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Abstract

Concentrating solar power (CSP) plants, notably solar power tower (SPT) plants, have significant potential to generate
carbon-free electricity. This work briefly overviews CSP technologies, whereas SPT is presented in greater detail. In addi-
tion, the essential requirements, solar irradiance, land, water needs, and grid proximity to install a CSP plant are explained.
This work highlights the significance of integrating direct steam generation (DSG) technology with SPT plants. Depending
on the solar field aperture area, operational DSG-based SPT plants can produce more electricity than molten-salt-based SPT
plants. Also, a comprehensive review of SPT plant components and the most relevant literature is presented, along with a
classification of their operational status. A research proposal is presented to study the off-design factors affecting the opera-
tion of SPT and its components. Hence, the literature reveals a lack of understanding of the effects of these factors on the

thermal performance of solar receivers and the overall performance of SPT plants.
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Abbreviations

CSP Concentrating solar power
STPP Solar thermal power plant
SPT Solar power tower

CRS Central receiver system
DSG Direct steam generation

HTF Heat transfer fluid

TES Thermal energy storage

GHG Greenhouse gases

DNI Direct normal irradiance

HRSG  Heat recovery steam generation

REFOS Receiver for a fossil-hybrid gas turbine system
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LEC Levelized electricity cost

FPR Falling particle receiver

SNL Sandia National Laboratories

PHF Power to heliostats area factor W m™>

Historical perspectives

The need for energy resources has spanned hundreds of
years. Such resources are required for several purposes of
mankind’s usage for the sake of enhancing living conditions
and meeting development [1]. These energies have a signifi-
cant impact on human comfort, including lighting, heating,
cooling, and transportation. Electric and thermal energies
are more substantial on both domestic and industrial levels
[2]. Since the industrial revolution in the nineteenth century,
hydrocarbon resource consumption, like coal, oil, and natu-
ral gas, has rapidly increased as various types of industries
were essentially fossil-fuel-based. Meanwhile, petroleum
and natural gas exploration at the time encouraged indus-
try expansion. The literature shows that worldwide energy
demand, measured in quadrillion Btu, for different energy
resources over the period from 1960 to 2050, has changed
rapidly. Notably, until 2020, dependence on fossil fuels
was dominant compared to other energy sources. However,
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global energy scenarios expect a huge reduction in fossil fuel
consumption by 2050 [3].

The aggressive use of traditional fossil fuels mainly
causes three penalties. First, the price has climbed signifi-
cantly, especially in recent years, which should be consid-
ered from an economic perspective [4]. For instance, one
Brent crude oil barrel rose from $42 in 2020 to $71 in 2021,
then to $120 in 2022. Likewise, the price of natural gas
in the European markets increased 10 times from 2020 to
2021 [3]. Second, it contributes to the depletion of natural
resource reserves [5]. Third, it causes global warming due
to the high rate of emission of greenhouse gases (GHG) [6].
Consequently, the carbon dioxide (CO,) content significantly
increases [7]. Hence, the CO, emitted rose from 10 to 35
BMT from 1960 to 2020. Even though global endeavors
to diminish GHG are still active, the rate has progressed in
recent years [8]. In addition to the above-mentioned penal-
ties, the stability of procuring fossil fuels is not secured,
especially during wars and disputes [9]. As renewable
energy sources can be an alternative to fossil fuels [10], they
have been in high demand by the international community
[11]. The efforts of many countries are evident in transition-
ing to an alternative energy source that is cost-effective and
available year-round. That will help the population meet the
increasing energy demand. The most important aspect of the
proposed energy source is to be sustainable and reliable [12].
Thus, it can support these countries’ development strategies
and increase their dependence on clean energy [13]. The
latter will create a sustainable economy and new jobs in the
renewable energy market. This kind of energy is considered
green energy and has no impact on the earth (environmen-
tally friendly). In other words, energy can address environ-
mental challenges.

Renewable energy could be obtained from different
sources, such as the sun, wind, hydrogen, and bioenergy
[14], geothermal [15], hydropower, etc. In this work, the
emphasis will be on solar thermal energy and the plants used
to harvest it. For being abundant, environmentally friendly,
and inexpensive, solar energy is nowadays considered a
promising source of renewable energy [10].

To elaborate further, using solar thermal energy offers
several advantages over traditional energy sources, thereby
enhancing environmental, operational safety, and long-term
energy security. For example, it is a carbon-free energy
source that significantly reduces pollution [16]. Furthermore,
significant economic benefits can be achieved, particularly
when using concentrating solar power plants (CSP) [17].
Yet, the most important incentive is that the Earth receives
about four quadrillion kWh of solar thermal energy daily,
which is assumed to be more than 10 k times the energy
consumed by the world’s population [18]. However, the
solar energy that reaches the Earth's surface remains low in
density and intermittent due to atmospheric attenuation and
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cloud events. Therefore, to efficiently harness this abundant
energy, solar collectors are further improved to capture most
of the available solar irradiation through increased concen-
tration [19].

Motivation, scope, and contribution of this review

Why SPT among CSP technologies? Four concentrating
solar power (CSP) configurations are currently available at
commercial or near-commercial scale: the parabolic trough
collector (PTC), the solar power tower (SPT), the linear
Fresnel reflector (LFR), and the solar parabolic dish (SPD)
[20]. Each technology differs in its optical concentration
principle, achievable operating temperature, and suitability
for large-scale deployment. PTC and LFR are line-focus
technologies with concentration ratios typically in the 70-80
range and operating temperatures limited to approximately
400 °C, which constrain their thermodynamic cycle effi-
ciency. The SPD achieves the highest concentration ratio
of any CSP technology, up to 3000, but is limited to small,
distributed-scale units and has not demonstrated commercial
viability at utility-scale. The SPT, operating on a point-focus
principle with concentration ratios between 300 and 1500
and working temperatures routinely exceeding 550 °C, occu-
pies a unique position among CSP technologies: it combines
large-scale commercial readiness with the highest thermo-
dynamic efficiency among mature CSP options [21-23]. For
these reasons, the present review is deliberately focused on
SPT systems, while other CSP technologies are acknowl-
edged in their comparative context.

Limitations of photovoltaic (PV) systems. Although pho-
tovoltaic (PV) technology has experienced remarkable cost
reductions over the past decade, several fundamental limita-
tions contextualize the continuing relevance of dispatchable
CSP systems. PV efficiency declines with increasing panel
temperature at a rate of approximately 0.3-0.5% per °C
above the standard test condition of 25 °C, a particularly sig-
nificant penalty in the high-temperature desert environments
where SPT plants are most competitive [23]. Furthermore,
large-scale PV systems generate electricity only during day-
light hours and exhibit rapid output variability under partial
cloud cover, imposing substantial ramp-rate challenges on
grid operators. Without grid-scale battery storage, which
remains costly at the 4-16-h discharge durations required for
firm power delivery, PV cannot independently guarantee a
dispatchable electricity supply. CSP plants with integrated
thermal energy storage (TES), by contrast, can dispatch elec-
tricity on demand around the clock, functioning as control-
lable power plants fueled entirely by solar energy [24, 25].
This fundamental distinction underpins the complementary
and enduring role of SPT technology in a balanced renew-
able energy portfolio.
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Gap in the existing literature. A substantial body of CSP
review literature exists; however, many comprehensive
reviews have focused on PTC systems or on broad multi-
technology surveys that treat SPT as one technology among
several. Reviews specifically addressing SPT tend to focus
either on isolated components, such as heliostats or receiv-
ers, or on techno-economic assessments without detailed
treatment of working-fluid thermodynamics or off-design
operational behavior. The role of direct steam generation
(DSG) technology in SPT systems, its performance advan-
tages relative to molten salt HTF, and its sensitivity to
solar irradiance variability have received limited integrated
treatment in the published review literature. Furthermore,
the effect of meteorological off-design factors, including
transient cloud events and wind loading on SPT subsystem
performance, remains insufficiently synthesized across the
existing body of work [22, 23, 25, 26].

