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Abstract: The paper examines design and operating data of current concentrated solar power (CSP) 10 
solar tower (ST) plants. The study includes CSP with or without boost by combustion of natural gas 11 
(NG) and with or without thermal energy storage (TES). The study then reviews the novel trends to 12 
produce better ratio of solar field power to electric power, better capacity factor, better matching of 13 
production and demand, lower plant’s cost and increased life span of plant’s components. The key 14 
areas of progress of CSP ST technology briefly summarized are materials and manufacturing 15 
processes, design of solar field and receiver, receiver and power block fluids, power cycle 16 
parameters, optimal management of daily and seasonal operation of the plant, new thermal energy 17 
storage concepts, integration of solar plant with thermal desalination, integration of solar plant 18 
with combined cycle gas turbine (CCGT) installations and finally, specialization and 19 
regionalization of the project specification.  20 
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 23 
1. Introduction 24 

The basic principles of concentrated solar power (CSP) systems are covered in reference works 25 
such as [1]. Lenses or mirrors concentrate the sun light energy on a small area. The concentrated light 26 
is then converted to heat at high temperature. The heat is finally transferred to a power cycle 27 
working fluid (typically water/steam). Superheated steam typically drives a Rankine steam turbine 28 
cycle. Concentrators differ in the way they track the sun and focus the light. The most popular 29 
concentrating technologies are Parabolic Trough (PT) and Solar Tower (ST). Different concentrators 30 
provide different receiver temperature and peak temperature of the steam for the power cycle, with 31 
correspondingly varying thermal efficiency of the power cycle. In addition to the type of receiver 32 
and the solar field feeding this receiver, also the receiver fluid (RF) plays a role in the peak 33 
temperatures of the steam. Current RFs include oil, molten salt (MS) or water/steam. Intermediate 34 
heat exchangers are needed between oil or MS and water/steam. MS permits thermal energy storage 35 
(TES) in hot and cold reservoir to decouple electricity production from availability of sun light. 36 
While an additional MS circuit has been proposed as an appendage to existing CSP plants with oil as 37 
RF, MS provides better outcome when used directly as the RF. Replacement of oil with MS permits 38 
operation at higher temperatures for higher steam temperature and efficiency of power generation. 39 
Additionally, it lowers the cost of TES. Direct use of water/steam as a RF has the advantage of 40 
simplicity, cost and sometimes efficiency. However, this links the production of electricity to sun 41 
availability. Condensation of steam usually occurs in air-cooled towers. Water cooled condensers 42 
may permit better power cycle efficiencies but are impractical in mostly desert locations.  43 
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By using the combustion of natural gas (NG), it is possible to drastically improve the match 44 
between production and demand of CSP plants. However, boost by NG is reasonable only if 45 
performed in minimal extent, for both efficiency of energy use and regulations concerning emissions 46 
of carbon dioxide.  47 

The use of NG in a combined cycle gas turbine (CCGT) plant occurs with a fuel conversion 48 
efficiency that is about double the efficiency of a CSP plant operated with NG only (η above 60% vs. 49 
η around 30%). The spreading in between the η of a CSP plant and a NG fueled plant is similarly 50 
large in cases of cogeneration, where the gas turbine (GT) plant also features production of process 51 
heat, for heating, cooling, desalination or other activities. Therefore, it is not efficient to design a CSP 52 
ST plant requiring a significant NG combustion. 53 

The global market of CSP is dominated by PT plants, about 90% of all the CSP plants, regardless 54 
the world largest CSP plant (Ivanpah Solar Electric Generating System, ISEGS) uses ST technology. 55 
ISEGS is made up of three installations one close to the other. The second largest CSP project in the 56 
world, the Solar Energy Generating Systems (SEGS) facility, is based on PT. This project is made of 57 
nine different installations.  58 

The ST technology offers theoretically higher efficiency because of higher temperature. 59 
However, the technology is also more demanding from economic and technical view-points. ST 60 
developments are less advanced than PT systems.  61 

The net capacity of ISEGS is 377 MW, while the net capacity of SEGS II-IX is 340 MW. Both 62 
facilities use NG to boost the electricity production. ISEGS uses NG in a greater extent than the SEGS 63 
facilities. Both ISEGS and SEGS lack of TES. The actual capacity factors (ߝ) of both installations 64 
(electricity produced in a year divided by the product of net capacity by number of hours in a year) 65 
is about 20% neglecting the boost by combustion of NG everything but negligible.  66 

The CSP technologies presently do not compete on price with photovoltaics (PV) solar panels 67 
that have progressed massively in recent years because of the decreasing prices of the PV panels and 68 
the much smaller operating costs.  69 

While the total solar electricity generation (2015) is 253.0 TW·h, or 1.05% of the total, CSP plants 70 
represent (2015) less than 2% of the worldwide installed capacity of solar electricity plants, for a total 71 
CSP contribution to the global energy mix of about 0.02%. This scenario is expected to drastically 72 
change in the next few years, and there is a clear need to develop new CSP ST technologies to match 73 
the significant demand. 74 

Ref. [2] discusses the most relevant drivers and barriers for the deployment of concentrated 75 
solar power (CSP) in the EU by 2030. Apart from supporting policies, the most relevant drivers are 76 
the higher value of CSP compared to other renewable energy technologies, and the substantial cost 77 
reductions that are expected for the technology. The most relevant barriers are the still very high cost 78 
of the technology when compared to conventional power plants and other renewable energy 79 
technologies, and the uncertain about policies. Hence, costs of the CSP technology is the key factor 80 
for a growth. Similarly, Ref. [3] discusses the main reasons why Chinese and Brazilian energy 81 
policies so far have not been focused on CSP. As the high Levelized Cost of Electricity (LCOE) of 82 
large scale deployment of CSP technologies may affect the competitiveness of national industry in 83 
global markets, a comprehensive answer may only follow global policies. CSP has not benefited so 84 
far from the global demand that has boosted wind and solar photovoltaic with their subsequent 85 
price reductions.  86 
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2. Current solar tower and parabolic trough installations  87 
 88 

2.1 Parabolic trough  89 
The most common CSP systems are PT. A PT is made up of a linear parabolic reflector 90 

concentrating the sun light onto a tubular receiver. The receiver is located along the focal line of the 91 
reflector. The tubular receiver is filled with a working fluid. The RF may be oil, MS or water/steam. 92 
The reflectors follow the sun with tracking along a single axis. The working fluid is heated as it flows 93 
through the receiver up to temperatures from 390 to 500 °C, depending on the fluid used. If oil or 94 
MS, this fluid is then used as the heat driving the production of steam for the power cycle in a heat 95 
exchanger. The shaped mirrors of a PT focus the sun light on a tube running along the focus line 96 
with an 80x concentration. The sun light is absorbed by tube that is often in a glass vacuum, and 97 
delivered to the RF. PT are less efficient than ST. They are however much simpler and they are less 98 
expensive to build and operate. Hence, the much wider use.  99 

