e320, 316f

Solar-based heat input, 360, 361f
Solar-driven cracking of hydrocarbons, 423
Solar-hybrid combined cycle system, 354f
Solar-hybrid gas-turbine system (SHGT),

25, 353, 358t
advantages of, 353e354
receivers for, 369e375
with recuperation, parallel combustor, and

storage, 363f
solar-hybrid combined cycle system, 354f

Solar-thermal electricity (STE), 340, 340f
Solar-to-fuel energy conversion efficiency,

409e412
Solarization of gas turbines, 357e360
solar gas turbine cycles, 359f

SOLGATE project, 356, 368e370
SOLHYCO project, 356
Solid particles, 388
Solid waste materials, metals extraction

from, 433e436
SOLUGAS project, 356, 357f, 371
SORC. See Supercritical organic Rankine

cycle (SORC)
Spiky central receiver air preheater design

(SCRAP design), 120, 121f
Spiky receiver, 120
SRC. See Steam Rankine cycles (SRC)
SSPS. See Small Solar Power Systems

(SSPS)
SSRCs. See Supercritical steam Rankine

cycles (SSRCs)
Stainless steel, low-cost mirrors based on, 40
Stand-alone cycles, 158e168. See also

Combined cycles (CC)
comparison of presented cycles, 167e168
thermal efficiency, 168f

gas Brayton cycles, 158e167
SRC, 158, 159f

Standard Mercury-50 gas turbine, 363f
Statistical forecasting, 303e304
forecasting systems for CST power plants,

304f, 304
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