Specific contributions of this work. Against this back-
ground, the present review makes the following specific
contributions: (i) it provides an integrated assessment of
DSG-based SPT plants and quantitatively benchmarks their
performance against molten-salt-based counterparts using
the power-to-heliostat-area factor (PHF) as a common metric
derived from publicly available plant data; (ii) it presents
a structured and updated classification of worldwide SPT
plants according to operational status, HTF type, and cooling
method; (iii) it reviews all major SPT receiver architectures,
external tubular, cavity, volumetric, and falling particle,
with comparative analysis; (iv) it critically examines TES
options in the SPT context; and (v) it identifies the specific
research gaps related to off-design performance, particularly
the effect of fluctuating solar irradiance on receiver thermal
behavior and whole-plant performance.

Concentrating solar power (CSP)
technologies

A CSP plant represents a renewable solution offering a
sophisticated technology that can convert solar irradiance
into high-density thermal energy with outstanding effective-
ness, especially in territories with high direct normal irradi-
ance (DNI) [27]. They have been pioneering technologies
for the last few decades [28]. Such modern technologies use
solar thermal energy as a heat source to drive a heat engine.

Solar thermal energy represents the heat source required
in the Rankine and Brayton cycles. The solar thermal col-
lector concentrates and applies the solar thermal beam to
a small area. The collector-to-receiver area ratio is high,
resulting in a high concentration ratio. Then, the exerted
thermal power heats the heat transfer fluid (HTF), which is
water in the case of integration with direct steam generation
(DSG), to transform it into saturated or superheated steam

[29]. CSP plants have the potential to occupy the leading
position in generating electricity due to their flexibility, and
offer obvious solutions for climate change [30]. To better
perceive the CSP configuration, its components are divided
into three main sections [31]:

1. Solar field: collector systems/mirrors, tracking system,
absorbing tubes, heat transfer fluid, pumping and piping
system, heat exchangers, backup structure.

2. Thermal energy storage unit: storage media, encapsula-
tion approach, storage tanks, tank insulation.

3. Power block: turbine, condenser, auxiliary boiler, cool-
ing tower.

Requirements of CSP technologies

Several crucial factors must be satisfied to ensure the proper
installation of the CSP in a particular region [32]. Hence,
the intensity of the sunrays represented in DNI, a sufficient
area, the existence of a cooling method, and the proximity
of the grid are mandatory, as described below.

Direct normal irradiance (DNI)

DNI is the magnitude of normal electromagnetic energy that
reaches the Earth's surface from the sun, minus the diffuse
radiation due to scattering through the atmosphere and cloud
events. A great value of DNI is needed to ensure that solar-
energy-based electric power generation plants perform suit-
ably. The range of DNI, as reported in the literature, is about
(1800-2000) kWh m~2year [33]. CSP systems rely solely on
DNI to convert solar energy into thermal energy to produce
electricity, unlike photovoltaic (PV) systems, which utilize
both DNI and diffuse irradiance.

Territory requirements

Large areas are required to install a CSP plant. Hence, it
is one of the main factors in selecting the appropriate CSP
technology. Likewise, such areas, such as deserts, which
often receive high solar irradiance (DNI), should be afford-
able. For instance, more than 50 k square meters are used to
generate one megawatt of electricity with one-hour storage
in case of utilizing the central receiver system [32].

Water requirements and water-saving technologies

CSP plants are well-suited to desert and arid regions because
of their high direct normal irradiance, but these environ-
ments simultaneously impose a critical constraint: water
availability. Water is consumed in SPT plants through three
principal pathways: steam-cycle make-up water in wet-
cooled plants, heliostat mirror washing, and auxiliary system
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use. The magnitude of each pathway is strongly dependent
on the cooling configuration employed.

Wet cooling through an evaporative cooling tower is the
most thermodynamically efficient cooling method because
it achieves the lowest condenser temperature and pressure,
thereby maximizing cycle efficiency. However, it consumes
approximately 2240-2800 L of water per MWh of electric-
ity generated in SPT plants [9, 30]. For a representative
100 MWe plant operating 3500 full-load-equivalent hours
per year, this implies an annual make-up water demand of
approximately 780-980 million litres. In the arid regions
where high-DNI SPT sites are concentrated, the Atacama
Desert, the Sahara, the Arabian Peninsula, and the Mojave
Desert, water availability at this scale is a significant site-
selection and operational constraint.

Dry cooling, using air-cooled condenser (ACC) systems,
eliminates evaporative water consumption from the power
cycle entirely. Because ambient air temperatures are higher
than cooling tower water temperatures, the condenser satu-
ration temperature and back pressure are elevated in dry-
cooled plants, typically reducing net electricity generation
by 3-10% relative to a wet-cooled equivalent, with the larg-
est penalties occurring during peak summer afternoon tem-
peratures, precisely when solar irradiance and generation
demand are highest. Despite this efficiency trade-off, dry
cooling is increasingly adopted at low-water sites, including
Khi Solar One (50 MWe, South Africa), Jiilich Solar Tower
(Germany), and Shouhang Dunhuang Phase II (100 MWe,
China) [34].

Hybrid cooling combines a dry-air-cooled condenser with
a supplemental evaporative circuit that is activated during
peak ambient temperatures. This approach limits make-up
water consumption to 10-30% of an equivalent fully wet-
cooled plant while recovering most of the efficiency penalty
of pure dry cooling during peak generation hours. Crescent
Dunes (110 MWe, USA) employs hybrid cooling as a practi-
cal example of this approach [34].

Heliostat mirror washing represents the second major
water consumption pathway. Water consumption for wash-
ing is approximately 75-150 L per 100 m? of mirror sur-
face per washing cycle [22, 34]. For a large SPT plant with
500,000—1500000 m? of heliostat aperture area, a single
washing cycle consumes 375,000-2250000 L. At a wash-
ing frequency of two to four cycles per month in high-soiling
environments, annual washing water consumption ranges
from 9 to 108 million litres for large plants. Three prin-
cipal strategies are employed to reduce this consumption.
First, waterless dry robotic cleaning systems use automated
brushes or compressed-air mechanisms to traverse the helio-
stat field and remove loosely adhered dust without water;
commercial systems have demonstrated reductions in wash-
ing water consumption of 70-90%, although their effective-
ness is limited for cemented or hygroscopic deposits [22,
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34]. Second, soiling-adaptive cleaning scheduling employs
predictive algorithms that incorporate local dust-monitoring
data, satellite aerosol optical depth measurements, and statis-
tical soiling-rate models to optimize washing frequency and
routing, maximizing annual energy output per litre of water
consumed. Third, hydrophobic and anti-soiling mirror coat-
ings under active development reduce the adhesion energy
of dust particles to the mirror surface, with controlled trials
demonstrating soiling rate reductions of 20-40%, potentially
extending inter-cleaning intervals and reducing both water
and labour costs [22]. When dry cooling is combined with
waterless mirror cleaning technologies, the aggregate water
intensity of a large SPT plant can be reduced to approxi-
mately 0.2-0.3 L per kWh, approximately one-tenth the con-
sumption of a conventionally wet-cooled plant, making SPT
technology viable even at sites with severe water scarcity.