Reference PT specifications change with the RF and the availability of TES (data from [4], [5], 100 
[6], [7], [8]). For oil as the RF, the receiver temperature is 390 ºC, the peak flux on receiver is 25 W/m2, 101 
the hot storage temperature is 390 ºC, the cold storage temperature is 290 ºC, and the condenser 102 
temperature for heat rejection is 40 ºC. For MS (nitrate salt) as the RF, the receiver temperature is 500 103 
ºC, the peak flux on receiver is 25 kW/m2, the hot storage temperature is 500 ºC, and the cold storage 104 
temperature is 300 ºC. In case of water/steam as the RF, the receiver temperature is 500 ºC, the peak 105 
flux on receiver is 25 kW/m2. The hot and cold storage tanks are not available in this case. 106 

2.2 Solar tower 107 
A ST concentrates the sun light from a field of heliostats on a central tower. The heliostats are 108 

dual axis tracking reflectors grouped in arrays. They concentrate sunlight on a relatively small 109 
central receiver located at the top of the tower. The sun light with ST is much more concentrated 110 
than in PT. The RF may be heated to temperatures from 500 to 1000 °C depending on the RFs and the 111 
solar concentration design. When MS is used, it serves as the heat driving the production of steam 112 
for the power cycle in a heat exchanger. When water/steam is used, then there is no need of this heat 113 
exchanger. 114 

The field of heliostats focus the light on top of the tower with a 500x to 1000x concentration. 115 
Light is absorbed by metal tubes and delivered to the RF, either water/steam or MS (nitrate salt). Due 116 
to sunlight shaded, blocked, absorbed, or spilled, there is a 40% loss of incident light collected by the 117 
RF. Receiver, piping, and tank thermal losses further reduced the amount of energy transferred to 118 
the power cycle.  119 

The reference ST specifications change with the RF and the availability of TES (data from [4], 120 
[8], [9], [10]). For MS (nitrate salt) as the RF, the receiver temperature is 565 ºC, the peak flux on 121 
receiver is 1,000 kW/m2, the hot storage temperature is 565 ºC, the cold storage temperature is 290 ºC, 122 
and the condenser temperature for heat rejection is 40 ºC. In case of water/steam as the RF, the 123 
receiver temperature is 550 ºC, the peak flux on receiver is > 300 kW/m2. The hot and cold storage 124 
tanks are not available in this case.  125 

2.3 Rice facility 126 
A scheme of the Rice concentrating ST facility is provided in figure 1 (from [11]). The Rice Solar 127 

Energy Project was a latest generation CSP ST project [12] put on hold. The proposed location was 128 
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Rice, California (Mojave Desert, near Blythe). The gross turbine capacity is 150 MW. The land area is 129 
5.706 km2. The solar resource is 2,598 kWh/m2/year. 130 

 131 

 132 
Figure 1 – Thermoflow scheme of the design point balance for the Rice concentrating ST facility. Courtesy 133 

of Thermoflow, www.thermoflow.com. All data extracted from public available sources, California Energy 134 
Commission. 135 

Planned electricity generation was 450,000 MWh/year. The heliostat solar-field aperture area is 136 
1,071,361 m². The number of heliostats is 17,170, and every heliostat has an aperture area of 62.4 m². 137 
The tower height is 164.6 m. The receiver type is external, cylindrical. The heat-transfer fluid is MS. 138 
The receiver inlet temperature is 282 °C, and the receiver outlet temperature is 566 °C. The steam 139 
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Rankine power cycle has a maximum pressure of 115 bar. The cooling method is dry cooling. The 140 
TES is achieved by raising MS temperature from 282 °C to 566 °C. The TES efficiency is 99%. 141 

2.4 Operational data of ISEGS, SEGS and Solana  142 
Plant level data of electricity production and NG consumption of CSP plants in the United 143 

States are provided in [13]. Data of [13] includes the energy input from both the sun and the natural 144 
gas. Capacity factors of CPS plants with and without NG boost have been discussed and compared 145 
in [8]. The capacity factor 1ߝ is defined as the ratio of the actual electricity produced in a year E 146 
[MW·h] vs. the product of net capacity P [MW] by number of hours in a year (8760):  147 εଵ = ா௉	·଼଻଺଴  (1) 148 

This capacity factor does not account for the consumption of NG.  149 
Ref. [8] suggests as a first opportunity to account for the NG consumption by multiplying the 150 

above capacity factor by the ratio of the solar energy input QSun to the total solar energy and NG 151 
energy input QSun+ QNG, all in [MW·h]: 152 εଶ = 	ܲܧ · 8760 · ܳௌ௨௡ܳௌ௨௡ + ܳேீ 	(2) 153 

Ref. [8] suggests two other capacity factors.  154 
A third capacity factor 3ߝ is defined as the ratio of the actual electricity produced reduced of the 155 

electricity produced by burning the NG in a GT plant of ηGT=30%, vs. the product of net capacity by 156 
number of hours in a year:  157 εଷ = ாିொಿಸ·ఎಸ೅௉	·଼଻଺଴   (3) 158 

A fourth capacity factor 4ߝ is finally defined as the ratio of the actual electricity produced 159 
reduced of the electricity produced by burning the NG in a CCGT plant of ηCCGT=60%, vs. the 160 
product of net capacity by number of hours in a year: 161 εସ = ܧ − ܳேீ · 	ܲ	஼஼ீ்ߟ · 8760 	(4) 162 

An important parameter not accounted for in this assessment is the electricity generation 163 
profile requested from a specific facility. The largest is the departure of the electricity generation 164 
profile from the sun energy profile during a day, the more difficult is to achieve a large capacity 165 
factor. Also, not considered in this assessment, is the maximum electric power produced vs. the 166 
summer solstice peak sun power collected by the heliostats that may strongly vary across the 167 
projects. 168 

The capacity factors of the three largest CSP projects, ISEGS (ST, no TES, NG boost), SEGS (PT, 169 
no TES, NG boost) and Solana (PT, TES, no NG boost), are given in Ref. [8].  170 

Over the period July 2016 to June 2017, without accounting for the NG consumption, 1ߝ were 171 
22.98%, 21.59% and 23.67% for ISEGS 1-2-3, 22.54% for SEGS IX and 32.65% for Solana.  172 

By accounting for the consumption of the NG at the actual energy conversion efficiency η of the 173 
plant, 2ߝ are smaller for ISEGS 1-2-3 at 19.20%, 18.04% and 20.12% and smaller for SEGS IX at 19.91%, 174 
while obviously 1ߝ=2ߝ for Solana.  175 

By considering the energy conversion efficiency of a reference GT plant η=30%, the 3ߝ are 176 
marginally better in ISEGS 1-2-3 and SEGS IX while 1ߝ=3ߝ for Solana.  177 
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Finally, by accounting for the consumption of the NG at the energy conversion efficiency of a 178 
reference CCGT plant η=60%, 4ߝ are much smaller for ISEGS 1-2-3 at 15.83%, 14.80% and 17.07%, and 179 
much smaller for SEGS IX at 17.91%, while 1ߝ=4ߝ for Solana. 180 

This analysis demonstrates that TES plays a significant role in producing much higher capacity 181 
factors in present installations, and the use of NG to boost the electricity production in a CSP plant is 182 
illogic, being the fuel energy used at a much lower efficiency than in a CCGT plant. 183 

The approximate cost of the 377 MW ISEGS ST project is about 2,200 USD million (2014 values), 184 
corresponding to about 2,272 USD million in August 2017 [8].  185 

As one of the 33 MW SEGS Kramer Junction facilities required 90 USD million to build (1999 186 
values), the approximate cost of a project delivering same net capacity of ISEGS ST on SEGS PT 187 
technology would be 1,569 USD million in August 2017 [8].  188 

The cost of Solana (PT, TES) is approximately 2,000 USD million, 10% less than the ISEGS ST 189 
facility that was completed only two months later, however for 34% less net capacity [8]. 190 

Therefore, present cost of CSP solar energy is everything but economic, while the actual 191 
production of electricity is much less than the values claimed by the manufacturers. This translates 192 
in an urgent need to further progress current technologies as well as to develop new technologies. 193 

3. Review of development trends in solar tower technology  194 
Design, construction and operating technical and economic issues are considered in the 195 

literature to various extents. CSP ST have many variants for receivers, working fluids, power cycles, 196 
type, number and layout of heliostats, height of tower, condenser, turbine, heat exchangers and 197 
thermal energy storage. Since most part of the existing plants are demonstration plants, the full 198 
potential of the ST technology is not shown by surveys of plants.  199 

As an example of a preliminary introductory survey, Ref. [14] examines some of the main 200 
parameters of existing plants, solar energy to electricity conversion efficiency, and mirror and land 201 
area per MWe of capacity, packing density, configuration of the field layout, receiver size, tower 202 
height and cost of the plant. The annual solar energy to electricity conversion efficiency corresponds 203 
to an average of about 16%. The packing density has an average of about 20%.  204 

Similarly, paragraph 2.4 above proposed (from [8]) the energy outputs and costs of ISEGS (ST), 205 
SEGS (PT) and Solana (PT, MS TES). ISEGS is the state-of-the-art of the operational CSP ST 206 
technology.  207 

Development trends are proposed here after.  208 

3.1 Receiver and thermal energy storage fluids  209 
TES is the key to achieve high capacity factors and avoid NG boost. TES allows improved 210 

dispatch-ability (generation on demand) of power from a CSP plant. TES drastically increases the 211 
annual capacity factor. The MS TES technology is the best avenue to generate non-intermittent 212 
electricity with CSP and achieve capacity factors above 0.3, and potentially up to 0.4. A 10 hour TES 213 
eliminates the need for a NG back up or boost of electricity production at sunrise and in the evening 214 
peak hours [8].  215 

Next generation CSP plants will very likely consist of four major units, solar field to concentrate 216 
the sun light energy, ST MS receiver to convert the solar energy into thermal energy, TES section to 217 
store the thermal energy using the MS, and finally power block generating electricity through a 218 
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steam turbine. While the cost will further increase because of the TES, it will be paid back by the 219 
increased production and dispatch-ability.  220 

The current best RF and TES fluid is MS that, however, has the drawback of having low 221 
degradation temperature and high melting temperature, in addition to other downfalls such as 222 
corrosion and heat tracing. Solar salt, 60% NaNO3 and 40% KNO3, is used as a low-cost RF and TES 223 
fluid. MS temperatures typically go up to 565 °C. This permits superheated steam generation. MS 224 
has good heat transfer characteristics [15]. As major downfalls, the salt is freezing below 220 °C, heat 225 
tracing is required, and draining of receiver and other system components during the night must be 226 
provided. Furthermore, the salt may degrade at temperatures higher than 600 °C and depending on 227 
salt quality it can generate corrosion of metallic components [15]. 228 

Alternative fluids are therefore under investigation for a broader range of operation and for 229 
cost and performance advantages, as RF and / or the TES fluid. The power block fluid is usually 230 
water/steam, but other fluids are also considered for the power block, as it is discussed in another 231 
paragraph. There is obviously the opportunity to use a single fluid as receiver, TES and power block 232 
fluid. Water/steam is the most obvious example.  233 

Ref. [16] reviewed various types of RF including air, water/steam, thermal oils, organic fluids, 234 
molten-salts and liquid metals. The different alternatives were compared with reference melting 235 
temperature, thermal stability and corrosion with stainless steels and nickel based alloys the piping 236 
and container materials. MS show advantages operating up to 800 °C. 237 

Different alternatives for the RF are mentioned in ref. [15]. The presentation includes alternative 238 
RF as well as receiver technologies. MS, water/steam, air in open/closed systems, liquid metals, solid 239 
particles and other gases are considered as heat transfer medium. Classification is by maturity of 240 
technologies. It includes MS and water/steam as state of the art technology, open volumetric air 241 
receiver as “first-of-its-kind” technology, then pressurized air receivers as technology in pilot phase, 242 
liquid metals and solid particles as technology under development. The different receiver 243 
technologies proposed in [15] are reviewed in a subsequent specific paragraph.  244 

Ref. [17] studies the impact of the fluid in a flat plate, high temperature, TES unit with flat slabs 245 
of phase change materials. Six gaseous and liquid fluids are compared. For the capacity rate 246 
considered, liquid sodium was the best performing (99.4% of the ideal electricity to grid). Solar salt 247 
achieved a 93.6% performance. Atmospheric air, air at 10 bars, s-CO2 at 100 bar and steam at 10 bar 248 
achieved performances between 87.9% and 91.3%. The work concludes that gases are comparable to 249 
liquids as TES fluids for the specific application and it mentions that gases may also be used as the 250 
working fluid in the power block.  251 

Ref. [18] reviews the CSP TES systems. Various aspects are discussed including trend of 252 
development, different technologies of TES systems for high temperature applications (200–1000°C) 253 
with a focus on thermochemical heat storage, and storage concepts for their integration in CSP 254 
plants. TES systems are considered a necessary option for more than 70% of the new CSP plants 255 
being developed. Sensible heat storage technology is the most used TES in CSP plants in operation, 256 
for their reliability, low cost, easy to implementation and large experimental feedback. Latent and 257 
thermochemical energy storage (TCES) technologies have much higher energy density. This gives 258 
them better perspectives for future developments. TCES are specifically covered in a following 259 
paragraph. New concepts for TES integration include coupled technology for higher operating 260 
temperature and cascade TES of modularized storage units for intelligent temperature control. 261 
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Ref. [19] reviews the current commercial TES systems used in CSP plants either steam 262 
accumulators or MS. The economic value of the TES system is assessed by the calculation of the 263 
LCOE, an economic performance metric, of the TES itself rather than the full plant. Calculations 264 
were done for different plant configurations and storage sizes varying from 1 to 9 h of operation at 265 
full capacity. LCOE is shown to be a valid argument for the selection of the TES, even if other aspects 266 
not included also play a relevant role. 267 