Beyond the direct normal irradiance (DNI) requirement,
the long-term performance and maintenance economics of
SPT plants are substantially influenced by ambient environ-
mental factors, particularly in desert environments where
high-DNI sites are concentrated. Three factors warrant
specific discussion: heliostat soiling, wind effects, and dust
accumulation.

The reflectivity of heliostat mirror surfaces is a criti-
cal driver of field optical efficiency and degrades continu-
ously due to the deposition of particulate matter, including
mineral dust, biological material, and industrial aerosols.
Clean-mirror specular reflectivity is typically 0.93-0.95;
field measurements at operational SPT sites in arid regions
of the southwestern United States, the Middle East, and
North Africa have recorded reflectivity losses of 0.5-2.0%
per day in high-dust environments [22, 34]. If cleaning is
performed only weekly, cumulative soiling can reduce field
optical efficiency by 5-15%, representing a substantial pen-
alty on annual energy yield. Optimal cleaning scheduling,
balancing water consumption and labour cost against the
optical performance penalty of delayed intervention, is an
active area of operational optimization in the industry. Dry
robotic cleaning systems have been developed specifically to
reduce water consumption for washing at arid sites.

Wind loading is a primary structural design constraint
for heliostat reflector panels and their support structures. At
operational SPT sites, sustained wind speeds regularly reach
10-15 m s~!, and storm events can exceed 30-40 m s~',
requiring heliostats to be driven to a protective stow position.
At intermediate wind speeds within the operational range,
heliostat tracking accuracy is degraded by structural vibra-
tion and elastic deformation of the mirror panel and support
arm, introducing pointing errors that reduce the fraction of
reflected radiation intercepted by the receiver aperture and
increase spillage losses. Studies have estimated that sus-
tained wind speeds of 5-8 m s~ !can degrade heliostat track-
ing accuracy by 1-3 mrad, relative to a design requirement
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of less than 1 mrad RMS, with corresponding reductions in
annual optical efficiency of 1-3% at windy sites [35, 36].
Additionally, wind-induced forced convection from external
receiver surfaces is a significant thermal loss mechanism; the
convective heat loss coefficient scales approximately with
the 0.6-0.8 power of wind speed [37], making high-wind
sites systematically less favourable for external receiver
designs relative to enclosed cavity configurations.

Dust accumulation on receiver surfaces and optical com-
ponents compounds the soiling effects described above. In
volumetric receivers of open-loop configuration, airborne
particulate matter deposits within the porous absorber
matrix, progressively reducing effective porosity and alter-
ing the absorber's pressure drop characteristics, thereby
disrupting the designed airflow distribution. In pressurized
volumetric receivers with glass windows, dust deposits on
the external window surface reduce optical transmissivity. In
falling particle receivers, atmospheric dust can contaminate
the particle inventory, altering its optical absorptance and
thermophysical properties over extended operation [25, 38].
Receiver cleaning protocols and aperture design features,
such as air curtain or purge-flow systems, are incorporated
in advanced receiver designs to mitigate particulate ingress
and surface deposition.

Access to network equipment

Large-scale CSP plants producing megawatt-scale output
are deemed to use the same infrastructure as conventional
power plants, since both generate high-voltage electricity.
The generated electricity will be delivered to consumers
via transmission lines. These lines are a key component of
determining the location of CSP plants. All these considera-
tions will help minimize operating and maintenance costs.
Therefore, it is recommended that more than one plant be
installed in the same location [39].

CSP technologies

As mentioned earlier, CSP systems are deployed worldwide
and available in different phases in terms of operational,
under construction, and development [40]. Nevertheless, of
all CSP technologies, SPT has higher advantages as listed
below:

1. The mean annual efficiency of solar-to-electric conver-
sion of the plant is (23-35)%, along with a remarkably
high field operating temperature [21].

2. Potential of utilizing different conversion cycles: Rank-
ine cycle (RC), Brayton cycle (BC), combined cycle
(CO) [22].

3. Considered as large-scale electric power generation
plants with a range of (10-200) MW [41].

4. The capacity factor per annum is 55% with thermal
energy storage technology (10 h) [24].

5. Higher possibility to reduce costs and increase effi-
ciency. As a result, an affordable levelized electricity
cost (LEC) is expected [22]. Hence, it is expected to
operate for more than 4500 h annually.

6. The expectation of improvement is very significant
[23].

7. High concentration ratio (300-1500) leading to a
higher temperature range (150- above 2000 °C) [42].

8. The least expensive technology in comparison with
other CSP families for producing electricity [43].

9. The required cooling water is less (2240-2800) 1/
MWh, whereas parabolic trough collectors and lin-
ear Fresnel collectors need (3000-3500) /MWh and
(2900-3500) I/MWHh, respectively [9].

10. In comparison with the parabolic trough collector
(PTC), the solar power tower (SPT) gives the peak
thermodynamic efficiency [30].

Additionally, integrating DSG with SPT further boosts
efficiency. Such technology converts water from liquid
to steam directly throughout the solar receiver. Then, the
steam generated is used to drive the power unit to produce
electricity. The beauty of this technology is its capability to
raise the temperature of water/steam beyond the maximum
limit that synthetic oil temperature can reach [44]. In SPT
plants, employing DSG is proven to be cost-effective com-
pared to using synthetic oil with heat exchangers [45]. DSG
represents a promising technology with high potential to
reduce the complications associated with SPT plants. The
most important reasons for employing the DSG technique
are listed below [46]:

1. Eliminating the synthetic heat transfer fluid (HTF).

2. No heat exchanger is required, nor is oil used to transfer
thermal energy.

3. Simple configuration leads to low maintenance and
operation costs (O&M). Thus, lower levelized electric-
ity costs.

4. A higher temperature is achieved (above 400 °C) while
synthetic oil degrades at this temperature. Therefore,
higher thermodynamic temperatures and overall plant
efficiencies are achieved.

5. No environmental hazards (eco-friendly) in case of leak-
age or fire circumstances.

The benefits, however, come with some technical chal-
lenges when using water inside the receiver. For instance,
corrosion occurs if the water used is not well purified. Also,
the climate conditions significantly affect DSG performance,
especially during cloud events. Likewise, in DSG, the SPT
plant output is controlled by the sun's availability [47].
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Solar power tower (SPT)

SPT is a mature CSP technology that has received consider-
able attention over the last four decades in the development
of high-capacity solar thermal power plants (STPPs). The
solar tower has been investigated and studied throughout
demonstrated and pilot plants worldwide.