Ref. [20] considers the opportunity to adopt particle suspensions as RF, TES fluid, and power 268 
block fluid. Values of the heat transfer coefficient up to 1,100 W/m2/K (bare tubes) and 2,200 W/m2/K 269 
(finned tubes) were obtained for operation of a pilot plant at low superficial gas velocities of 0.04–270 
0.19 m/s limiting heat losses by the exhaust air. Despite additional costs for particle handling and an 271 
appropriate boiler, the required overall investment and operating costs are significantly lower than 272 
the reference MS system, leading to a reduction in LCOE from approximately 125 €/MWh to below 273 
100 €/MWh. 274 

Ref. [21] reviews the developments of the last five years and expected for the near future of the 275 
most important components of a CSP ST: water/steam, air or CO2 power cycles; water/steam, MS, 276 
liquid metals, particles or chemically reacting fluids and the RF; design of heliostats; design of 277 
receivers, volumetric, tubular, solar particle receivers; TES and hybridization. They conclude that 278 
there will certainly be an increase number of CSP ST in the near future, but with a significant 279 
hold-back until standardization and experience is gained. Within the next 5 years, plants will use 280 
either MS or water/steam as the receiver fluid, but most of them will have MS TES. In a 10 years’ 281 
time, more plants will be MS with TES. The commercial plant designs in 10 years will not differ too 282 
much from the commercial plant designs of today.  283 

3.2 Thermochemical energy storage 284 
In addition to the classic TES design with two tanks of a properly selected TES fluid, TCES 285 

systems have been also proposed. TCES is the reversible conversion of solar-thermal energy to chemical 286 
energy. 287 

Ref. [22] reviews the TCES systems. TCES has high energy density and low heat loss over long 288 
periods than the MS TES. CSP plants with TCES systems are modelled, and sample computational results 289 
are provided for ammonia and methane systems with two gas storage options. The gas storage is 290 
identified as the main cost driver. The compressor electricity consumption is identified as the main energy 291 
driver.  292 

Ref. [23] reports of a pilot-scale redox-based TCES system. The storage unit is made of inert 293 
honeycomb supports (cordierite) coated with 88 kg of redox active material (cobalt oxide). When 294 
crossing respectively the reduction/oxidation temperature of the Co3O4/CoO pair, the heat absorbed 295 
or released by the chemical reaction allows to store or release energy at constant temperature. Within 296 
the limit of a campaign of 22 thermochemical charge/discharge cycles, there was no measurable 297 
cycle-to-cycle degradation. The system average capacity was very close to the ideal case. The TCES 298 
system offers a storage capacity of 47.0 kW·h vs. the 25.3 kW·h of the same volume of a sensible-only 299 
storage unit made of uncoated cordierite honeycombs. 300 

3.3 Design of power cycles and power cycles fluids  301 
Supercritical steam [24] and supercritical CO2 [25] power cycles are being considered to 302 

improve the conversion efficiency thermal-electric cycles.  303 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 October 2017                   doi:10.20944/preprints201710.0027.v1

http://dx.doi.org/10.20944/preprints201710.0027.v1


 9 of 22 

 

Ref. [26] computed the thermodynamic irreversibility such as convective and radiative loss on 304 
tower receiver and thermal resistance in heat exchangers. Increasing the receiver working 305 
temperature increases both thermal and exergy conversion efficiencies only until an optimum 306 
temperature is reached. The optimum temperature increases with the concentration ratio. Increasing 307 
the concentration ratio, the conversion efficiency increases only until an optimum concentration 308 
ratio is reached. Increasing the end reversible engine efficiency increases the thermal conversion 309 
efficiency until a maximum value is reached. Then, the conversion efficiency drops dramatically. 310 

The performance of an integrally geared compressor-expander recuperated recompression 311 
cycle with sCO2 as the working fluid is modeled in Ref. [27]. Mostly through reduced power block 312 
cost and a better cycle model, the LCOE is computed to be 5.98 ȼ/kWh.  313 

Ref. [28] reviews advanced power cycles under consideration for CSP. Supercritical steam 314 
turbines are attractive at large scale but presently commercial products are too large for today’s CSP 315 
ST plants. SCO2 closed loop Brayton cycles are early in their development but promise high 316 
efficiency at reasonable temperatures across a range of capacities. In perspective, these cycles may 317 
significantly lower the costs. GT combined cycles driven by CSP are one of the highest efficiency 318 
options available. Other bottoming and topping cycle configurations are also considered. High 319 
temperature component demonstration is indicated as a critical factor. 320 

Three different sCO2 power cycles applied to a high temperature ST CSP system are considered 321 
in Ref. [29]. Maximum temperatures are up to 800 °C. The fluid to transfer energy from the receiver 322 
to the power block is KCl-MgCl2 MS. The highest efficiency at design conditions is achieved by the 323 
Recompression with Main Compression Intercooling (RMCI) configuration with a solar energy to 324 
electricity efficiency of 24.5% and a maximum temperature of 750 °C. The yearly energy yield is 325 
18.4%. The performance decay from design to average yearly conditions is mostly due to the optical 326 
and thermal efficiencies reduction respectively -10.8% and -16.4%. 327 

Ref. [30] reviews several current sCO2 Brayton cycles for integration into a MS CSP ST system. 328 
The intercooling cycle can generally offer the highest efficiency, followed by the partial cooling 329 
cycle, and the recompression cycle. The pre-compression cycle can yield higher efficiency than the 330 
recompression cycle when the compressor inlet temperature is high. The increase in the hot salt 331 
temperature cannot always result in an efficiency improvement. The partial cooling cycle can offer 332 
the largest specific work, while the recompression cycle and the split expansion cycle yield the 333 
lowest specific work. The MS temperature differences with the simple recuperation cycle, the 334 
partial-cooling cycle, and the pre-compression cycle are slightly larger than those with the 335 
recompression cycle, the split expansion cycle, and the intercooling cycle. Reheating can decrease the 336 
system efficiency in the cases with high hot MS temperature. Larger MS temperature difference may 337 
be achieved without reheating than with reheating. While current sCO2 Brayton cycle offer high 338 
efficiency, challenges for integrating them includes the specific work that is relatively small, and the 339 
temperature difference across the solar receiver that is narrow.  340 