General layout and working principle of SPT plants

The general layout of an SPT plant, illustrated schemati-
cally in Fig. 1 [22, 48], consists of five principal subsystems
arranged to form a continuous solar-to-electrical energy
conversion chain. The heliostat field surrounds the central
tower and is designed to maximize the annual optical energy
intercepted and reflected onto the receiver aperture. Hence,
such a field consists of hundreds of mirrors mounted in cir-
cular arrays. These mirrors are individually constructed on
a 2-axis tracking system to follow the sun from dawn to
dusk. The function of these mirrors is to receive, concen-
trate, and reflect the incident solar radiation beam onto the
solar receiver. The typical heat flux reflected from heliostats
to the receiver is (200-1000) kW m~2. However, it depends
on the mirror's reflectivity, or, in other words, its optical
performance. The receiver, mounted at the top of the tower,
absorbs the concentrated solar flux and transfers thermal
energy to the circulating heat transfer fluid (HTF) [49].
Depending on the HTF selected, the thermal circuit either

feeds a steam generator (for molten salt or synthetic oil) or
directly produces steam within the receiver (for DSG). Heat
transfers to the HTF throughout the receiver tube wall by
conduction and convection. The receiver is made of specific
materials subject to high-density heat flux and continuous
temperature fluctuations, which cause thermal stresses [50].
Therefore, it should be manufactured from thermal-stress-
resistant materials to withstand the substantial solar flux
encountered across a wide range of temperatures. Nowadays,
receivers are made of metal alloys or ceramics. Thus, reli-
ability, economy, and safety should be considered during the
receiver design phase. The HTF thermal circuit connects to
the thermal energy storage (TES) system, which decouples
electricity generation from the instantaneous availability of
solar irradiance. The power conversion block, consisting of
a steam or gas turbine, generator, condenser, and associ-
ated auxiliaries, converts stored or directly transferred ther-
mal energy into electrical power for grid delivery [22, 51].
The energy conversion chain within an SPT plant proceeds
through four sequential stages: (1) optical concentration, in
which the heliostat field redirects and concentrates direct
normal irradiance (DNI) onto the receiver aperture; (2)
solar-to-thermal conversion, in which the receiver absorbs
the concentrated flux and heats the HTF; (3) thermal stor-
age and dispatch, in which the TES system buffers energy
supply against demand variability; and (4) thermal-to-elec-
trical conversion, in which the power block produces grid-
quality electricity. Understanding this chain is essential for
identifying where thermodynamic losses occur and where

Fig. 1 Schematic layout of a generic Solar Power Tower (SPT) plant illustrating the principal subsystems and energy flow path
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performance improvement opportunities are greatest [22,
48].

The feasibility of constructing large-scale solar power
tower plants has been demonstrated by the Solar One plant,
established in 1982 in the United States. At that time, it
was considered the world's largest SPT power generation
plant, with 10 MWe [52]. Then, the Solar Two plant was
built in California next to the Solar One plant. In 1996, the
Department of Energy (DOE) modified the Solar One plant
design to validate the use of nitrate salts. SPT technology
was also introduced in Sevilla, Spain, with the construc-
tion of Planta Solar 10 (PS10) and Planta Solar 20 (PS20).
These plants can generate 11 MWe and 20 MWe of electric-
ity, respectively. The integration of thermal energy storage
technology with standalone SPT plants is highly significant
for maximizing the annual capacity factor [39]. Economi-
cally, the rate of electric power generated by SPT is deemed
affordable for consumers if the capacity is very large (greater
than 10 MWe) [53]. Furthermore, SPT plants would be used
for other applications, such as desalination, to produce clean
drinking water. Such usage is beneficial, especially in coastal
cities and islands with drinking water scarcity, for instance,
in Greece and Cyprus [54]. Likewise, generating hydrogen
by using a chemical reactor plant is achievable [55]. Sig-
nificant research on SPT plants has been conducted since
1980. Table 1 presents examples of SPT pilot plants since
the 1980s.

As mentioned earlier, SPT can accommodate a wide range
of HTFs with different power cycles (Rankine, Brayton, or
combined) [34], as shown in Table 2. This represents one of
the favorite features, enabling investors/decision-makers to
have more freedom in differentiating among various HTFs.
Nevertheless, each HTF has characteristics and advantages
that may apply to one project but not to another. In other
words, determining a specific HTF depends on factors such
as project location and climatic conditions. For instance,

Table 1 Samples of SPT pilot plants [48]

Project Power/MW  Year to TES HTF Country
name start
SSPS 0.5 1981 Yes Liquid Spain
sodium
EURELIOS 1 1981 Yes Steam Italy
SUNSHINE 1 1981 Yes Steam Japan
Solar One 10 1982 Yes Steam USA
CESA-1 1 1983 Yes Steam Spain
MSEE/ 1 1984 Yes Molten USA
CAT B nitrate
THEMIS 2.5 1984 Yes Hi-Tec salt France
SPP-5 5 1986 Yes Steam Russia
TSA 1 1993 Yes Air Spain
Solar Two 10 1995 Yes Molten salt USA

atmospheric air can be utilized to attain high efficiency and
quick startup, such as J it lich Solar Tower in Germany [56].
In turn, molten salt has been proven commercially in opera-
tional plants such as the Gemasolar Thermosolar Plant in
Spain, NOOR I in Morocco, and the Hami 50 MW CSP
Project in China.

Table 2 displays the most recent SPT plants and their
classification according to the following status: not opera-
tional, operational, under construction, and development
[34].

It is observed from Table 2, two cooling methods are used
in SPT plants: wet and dry. Distinguishing between those
kinds depends on how residual heat is extracted from the
steam leaving the expansion turbine. Hence, for SPT plants
employing wet cooling, water is used to cool down and con-
dense the steam inside a condenser. Then the condensate
water is drawn again by a pump for reuse in the plant cycle.
The cooling water becomes hot as it absorbs heat inside the
condenser and dissipates thermal energy throughout a cool-
ing tower. Such a cooling method is efficient and effective,
but has potential drawbacks. It demands high water quanti-
ties and delivers high temperatures. On the other hand, the
dry-cooling method uses air to cool the steam in SPT plants.
A heat exchanger is required for dry cooling to enable the
heat exchange between steam and air. Dry cooling is less
efficient than wet cooling and is more expensive to install
and operate. Finally, combining the two cooling types above
yields a hybrid cooling method.

Heat transfer fluids in SPT plants: types, properties,
and commercial deployment

The selection of the heat transfer fluid (HTF) is one of the
most consequential design decisions in an SPT plant, as it
governs the achievable operating temperature, thermody-
namic cycle efficiency, TES strategy, environmental risk,
and capital and operational costs. The following subsections
review the principal HTF categories employed or investi-
gated for SPT applications, and Table 3 provides a compara-
tive summary of their key thermophysical properties and
deployment status.

Water/Steam (Direct steam generation)

Water is the working fluid in the Rankine cycle and, when
used as HTF directly within the solar receiver, constitutes
the DSG configuration. DSG eliminates the need for a sepa-
rate HTF circuit and its associated heat exchangers, sim-
plifying plant layout and reducing heat-exchange losses.
Operating pressures in DSG-SPT systems are typically
40-160 bar, with steam temperatures reaching 400-550 °C
[46]. The principal thermophysical advantage of water as
HTF is its exceptionally high latent heat of vaporization,
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Table 2 SPT plants in multiple statuses (not operational, operational, under construction, under development) [34]

Project name Year to start Country Net Gross Status HTF Cooling method TES
power  power
MW)  (MW)
Solar One 1982 USA 10 10 Not Operational Water N/A Oil/ rock
Solar Two 1995 USA 10 10 Not Operational Molten salt N/A Nitrate salt
Sierra SunTower 2009 USA 5 5 Not Operational Water Wet cooling None
Lake Cargelligo 2011 Australia 3 3 Not Operational Water/Steam  N/A Core graphite
National Solar 1976 USA 5 5 Operational Molten salt N/A N/A
Thermal Test
Facility
Planta Solar 10 2007 Spain 11 11.02 Operational Water Wet cooling Other
Julich Solar Tower 2008 Germany 1.5 1.5 Operational Air Dry cooling Other
Planta Solar 20 2009 Spain 20 20 Operational Water Wet cooling Other
Supcon Solar 2018 China 50 50 Operational Molten salt N/A 2- Tank direct
Project
ACME Solar 2011 India 2.5 2.5 Operational Water/Steam ~ Wet cooling None
Tower
Gemasolar Ther- 2011 Spain 19.9 19.9 Operational Molten salt Wet cooling 2- Tank direct
mosolar
Dahan Power Plant 2012 China 1 1 Operational Water/Steam ~ Wet cooling Other
Greenway CSP 2012 Turkey 1.4 1.4 Operational Water N/A Other
Mersin
CRS Sales 2012 Spain 5 5 Operational Molten salt N/A N/A
Ivanpah Solar 2014 USA 377 392 Operational Water Dry cooling None
Electric
SUPCON Delingha 2013 China 10 10 Operational Water Wet cooling 2- Tank direct
Crescent Dunes 2015 USA 110 110 Operational Molten salt Hybrid 2- Tank direct
Jemalong Solar 2016 Australia N/A 1.1 Operational Liquid Sodium Dry cooling 2- Tank direct
Thermal
Khi Solar One 2016 South Africa 50 50 Operational Water Dry cooling Other
Sundrop CSP 2016 Australia 1.5 1.5 Operational Water N/A None
Project
Qingha Gonghe 2016 China 50 50 Operational Molten salt Dry cooling 2-Tank direct
Ashalim Plot B 2017 Israel 121 121 Operational Water N/A None
NOOR 1II 2018 Morocco 150 150 Operational Molten salt N/A 2- Tank direct
Hami 2019 China 50 50 Operational Molten salt N/A 2- Tank direct
SEDC 2008 Israel 6 6 Operational Water N/A N/A
Shouhang Dun- 2016 China 10 10 Operational Molten salt N/A 2- Tank direct
huang I
Shouhang Dun- 2018 China 100 100 Operational Molten salt Dry 2- Tank direct
huang II
LuNeng Haixi 2019 China 50 50 Operational Molten salt N/A 2- Tank direct
Atacama-1 2018 Chile 110 110 Under construction Molten salt N/A 2- Tank direct
Golmud 2018 China 200 200 Under construction Molten salt N/A 2- Tank direct
Noor Energyl / 2022 UAE 100 100 Under construction Molten salt N/A 2-Tank direct
DEWA IV
Yumen 50 N/A China 50 50 Under construction Molten salt N/A 2- Tank direct
Redstone 2023 South Africa 100 100 Under construction Molten salt Dry cooling 2- Tank direct
Golden Tower 2016 China 100 100 Under development Molten salt N/A 2- Tank direct
Copiap6 2019 Chile 260 260 Under development Water/Steam  Dry cooling 2- Tank direct
Shangyi 50 MW N/A China 50 50 Under development Water/Steam  N/A 2- Tank indirect
DSG Tower CSP
Project
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Table 3 Comparative thermophysical properties and deployment status of HTFs used in SPT plants [22, 25, 34, 44, 46, 47, 57, 58]

HTF Operating temp.  Specific heat/ Thermal Density/kgm™>  TES compat- Commercial SPT
range/°C kJ kg7' K conductivity/W m~' K~! ibility use
Water/ Steam 100-550 4.18 (liquid)/2.1 0.6 (liquid) 958 (100 °C, Steam accumu-  Yes, Ivanpah,
(DSG) (steam) liquid) lator Khi Solar One,
Ashalim
Molten Salt 220-565 1.50 0.50 1900 (300 °C) Direct two-tank  Yes, Gemasolar,
(Solar Salt) NOOR 111, Cres-
cent Dunes
Synthetic Oil 15-400 2.10 0.12 870 (300 °C) Indirect two-tank No, used primarily
(Therminol in PTC
VP-1)
Air Ambient,> 1000 1.0 0.03-0.07 0.6 (300 °C) Solid media TES Pilot only, Jiilich,
Germany
Liquid sodium 100-880 1.27 70 (400 °C) 850 (400 °C) Two-tank Very limited,
Jemalong, Aus-
tralia

approximately 2257 kJ kg™! at 100 °C, decreasing with
increasing pressure, which enables efficient enthalpy uptake
in the boiling section of the receiver. Its specific heat capac-
ity in the liquid phase is approximately 4.18 kJ kg~ K, and
its thermal conductivity is approximately 0.6 W m~! K~! at
near-ambient conditions, yielding convective heat transfer
coefficients during nucleate boiling that are among the high-
est achievable in any HTF configuration [44, 46]. Water is
non-toxic, non-flammable, and abundantly available, making
it environmentally benign. However, DSG operation intro-
duces two-phase flow complexity, with distinct preheating,
evaporation, and superheating zones within a single receiver,
making flow control and thermal uniformity challenging,
particularly during transient cloud events and at partial load
[26, 47]. DSG technology has been commercially proven at
large scale in several major operational plants, including the
Ivanpah Solar Electric Generating System (377 MWe, USA),
Khi Solar One (50 MWe, South Africa), and Ashalim Plot
B (121 MWe, Israel).

Molten salt

Molten nitrate salt, most commonly a binary mixture of 60
mass% NaNO; and 40 wt% KNOs, commercially known as
Solar Salt, is the most widely deployed HTF in large-scale
commercial SPT plants. It operates as a liquid over the tem-
perature range of approximately 220-565 °C. Its key thermo-
physical properties at 300 °C include a specific heat capacity
of approximately 1.5 kJ kg™! K~!, a density of approximately
1900 kg m~>, and a thermal conductivity of approximately
0.5 W m~'K~! [34, 57]. The primary advantage of molten
salt is its ability to serve simultaneously as HTF and TES
medium in a direct two-tank storage configuration, eliminat-
ing the heat exchanger between the solar field and the stor-
age system and significantly improving round-trip storage

efficiency. Molten salt SPT technology is commercially
proven in plants including Gemasolar (19.9 MWe, Spain),
Crescent Dunes (110 MWe, USA), NOOR III (150 MWe,
Morocco), and DEWA/Noor Energy 1 (100 MWe, UAE)
[34]. The principal limitation of molten salt is its relatively
high freezing point, approximately 220 °C for Solar Salt,
necessitating freeze protection through trace heating dur-
ing night-time and low-irradiance periods, adding parasitic
energy consumption and operational complexity. Research
into advanced ternary and quaternary nitrate/nitrite salt for-
mulations aims to reduce the minimum operating tempera-
ture below 100 °C to mitigate this challenge [25].