Ref. [31] studied more efficient Rankine power cycles. The temperature and pressure of the 341 
main steam and the reheating pressure affect the temperature of the MS in the receiver. If the 342 
temperature increases, the receiver efficiency decreases but the power block efficiency increases. If 343 
the pressure at the inlet of the turbine increases, the efficiency of the power block increases even 344 
more than by increasing the temperature. The reheating pressure is the most influential factor on the 345 
plant efficiency. A high reheating pressure decreases the plant efficiency. The best efficiencies were 346 
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obtained for the supercritical cycle with a low reheating pressure and high temperature. The 347 
subcritical cycle at high pressure and temperature performed closely. The investment cost of the 348 
different cycles increases with the pressure and the temperature of the power block. Subcritical 349 
cycles are less expensive than supercritical cycles even if the cost increase is balanced by the 350 
efficiency increase. Subcritical cycles working at 16 MPa and supercritical cycles working with low 351 
reheating pressure deliver the same cost per MWe. 352 

Energy and exergy analyses of sCO2 recompression Brayton cycles are proposed in Ref. [32]. 353 
The heliostat field layout is optimized for the optical performance on an annual basis. A 354 
recompression Brayton cycle uses the heat collected at the receiver. An auxiliary boiler is added 355 
prior to the turbine to keep the turbine inlet temperature constant. The net power output is constant 356 
40 MW. The highest exergy destruction occurs in the heliostat field. The second highest exergy 357 
destruction happens in the boiler’s combustion chamber. The combustion exergy destruction rate 358 
increases during the winter months when the solar radiation decreases. 359 

Ref. [33] studied the thermal performance of an array of pressurized air solar receiver modules 360 
integrated to a GT power cycle for a simple Brayton cycle, a recuperated Brayton cycle, and a 361 
combined Brayton-Rankine cycle. The solar receiver's solar energy to heat efficiency decreases at 362 
higher temperatures and pressures. The opposite is true for the power cycle's heat to work 363 
efficiency. The optimal operating conditions are achieved with a preheat stage for a solar receiver 364 
outlet air temperature of 1300 °C and an air cycle pressure ratio of 9, yielding a peak solar energy to 365 
electricity efficiency of 39.3% for the combined cycle. 366 

Alternative cycles’ technology certainly needs more work before introduction in full scale CSP 367 
ST plants where water/steam Rankine cycles are the best short term solution.  368 

3.4 Optimized design of solar field and receiver 369 
A classification by maturity of receiver technologies is proposed in [15] and has been included 370 

in a prior paragraph. In addition to MS and water/steam state of the art technologies, open 371 
volumetric air receiver, pressurized air receivers, liquid metals and solid particles are all 372 
technologies being developed at different stages of evolution.  373 

As the receiver design is not decoupled from the design of the solar field, here we couple 374 
together these two aspects. 375 

Ref. [34] reviewed gas receivers, liquid receivers, and solid particle receivers. Higher 376 
thermal-to-electric efficiencies of 50% and higher may be achieved by using supercritical CO2 377 
closed-loop Brayton cycles and direct heating of the CO2 in tubular receiver designs, external or 378 
cavity, for high fluid pressures of about 20 MPa and temperatures of about 700 °C. Indirect heating 379 
of other fluids/materials that can be stored at high temperatures such as advanced MS, liquid metals, 380 
or solid particles are also possible, but with additional challenges such as stability, heat loss, and the 381 
need for high-temperature heat exchangers. 382 

As per [15], strategies aimed at improving MS systems include higher temperature MS, higher 383 
steam parameters, smaller heat exchanger, smaller storage, less critical receiver temperature 384 
operation. Means to improve the receiver efficiency include reduction of thermal losses, cavity 385 
arrangement, face down can design, standard vacuum absorber for first temperature step, and 386 
selective coatings for higher absorption of solar radiation [15]. Optimization of operation includes 387 
real time aim point strategy for homogenous receiver temperature, solar pre-heating of receiver, 388 
faster start-up and elimination of draining of receiver during clouds [15]. 389 
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Ref. [35] studied the improvement of the solar flux intercepted by the receiver to increase the 390 
peak flux. They propose a new receiver, named Variable Velocity Receiver (VVR), Figure 2, 391 
consisting of a Traditional External Tubular Receiver (TETR) equipped with valves permitting the 392 
division of each panel in two independent panels. This increases the velocity of the heat transfer 393 
fluid in specific zones of the receiver avoiding tube overheating. The novel design also permits 394 
better aiming strategies, for an improved optical efficiency of the solar field and a possible reduction 395 
of the number of heliostats.  396 

 397 
Figure 2 – Operation of the novel Variable Velocity Receiver proposed in [35] vs. a Traditional External 398 

Tubular Receiver. Reprinted from Applied Thermal Engineering, Vol. 128, M.R. Rodríguez-Sánchez, A. 399 
Sánchez-González, D. Santana, Feasibility study of a new concept of solar external receiver: Variable velocity 400 

receiver, Pages No. 335-344, Copyright (2018), with permission from Elsevier. 401 
 402 

The size of the solar field required by a VVR is 12.5% smaller than the size required by a 403 
traditional TETR. Additionally, the VVR has benefit for the winter operation when the panels can be 404 
split in two, increasing the number of passes and the velocity of the heat transfer fluid. 405 

High temperatures, thermal shocks and temperature gradient from a high, non-homogeneous 406 
and variable flux on the receiver walls are responsible for significant stresses. These stresses reduce 407 
the life-span of the receiver. Ref. [36] proposes an open loop approach to control the flux density 408 
distribution delivered on a CSP ST flat plate receiver. Various distributions of aiming points on the 409 
aperture of the receiver are considered. The approach provides interesting indications for the control 410 
of the heliostats that may drastically improve the life-span of the component. 411 

Ref. [37] considers the optimization of a solar field layout with heliostats of different size. 412 
Although the use of a single heliostat size is openly questioned in the literature, there are no tools to 413 
design fields with heliostats of different sizes in the market. The paper addresses the problem of 414 
optimizing the heliostat field layout with two heliostats’ sizes.  415 

Ref. [38] numerically studied the influence of wind and return air on a volumetric receiver. 416 
Figure 3 presents a sketch of the receiver. The volumetric receiver is a highly porous material which 417 
absorbs solar radiation at different depth through its thickness. The effective area for solar 418 
absorption is larger than that of thermal radiation losses. A fan draws air through the absorbent 419 
pores, and the convective flow captures the heat absorbed. Thanks to the volumetric effect [39], the 420 
absorber thermal radiation loss is reduced. 421 
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Ref. [40] optically simulated the solar light radiation transmission from the heliostat field to a 422 
pressurized volumetric receiver. The optical efficiency of the heliostats’ field and the local heat flux 423 
distribution within the SiC absorber is computed as a function of time and date, heliostats tracking 424 
error and receiver mounting height. The heat flux distribution within the absorber is non-uniform. 425 
The maximum heat flux density at the top area is up to 2.58·109 W/m3. The pattern of field efficiency 426 
and maximum heat flux density of the absorber resembles those of the solar altitude angle during a 427 
day/year. The annual mean field efficiency and the maximum heat flux of the absorber decrease as 428 
the tracking error increases. As the receiver mounting height increases, both these parameters are 429 
marginally increasing. 430 

 431 
Figure 3 – Volumetric receiver used in [38]. Reprinted from Energy, Vol. 94, Roldán, M.I., 432 

Fernández-Reche, J. and Ballestrín, J., Computational fluid dynamics evaluation of the operating conditions for 433 
a volumetric receiver installed in a solar tower, Pages No. 844-856, Copyright (2016), with permission from 434 

Elsevier. 435 
 436 

Ref. [41] proposed a dual-receiver with a surrounding solar field. The design couples an 437 
external boiling receiver and a cavity superheating receiver. The design provides a simple yet 438 
controllable heat flux distribution on both sections. The dual-receiver may produce superheated 439 
steam of 515 °C and 10.7 MPa with a solar heat absorbing efficiency of 86.55%. The efficiency 440 
improvement vs. two-external cylindrical receivers is 3.2%.  441 
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 442 
Figure 4 - Schematic diagram of the tower and heliostat field for the dual-receiver proposed in [41]. 443 

Reprinted from Applied Thermal Engineering, Vol. 91, Luo, Y., Du, X. and Wen, D., Novel design of central 444 
dual-receiver for solar power tower, Pages No. 1071-1081, Copyright (2015), with permission from Elsevier. 445 

 446 
Ref. [42] optically modelled a Multi-Tube Cavity Receiver (MTCR). The solar flux exhibits a 447 

significant non-uniformity, showing a maximum flux of 5.141·105 W/m2 on the tubes. When 448 
considering the random effect on the solar flux distribution, it is a good practice to treat the tracking 449 
errors as the random errors of the tracking angles. Multi-point aiming strategy of tracking helps to 450 
homogenize the flux and reduce the energy mal-distribution among the tubes. The tubes absorb 451 
65.9% of the energy. The optical loss can be reduced significantly by the cavity effect, especially 452 
when the coating absorptivity is relatively low.  453 

Heliostats account for about 50% of the capital cost of CSP ST plants. In conventional heliostats 454 
with vertical pedestals and azimuth-elevation drives, the support structure contributes 40–50% of 455 
this cost due to heavy cantilever arms required by the large spanning structures. Additional costs are 456 
imposed by expensive, difficult to maintain, drive mechanisms. Ref. [43] shows that a tripod 457 
heliostat substantially addresses these shortcomings for heliostats with aperture areas of 62 to 100 458 
m2. Ray-tracing simulations are included to estimate the performance penalties due to deformation 459 
under gravity and wind loads. The additional energy collection by a less-stiff, larger heliostat more 460 
than offsets the waste due to the greater deformation. The economics of CSP ST plants are strongly 461 
dependent on the cost of the heliostats rather than their optical performance. The cost of a tripod 462 
heliostat is reduced to $72/m2 which is less than half that of the conventional systems. 463 

Ref. [44] studied the thermal performance of a cavity receiver in a CSP ST plant that relies on 464 
the spatial relationship of its polyhedral geometric inner surfaces. Based on model results, the 465 
thermal efficiency of the cavity receiver is shown to increase with the increase of incident heat flux. 466 
When the width-depth ratio decreased, the cavity efficiency increased first and then decreased. The 467 
total heat loss of the receiver varied differently with the increase of the heat absorption area to the 468 
aperture area ratio.  469 

Ref. [45] modelled the thermal efficiency of multi-cavity CSP ST receivers. There is an optimal 470 
aperture flux that maximizes the local efficiency. This optimum is constrained by the maximum 471 
receiver working temperature. For this aperture flux, the thermal efficiency, receiver temperature, 472 
and RF temperature are calculated for an optimized flux distribution. In the proposed case study, it 473 
was found that a RF with a minimum convection coefficient between 250 and 500 W/m2/K, permits 474 
to achieve a receiver thermal efficiency greater than 90%.  475 
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Ref. [46] investigated an array of high temperature pressurized air based solar receivers for 476 
Brayton, recuperated, and combined Brayton-Rankine cycles. The cluster of 500 solar receiver 477 
modules, attached to a hexagon-shaped secondary concentrator and arranged side-by-side in a 478 
honeycomb-type structure following a spherical fly-eye optical configuration, yield a peak solar 479 
energy to electricity efficiency of 37%. 480 

Ref. [47] studied beam-down concentrating solar tower (BCST). BCST are known for easy 481 
installation and maintenance as well as lower convection heat loss of the central receiver. A 482 
point-line-coupling-focus BCST system using linear Fresnel heliostat as the first stage concentrator 483 
(heliostat) and hyperboloid/ellipsoid reflector as the tower reflector is proposed. Theoretical 484 
investigation on the ray concentrating mechanism with two commonly used reflector structures, 485 
namely, hyperboloid and ellipsoid, indicate that the ellipsoid system is superior in terms of 486 
interception efficiency over the hyperboloid system due to smaller astigmatism at the central 487 
receiver aperture, especially at larger facet tracking error [47]. The ellipsoid reflector shows 488 
significantly lower tower reflector shading efficiency. This is the result of the larger tower reflector 489 
surface area compared to that of the hyperboloid reflector. The total optical efficiency of the 490 
hyperboloid system is always better than that of the ellipsoid system. This efficiency gap decreases 491 
as the ratio increases. The hyperboloid tower reflector is claimed to be more promising and practical 492 
for the system investigated. 493 

Ref. [48] studied volumetric air receivers. This component consists of a high temperature 494 
resistant cellular material which absorbs radiation and transfers the heat to an air flow which is fed 495 
from the ambient and from recirculated air. It is called volumetric, because the radiation may 496 
penetrate the “volume” of the receiver through the open, permeable cells of the material. In this way, 497 
a larger amount of heat transfer surface supports the solid to gaseous heat transfer in comparison to 498 
a tubular closed receiver. The heated air is directed to the steam generator of a conventional steam 499 
turbine system. Ref. [48] uses an advanced cellular metal honeycomb structure. It consists of winded 500 
pairs of flat and corrugated metal foils. Several variations of the pure linear honeycomb structure 501 
have been introduced to increase local turbulence and radial flow. 502 

While some of these technologies may be easily implemented in future installations, those more 503 
sophisticated and innovative certainly require further studies.   504 