Synthetic thermal oil

Synthetic thermal oils, most notably Therminol VP-1 and
Dowtherm A, both eutectic biphenyl/diphenyl oxide mix-
tures, have been extensively used as HTFs in PTC plants
and studied as candidates for SPT applications. These oils
operate in the liquid phase over a temperature range of
approximately 15-400 °C, beyond which thermal crack-
ing and irreversible chemical degradation occur [44, 45].
Their thermophysical properties at 300 °C include a specific
heat capacity of approximately 2.1 kJ kg~' K~!, a density
of approximately 870 kg m~>, and a thermal conductivity
of approximately 0.12 W m~! K=!, which are notably lower
than those of molten salts, implying higher thermal resist-
ance in receiver tubes [57]. The vapor pressure of synthetic
oils is relatively high at elevated temperatures, reaching
approximately 10 bar at 400 °C, requiring pressurized piping
systems that add to plant costs and complexity. In SPT appli-
cations, oil would be used in an indirect two-tank TES con-
figuration with a separate oil-to-salt heat exchanger, which
introduces additional thermodynamic irreversibilities and
capital costs. Furthermore, synthetic oils are flammable and
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present environmental risks in the event of a leak, requiring
secondary containment systems. For these reasons, synthetic
oil has not been deployed as the primary HTF in any large-
scale commercial SPT plant; however, it provides a relevant
technology reference against which DSG and molten salt
are benchmarked, and it remains of interest for hybrid mid-
temperature SPT configurations [45, 57].

Air

Atmospheric and pressurized air are used as HTF in volu-
metric receiver configurations, particularly in open-loop
and closed-loop (pressurized) arrangements coupled with
Brayton or combined power cycles. Air can operate over
an extremely wide temperature range, potentially exceeding
1000 °C in pressurized volumetric receiver demonstrations
[58, 59], and is non-toxic, non-corrosive, and freely avail-
able. However, its thermophysical properties are compara-
tively poor: a specific heat capacity of approximately 1.0 kJ
kg~! K~! and a thermal conductivity of approximately 0.03
W m~! K~! at ambient conditions, which improve with tem-
perature but remain far below those of liquid HTFs. The
low air density necessitates high volumetric flow rates and
imposes significant pressure drop penalties in receiver sys-
tems. Air does not permit direct TES in conventional two-
tank systems; instead, high-temperature solid TES media
must be used. The Jiilich Solar Tower (1.5 MWe, Germany)
is the most established pilot-scale demonstration of air-based
SPT technology [56].

Liquid sodium

Liquid sodium has been investigated as an HTF for SPT
receivers due to its exceptionally high thermal conductivity
of approximately 70 W m~' K~! at 400 °C, which enables
very high convective heat transfer coefficients and poten-
tially more uniform receiver tube wall temperatures under
non-uniform solar flux distributions. Its operating tempera-
ture range is approximately 100-880 °C, and its specific
heat capacity is approximately 1.27 kJ kg=! K~! [22, 57].
However, liquid sodium is highly reactive with water and air,
posing severe safety risks: any leak in a sodium-based HTF
circuit can cause violent combustion or an explosion upon
contact with moisture. This intrinsic hazard has severely
limited commercial adoption. The Jemalong Solar Thermal
Station (1.1 MWe, Australia) is among the few operational
SPT plants to have employed liquid sodium as HTF [34].

Techno-economic comparison: DSG versus molten salt
The choice between DSG and molten salt as HTF involves

trade-offs that extend beyond thermophysical properties to
include capital cost, levelised cost of electricity (LCOE),
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operational complexity, and storage flexibility. Recent quan-
titative assessments provide the following representative
benchmarks [22, 25]:

Regarding LCOE, molten-salt SPT plants with two-tank
TES have demonstrated values of 0.12-0.18 USD kWh™!
in recent commercial projects, Crescent Dunes at approxi-
mately 0.135 USD kWh™!, and NOOR III at approximately
0.15 USD kWh™!, depending on storage capacity and site
DNI. DSG-SPT plants without TES, such as Ivanpah, have
reported LCOE values of approximately 0.13-0.20 USD
kWh™!, but their capacity factors are inherently limited by
the absence of dispatchable storage. Regarding capacity fac-
tor, molten-salt SPT plants with 10-15 h of TES achieve
annual capacity factors of 55-75%, compared to 25-35%
for DSG plants without storage. In terms of capital cost,
the two-tank molten salt TES system adds approximately
80-120 USD/kWhy, to the total capital expenditure, while
DSG eliminates the HTF loop and its associated heat
exchangers, reducing solar field piping costs by an estimated
10-20% relative to indirect molten-salt configurations.
Regarding irradiance variability sensitivity, DSG systems
are more sensitive to rapid irradiance transients because the
two-phase flow regime within the receiver responds imme-
diately to flux changes, leading to instability in steam quality
and pressure. Molten salt's larger thermal mass and single-
phase flow characteristics provide a natural buffer against
short-duration cloud events, though prolonged low-DNI
periods still require energy input for freeze protection [26,
47]. On balance, molten salt with two-tank TES currently
represents the preferred commercial choice for utility-scale
SPT plants requiring high capacity factors and firm dispatch-
ability. DSG remains competitive in applications where stor-
age is not required or where plant simplicity and lower HTF
water costs are decisive factors.

Operational SPT plants producing significant amounts of
electricity are limited worldwide. In addition, not all techni-
cal data required to differentiate among such plants is pub-
licly accessible. Therefore, in this work, the analysis will be
based on the PHF concept for the currently operational SPT
plants. PHF is calculated as follows.

Electric Power Genrated (W)

PHF =
Aperture Area (mz)

The ElectricPowerGenrated represents the magnitude
of electricity produced by the SPT plant and delivered to
the grid in watts. The ApertureArea represents the helio-
stats' surface area in m2, which receives, concentrates, and
reflects the downwelling sunlight. Employing the PHF
concept, typically measured in (W m™2), is a beneficial
tool for a preliminary comparison among SPT plants based
on the HTF used. However, additional key parameters are
still required to assess SPT plant performance, efficiency,
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and cost-effectiveness. Therefore, the PHF concept can
be used for the theoretical comparison, while the collec-
tor efficiency, HTF quality, and overall design of the SPT
plant are used for the practical comparison. Additionally,
using the PHF concept to compare SPT plants will provide
useful information on HTF thermal performance, which
is essential for determining the amount of heat conveyed
from the solar receiver to the power block. Higher PHF
values lead to higher electric power generation per unit
area, which is desirable, especially in limited territories.
Table 4 highlights PHF to compare the performance of
SPT plants with production capacity above 10 MWe using
different HTFs.

Notably, operational SPT plants coupled with DSG gener-
ally exhibit the highest PHF levels compared to those based
on molten salt. That is due to water's significantly high latent
heat of vaporization, as shown in Fig. 2. A plausible con-
clusion from the above investigation is that SPT integrated
with DSG can produce higher electrical power. Again, using
water as a cooling fluid has shortcomings, which should be
addressed to ensure smooth operation.

Design aspects of solar power tower plants

The engineering design of an SPT plant involves several
interrelated sub-problems that must be solved simultane-
ously to achieve the maximum annual energy output at the
minimum cost. The principal design parameters are dis-
cussed below.

Heliostat field layout and optimization

The heliostat field layout determines the plant's optical effi-
ciency. Heliostat positions are optimized to maximize the
annual reflected energy delivered to the receiver aperture
while minimizing blocking, the obstruction of one heliostat
by another in the beam path to the receiver, and shading,
defined as the shadow cast by one heliostat onto an adjacent
mirror's reflective surface. Common field geometries include
the surrounding (north—south symmetric) layout, typically
adopted at low to mid latitudes, and the north-biased field,
more common at higher latitudes where the solar eleva-
tion is predominantly to the south during the operational
period. The cosine factor, defined as the cosine of the angle
between the heliostat normal and the bisector of the sun-
heliostat-receiver angle, is the dominant single optical loss
mechanism and is minimized by placing heliostats close to
the tower, balanced against the blocking and shading penal-
ties that increase with field density [22, 48, 60]. Optimi-
zation tools such as DELSOL, HFLCAL, and SolarPILOT
are widely used for field layout design, iteratively adjusting
mirror positions, field radius, and angular density to maxi-
mize the annual solar multiple for a given aperture area and
tower height.