3.5 Receiver coating  505 
New materials and manufacturing processes are urgently needed to reduce costs and improve 506 

life-span of current designs. New materials are also needed for operation of components with higher 507 
temperatures and with reduced heat losses to also improve efficiency. While there is an abundant 508 
literature about new design of cycles, solar fields and receivers, thermal energy storage system, and 509 
receiver and power block fluids, manufacturing processes and new materials are only marginally 510 
covered in the literature despite their huge impacts on the costs of the CSP ST plants. Manufacturing 511 
of solar plant components is almost ignored.  512 

Materials studies are mostly focused on the coating of the receiver. Solar receivers are presently 513 
mostly coated with a high sunlight absorptivity layer applied over the bare surface of the absorber 514 
receiver's tubes. Pyromark 2500 is the present standard coating. The coating enhances absorptivity 515 
and light-to-heat conversion. Ref. [49] studied the effect of the optical properties absorptivity and 516 
emissivity of these coatings on the thermal performance of a MS external receiver. Solar selective 517 
and non-selective coatings were analyzed and compared against the standard coating. The thermal 518 
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efficiency increases up to 4% with the absorptivity of the coating. The emissivity has a very minor 519 
effect on the thermal performance of the receiver at its nominal working temperature. The efficiency 520 
only increases 0.6% when the emissivity of the coating decreases from 0.9 to 0.5. Improving the 521 
absorptivity of a non-selective coating leads to higher thermal efficiency than using a selective 522 
coating for current MS temperatures. For superheated steam cavity receivers, the effect of using a 523 
selective coating is noticeable at temperatures greater than 500 °C.  524 

Ref. [50] also studied solar absorber coatings. The LCOE metric is used to attribute value to any 525 
high-temperature absorber coating. The LCOE gain efficiency is demonstrated on three different 526 
solar absorber coatings: Pyromark 2500, lanthanum strontium manganite oxide (LSM), and cobalt 527 
oxide (Co3O4). These coatings were used in a 100 MWe central tower receiver. Depending on the 528 
coating properties, an optimal reapplication interval was found that maximizes the LCOE gain 529 
efficiency. Pyromark 2500 paint enables a higher LCOE gain efficiency (0.182) than both LSM (0.139) 530 
and Co3O4 (0.083). The solar absorptance is by far the most influential parameter. The 531 
cost-effectiveness of Pyromark can be outperformed by a coating that would have a high initial solar 532 
absorptance (>0.95), a low initial degradation rate (<2·10−6 cycle−1), and a low cost (<$500k per 533 
application).  534 

Ref. [51] studied a novel MoSi2–Si3N4 hybrid composite, Figure 5. The MoSi2–Si3N4 absorber 535 
deposited onto Inconel substrate and capped with a Si3N4/Al2O3 layer on top is a promising 536 
selective coating for receivers operating in air at temperatures about 600 °C. Stacks with the 537 
Inconel/MoSi2-Si3N4/Si3N4/ Al2O3 structure on Inconel substrate show indeed good thermal 538 
stability in air.  539 

 540 
Figure 5 – Reflectance of new coating from Ref. [51]. Reprinted from Solar Energy Materials and Solar 541 

Cells, Vol. 174, Rodríguez-Palomo, A., Céspedes, E., Hernández-Pinilla, D. and Prieto, C., High-temperature 542 
air-stable solar selective coating based on MoSi 2–Si 3 N 4 composite, Pages No. 50-55, Copyright (2018), with 543 

permission from Elsevier. 544 

3.6 Integrated solar combined cycle systems  545 
While the use of NG in a boiler that supplement the solar field in the production of steam is 546 

common practice but it is not the best one as NG could be better used at double the thermal 547 
efficiency in a CCGT plant, it is otherwise an interesting opportunity to consider the coupling of a 548 
CSP ST plant with a CCGT plant.  549 
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Integrated solar combined cycle systems (ISCCS) are reviewed in Ref. [52]. ISCCS consist of 550 
three major components, CCGT, ST steam generator and solar field. The study indicates that very 551 
limited research has been directed so far toward the development of ISCCS with ST. Most of the 552 
ISCCS plants in operation today employ the PT technology. No known commercial ST ISCCS plant 553 
is operational in 2015. The study of ISCCS with ST is therefore an area of potential improvements 554 
still unexplored. 555 

Ref. [53] modelled CSP PT vs. CSP ST coupled to a CCGT. The solar Rankine cycle is a single 556 
reheat regenerative Rankine cycle. The CCGT plant features a commercial gas turbine, with a dual 557 
pressure heat recovery steam generator. MS is the fluid to transfer heat to the water/steam of the 558 
solar Rankine cycle. Synthetic oil is used in the CCGT plant. The CSP ST has a higher collection 559 
efficiency than the CSP PT. The combined cycle is more efficient than the solar Rankine cycle. The 560 
CCGT plant coupled with a CSP ST is found to deliver the highest annual solar-to-electric efficiency 561 
of 21.8%. 562 

As the integration of renewables with conventional power sources is presently discouraged, it 563 
is not expected that power plant burning fossil fuels will be integrated with solar fields, even if this 564 
is by far the best opportunity to convert solar thermal energy in electricity. 565 

3.7 Integration with multi-effect distillation  566 
As power and water supply are the two major issues humanity will face during this century, a 567 

robust growth of CSP around the world may be integrated with desalination for the next renewable 568 
energy breakthrough [54].  569 

In desalination, seawater is separated into a low concentration of salts freshwater stream and a 570 
high concentration of salts brine. The most relevant desalination technologies are thermal 571 
desalination and membrane desalination. Thermal desalination utilizes heat, often by steam, to 572 
change phase of the seawater from liquid to vapor. Membrane desalination utilizes pressure, and 573 
hence electricity driven pumps, to force water through a semi-permeable membrane. In general, 574 
membrane desalination has advantages in terms of energy requirements and it is preferred where 575 
salinity is not very high. Seawater reverse osmosis (SWRO) membrane processes require less energy 576 
than multi-effect distillation (MED) thermal processes. However, Ref. [55] suggests that, for several 577 
locations, for example the Arabian Gulf, CSP plus MED may require 4% to 11% less input energy 578 
than CSP plus SWRO. This introduces an interesting opportunity for selected locations where MED 579 
may be competitive with SWRO. While SWRO does not need any integration of the desalination 580 
plant with the CSP plant, as the electricity needed can be produced everywhere, MED may be easily 581 
and conveniently integrated with a CSP saving the condenser costs.  582 

MED produces high quality water from sea or brackish water. Concentration of total dissolved 583 
solids (TDS) is 25 mg/l or less. MED units range from about 100 m3/day up to 36,400 m3/day. While 584 
single units may be utilized in smaller volume applications, multiple units may be combined to 585 
further increase capacity [54].  586 