Tower height

The tower height is selected as a function of the heliostat
field radius. As the field radius increases to accommodate
larger installed capacity, the tower must be proportion-
ally taller to maintain an acceptable incidence angle at

Table 4 PHF of operational SPT plants producing more than 10 MWe with different HTF

Plant name HTF Power/MW, Aperture area m™> PHF/W m~
Planta Solar 10 ‘Water 11 75,000 146.66
Planta Solar 20 ‘Water 20 150,000 133.33
Supcon Solar Project Molten salt 50 542,700 92.13
Gemasolar Thermosolar Plant Molten salt 20 304,750 65.62
Ivanpah Solar Electric Generating System Water 377 2,600,000 145
Crescent Dunes Solar Energy Project (Tonopah) Molten salt 110 1,197,148 91.88
Khi Solar One ‘Water 50 576,800 86.68
Qingha Gonghe 50 MW Molten salt 50 516,000 96.89
Ashalim Plot B ‘Water 121 1,052,480 114.96
NOOR III Molten salt 150 1,312,000 114.32
Hami 50 MW CSP Project Molten salt 50 696,751 71.76
LuNeng Haixi Molten salt 50 610,000 81.96
Shouhang Dunhuang Phase I Molten salt 10 175,375 57.02
Shouhang Dunhuang Phase 11 Molten salt 100 1,400,000 71.42
SUPCON Delingha Water 10,000 63,000 158.73
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Fig.2 PHF for different SPT plants operating beyond 10 MWe with various HTFs

the outermost heliostats and to limit beam spillage at the
receiver aperture.

Receiver sizing and aperture area

The receiver aperture area is defined to intercept a targeted
fraction of the reflected radiation, typically 95-98% of the
designed peak flux, while minimizing the re-radiation, con-
vective, and reflective losses that scale with receiver external
surface area. For a given solar multiple, the receiver aperture
is determined by the peak concentrated flux and the allow-
able maximum tube wall temperature, which is constrained
by the HTF thermal stability limit and the tube material's
creep resistance. Tube diameter, wall thickness, and panel
arrangement are then derived from heat transfer and struc-
tural mechanics considerations, ensuring that the peak heat
flux does not exceed the HTF's critical heat flux and that
thermal stresses remain within the fatigue life limits of the
tube material [50, 61].

Solar multiple and thermal energy storage sizing

The solar multiple (SM) is defined as the ratio of the solar
field's installed thermal power to the power block's rated
thermal input at design-point conditions. An SM of 1.0
implies that at the design-point DNI, the solar field exactly
meets the turbine's thermal demand, with no surplus for
charging storage. Commercial SPT plants with TES are
typically designed with solar multiples of 2.0-3.0, ena-
bling both full-power turbine operation during peak solar
hours and concurrent TES charging [24, 25]. TES capac-
ity is expressed in equivalent full-load hours and is sized
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to satisfy the intended dispatch schedule. Plants targeting
baseload-equivalent operation with capacity factors exceed-
ing 60% require approximately 10-15 h of TES, achieved
with a solar multiple in the range of 2.5-3.0 [24, 25]. The
combined optimization of solar multiple and TES capacity is
performed using annual simulation tools, such as the System
Advisor Model (SAM), to minimize LCOE, subject to local
DNI, land availability, and grid dispatch requirements.

Energy and exergy analysis framework for SPT
systems

A rigorous thermodynamic assessment of SPT plants
requires both energy (first law) and exergy (second law)
analysis. The energy model quantifies the magnitude of ther-
mal losses at each conversion stage, while the exergy model
identifies the thermodynamic quality of those losses, that is,
their irreversibility, and pinpoints the subsystems with the
greatest potential for efficiency improvement.

Energy model

The overall plant energy efficiency, ,j,, is expressed as the
product of the efficiency factors governing each conversion
stage in the energy chain:

Cptant = Cfietd X Creceiver X Sure X Sres X Cpp

where (4,4 1s the heliostat field optical efficiency, accounting
for cosine losses, blocking, shading, atmospheric attenua-
tion, and mirror reflectivity losses; { . .ive 15 the receiver
thermal efficiency; {yp accounts for piping and pumping
losses in the HTF circuit; {rgg is the round-trip efficiency
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of the thermal energy storage system; and {pp is the thermal
efficiency of the power block (Rankine or Brayton cycle)
[22, 62].

The receiver thermal efficiency is the most sensitive
parameter in this product and is expressed as:

Qabsorbed

Qreceiver =

Qincidem

where Q;,.iqen: 18 the total concentrated solar power imping-
ing on the receiver aperture; Q. ,meq 1S the net thermal

power transferred to the HTF. Q4.4 1S €Xpressed as:
Qabsorbed = Qincident - Qrad - Qconv - Qref

where Q,,4 is the re-radiation heat loss from the receiver
surface, proportional to €, o, T4 Q,ony 18 the convective heat
loss to the ambient, dependent on wind speed and receiver
geometry; and Q, is the fraction of incident solar power
reflected by the receiver surface without absorption [61, 62].

For DSG-based receivers, the power gain (Qyrg) of the
HTF across the three thermodynamic zones, preheating,
evaporation, and superheating, is expressed as:

Qrp = 12 X (hou[ - hin)

where 71 is the mass flow rate of water/steam, and /& denotes
specific enthalpy at the respective receiver inlet and outlet
conditions. For molten salt as HTF, the sensible heat gain is:
QHTF =m X Cp X (Toul - Tin)

where C, is the temperature-dependent specific heat capacity
of the salt, and 7, and T;, are the receiver outlet and inlet
temperatures, respectively [34, 62].

Exergy model

Exergy analysis identifies the locations and magnitudes of
thermodynamic irreversibilities throughout the SPT plant. The
exergy associated with solar radiation incident on the receiver
aperture is approximated as follows.

-i(m)s ()

3 TSlll'l 3 TSUH

where T, is the ambient (dead-state) temperature, and T,
is the effective blackbody temperature of the solar disc,
approximately 5770 K [1, 22]. The exergy destruction in
the receiver, the dominant irreversibility source in the SPT
chain, arises primarily from heat transfer across large tem-
perature differences between the concentrated solar flux and

the receiver surface, and between the receiver surface and
the HTF. It is expressed as:

Exsolar = Qincidem X

Exdest,receiver = Exsolar,op[ical - (EXHTF,out - ExHTF,in)
where the specific flow exergy of the HTF is given by:
Exyrp =m X [(h - ho) - To(s - so)]

with A, and s, denoting the specific enthalpy and entropy
at the dead state, respectively. The exergy efficiency of the
receiver is accordingly defined as:

Yreceiver — ExHTF,out/ Exsolar,incident

Reported values for the exergy efficiency of external tubu-
lar receivers operating with molten salt fall in the range of
0.65-0.8, with the dominant irreversibility attributed to the
large temperature difference between the equivalent solar
flux blackbody temperature, approximately 800—1000 °C at
the receiver surface, and the salt exit temperature of approxi-
mately 565 °C [22, 25, 62]. Volumetric receivers, which
achieve higher HTF exit temperatures and partially reduce
this temperature mismatch, have the potential for higher
exergy efficiency; however, quantitative comparative data for
this configuration remain limited in the open literature. The
exergy analysis framework described above can be applied to
individual components or to the complete plant conversion
chain, providing a rational thermodynamic basis for prior-
itizing design improvements and identifying the subsystems,
receiver, TES heat exchanger, and power block condenser,
where future research and development yield the greatest
efficiency returns.