In desert installations, far from the coast, the condenser is air cooled, and this limits the 587 
expansion of steam in turbine. While in coastal locations the condenser may certainly be, water 588 
cooled for better performances of the plant, alternatively, the condenser may also be replaced by a 589 
MED thermal desalination module. The steam generated is superheated to 380 °C to 580 °C and the 590 
steam temperature for the MED is not higher than 135 °C [54]. Hence, the steam has sufficient energy 591 
to produce electricity before entering the MED. If power is the main product, a water condenser may 592 
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work better. However, where water is more precious than power, and MED is competitive with 593 
SWRO, integration of CSP ST with MED is a local renewable energy break-through. 594 

Ref. [56] proposed solar thermal sea water desalination, however adopting multi-stage flash 595 
evaporation (MSF) rather than MED. The theoretical study considers a ST with a volumetric solar 596 
receiver, a power cycle water/steam Rankine, MS as the receiver fluid, MS TES plus the MSF. The 597 
seawater is heated by the saturated steam-water mixture coming from the steam turbine. This 598 
eliminates the condenser. Considering the advantages MED has vs. MSF [54], presently the primary 599 
thermal desalination option, the advantages mentioned in [56] will be further strengthen when using 600 
MED.  601 

3.8 Regionalization  602 
Places with lot of sun to make plausible CSP ST plant may have very different climate 603 

conditions. Proximity to coast, availability of land, orography of land, coupling to desalination, 604 
availability of natural gas, prevailing weather conditions, sand storms, wind load, rainfall, all play a 605 
key role to reshape one single design to match local conditions. Despite some design concepts may 606 
certainly be shared between many different CSP installations, regionalization plays a significant role 607 
in providing the sought outcomes in terms of performance, cost and life span of a plant. 608 

Ref. [14] studies the technical, financial and policy drivers and barriers for adopting CSP ST 609 
technologies in India. Especially CSP ST with external cylindrical or cavity receivers with storage 610 
look promising. This technology is particularly relevant to the Jawaharlal Nehru National Solar 611 
Mission (JNNSM) aimed at achieving grid-connected solar power of 1800 MW by 2022. 612 

Ref. [57] reviews the CSP plants installed in India and discusses the growth of the electricity 613 
generated by CSP in India, with targets grown to 100,000 MW by 2022. 614 

Ref. [58] report on the design and construction of a CSP ST demonstration plant in Saudi 615 
Arabia, an area of extreme solar intensity and temperatures. The solar receiver was made of alloy 616 
steel. Ten heliostats were chosen, featuring two motors were used to control the heliostat rotational 617 
and elevation movements. The thermal fluid was a MS mixture 60% NaNO3 and 40% KNO3. Cold 618 
and hot storage tanks were manufactured from steel insulated with calcium silicate from all sides. A 619 
one-meter high and one and a half-meter diameter cylindrical vessel was adopted for each of the 620 
cold and hot tanks. The design thermal power was 13 kW. The thermal power released by the MS 621 
was 12.31 kW. The thermal power transferred to the water/steam was 11.26 kW. The work proves 622 
the value of small demonstration plants. Small demonstration plant is needed for regionalization in 623 
every location where conditions may differ considerably from the areas of well-established designs 624 
to perform a proper regionalization of the design.  625 

The energy and exergy analyses of sCO2 recompression Brayton cycles of Ref. [32] is performed 626 
for different locations in Saudi Arabia. The exercise returns a ranking by location based on the 627 
selected CSP ST configuration. 628 

Ref. [59] simulated the behavior of the Spanish GEMASOLAR plant under different climates. 629 
The analysis is performed for different locations of mainland China. An estimation of both annual 630 
energy production and return of the investment was provided. Simulations were made with and 631 
without hybridization with combustion of fossil fuels and with same or modified nominal power. 632 
Annual overall efficiencies were about 14% for the 20 MW power plant (GEMASOLAR nominal 633 
power). Down-scaled plants were able of maintaining an efficiency of 14.97% for a 10 MW power 634 
plant.  635 
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Ref. [60] compares under the Algerian climate a Rankine cycle with a tubular water/steam 636 
receiver and a Brayton cycle with volumetric air receiver. The tubular receiver Rankine cycle is 637 
economically slightly disadvantaged vs. the volumetric air receiver Brayton cycle, but it works better 638 
especially under lower solar radiation intensity. The GT requires higher operating temperatures 639 
which are usually difficult to reach throughout the year. 640 

4. Conclusions 641 
The current trends in the development of concentrated solar power (CSP) solar tower (ST) 642 

installations have been reviewed. Improvements are being sought for efficiency of plant, installation 643 
cost, life-span and operation cost. Materials and manufacturing processes, design of solar field and 644 
receiver, including fluids, cycle and materials, optimal management of daily and seasonal operation 645 
of the plant, new thermal energy storage concepts, integration of solar plant with thermal 646 
desalination, integration of solar plant with combined cycle gas turbine (CCGT) installations and 647 
finally, specialization and regionalization of the project specification, are the key areas of progress of 648 
CSP ST technology.  649 

While it is expected that CSP ST installations will grow considerably in the next few years, there 650 
is not yet a better solution all-inclusive than the use of molten salt (MS) as receiver fluid (RF) and 651 
thermal energy storage (TES) fluid, with classic solar field heliostats and receivers, driving a 652 
water/steam superheated Rankine cycle steam cycle.  653 

The different alternatives that are presently under study at different stages of development may 654 
only progress slowly, benefiting from real world experiences requiring time rather than simulations 655 
or laboratory experiments.  656 

Cost of plants are not expected to reduce drastically, even if convergence on few selected 657 
designs of heliostats and receivers could be beneficial to their improvement and cost reduction, with 658 
manufacturing of components in large scale and significant feed-backs from real world operation 659 
expected to be a major driver of the developments.  660 
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Symbols 665 
η  efficiency 666 ߝ  capacity factor 667 
E  electric energy 668 
P  electric power 669 
Q  thermal energy 670 
sCO2  supercritical carbon dioxide  671 

Acronyms 672 
BCST  beam-down concentrating solar tower 673 
CSP  concentrated solar power 674 
CCGT combined cycle gas turbine 675 
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GT  gas turbine 676 
ISCCS Integrated solar combined cycle system  677 
ISEGS  Ivanpah Solar Electric Generating System  678 
LCOE  Levelized Cost of Electricity  679 
MED multi effect distillation 680 
MS  molten salt  681 
MTCR  Multi Tube Cavity Receiver  682 
NG  natural gas  683 
PT  Parabolic Trough 684 
PV  photovoltaic 685 
RF  receiver fluid  686 
RMCI  Recompression with Main Compression Intercooling  687 
SEGS  Solar Energy Generating Systems  688 
ST  Solar Tower 689 
SWRO sea water reverse osmosis 690 
TCES thermochemical energy storage  691 
TES  thermal energy storage 692 
TETR Traditional External Tubular Receiver  693 
VVR  Variable Velocity Receiver 694 
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