Contextualization of present findings against prior
reviews

To situate the findings of the present review within the
broader literature, it is instructive to compare its scope and
conclusions with those of the most directly relevant prior
reviews of SPT and CSP technology.

Behar et al. [22] presented a comprehensive review
of central receiver SPT studies, covering receiver types,
HTF selection, and power cycle options. The present work
extends this foundation by incorporating recent develop-
ments, including the large-scale commercial deployment
of molten salt SPT plants, Crescent Dunes, NOOR III, and
DEWA, as well as the expanded operational database for
DSG-SPT plants, including Ivanpah, Khi Solar One, and
Ashalim. Importantly, the present review introduces the
PHF metric as a practical, publicly computable performance
index that enables a technology-neutral cross-fleet compari-
son, which was not available in [22].

Islam et al. [23] conducted a comprehensive state-of-
the-art review of CSP technologies covering all four CSP
configurations with emphasis on current status and research
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trends. That review identified SPT as the most promising
technology for future large-scale deployment, a conclusion
strongly reinforced by the present work's analysis of recent
plant commissioning data, which reveals a clear market trend
toward molten-salt SPT plants with large TES capacity in
China, the Middle East, and Sub-Saharan Africa. While
Islam et al. provided a foundational overview, this review
extends their work by offering a comprehensive analysis of
SPT-specific receiver physics, a comparative evaluation of
HTF thermophysical properties, and a critical assessment of
the DSG versus molten salt performance debate.

Merchan et al. [25] provided an overview of high-tem-
perature SPT plants, focusing on thermodynamic cycles
and component temperatures. The present review aligns
with their conclusion that SPT technology is commercially
mature for operating temperatures up to approximately
565 °C (the current molten salt limit) and that further per-
formance improvement requires advances in HTF operating
temperature, achievable through alternative salt formula-
tions, solid particles, or high-temperature gases, and cor-
responding advances in receiver materials and TES technol-
ogy. The present review extends the framework of Merchan
et al. by adding an energy and exergy modelling framework
and a discussion of design aspects applicable to new plant
design and optimization.

Fundamental components of SPT
Heliostats field collectors (HFC)

Heliostats are formed from hundreds of flat or slightly
curved mirrors with a focal displacement equal to the dis-
tance from the mirrors to the receiver. A computer controls
the heliostats to ensure they always follow the sun as it
moves across the sky. Unlike PTC and SPD, heliostats do
not face the sun perpendicularly. Still, they evenly divide
the angle between the incident solar flux direction and the
heliostats-to-receiver pathway direction. Heliostats can be
found in a range of geometries and sizes [35]. The standard
size is quite large, up to 200 m?, and manufactured from
multiple mirrors constructed on the same support structure,
while the small size is less than 1 m? and consists of a single
mirror. Deploying this large number of heliostats results in
a high concentration ratio and, consequently, a high thermal
efficiency. Due to these thermodynamic advantages, steam
turbines (Rankine cycle) and gas turbines (Brayton cycle)
can be used in the conversion cycle.

Nevertheless, the criticality of these components can be
summarized in terms of capital cost and optical efficiency.
First, the capital cost of heliostats is quite high. Therefore,
it plays a significant role in the plant's overall economic per-
formance. It represents the lion’s share (around 50%) of the
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total investment [36]. Therefore, tremendous efforts have
been undertaken by R&D activities and researchers to mini-
mize heliostat costs. Eventually, the cost dropped from 1000
USD m~2 to 150 USD m~2 [63]. Second, optical efficiency
reduces the overall SPT efficiency; hence, the estimated
annual thermal energy loss is around 50% [22]. Some key
effects that reduce optical efficiency are: the overlapping
effect (blocking and shading), the cosine effect, and the spill-
age effect due to increased optical aberrations around the
receiver [60].

Receiver

It represents the heart of SPT plants, where solar thermal
energy is intercepted and absorbed by the HTF. The receiver
is where heat exchange occurs between the solar flux and the
HTF. In receivers, the heat transfer fluid is either directly
exposed to the radiation flux, as in volumetric and parti-
cle receivers, or indirectly exposed to it, as in external and
cavity receivers. However, to further understand these solar
receiver modules in terms of concept, design, function, and
development, they are grouped into four receiver sets, as the
current review demonstrates in detail.

External tubular receivers

A realistic example of this type is employed in the Solar One
facility in California, USA. The receiver consists of multiple
adjacent connected panels forming the cylindrical shape of
the receiver [61] as shown in Fig. 3. Each panel comprises
many vertically mounted tubes, often manufactured from
stainless steel. Because of the significance of such compo-
nents, it is mandatory to determine the number of tubes for
each panel, the tube length and diameter, and the diameter
of the receiver. Such factors significantly impact the ther-
mal performance and efficiency of receivers. Eventually,

Steam downcomer

Support
structure
7 s
T Panel of
13.7m 70 tubes
a
Receiver 77.1 m above
\/ ground level

panels
Shielding /EW

Fig.3 A schematic of the external receiver of Solar One facility in
the USA
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Fig.4 Absorption comparison
between the tubular and volu-
metric receivers

concentrated
solar radiation
~200 kKW m-

the amount of heat transferred to HTF is affected. The 7 m
diameter solar receiver is composed of 24 panels; hence,
each panel has 70 tubes. The tube's diameter and length are
12.7 mm and 13.7 m, respectively. The receiver efficiency
is adversely affected by heat loss from external surfaces.
Hence, heat loss to the atmosphere through convection,
radiation, and reflection is a significant negative factor for
the external receiver module. Also, receivers can absorb only
a portion of the radiation reflected, while the rest is spillage.
A larger receiver area results in greater absorbed radiation
heat; however, it also helps minimize the concentration ratio.
Indeed, it is recommended to minimize the surface area to
the lowest possible limit. Even though tubular receivers have
been used for a long time, the test report stated that the Solar
One facility showed additional operational troubles, which
can be briefly demonstrated below [61]:

e Deformation and overheating in the receiver part that
is designed to form superheated steam because of solar
thermal power transients and the weakness of heat trans-
fer.

e After one and a half years of operation, leakages and
cracks were found in the absorbing tubes.

¢ Huge temperature variation along the boiler tubes (edges
and center) is detected. It is estimated to exceed 110 °C
at the start and end of the operation.

Volumetric receivers

Unlike tubular external receivers, volumetric receivers have
been under development for the past two decades and are
composed of high-porosity materials, such as wires and
foams [64]. These materials are made of either metals or

tube receiver

volumetric receiver

concentrated
solar radiation
~1000 kW/m

ceramics. Heat exchange occurs within the receiver’s vol-
ume, where HTF directly absorbs the radiated solar power
inside the deep volume. The need to find a solar receiver
with high thermal performance, cost-effectiveness, and
simplicity has led to the development of volumetric receiv-

Table5 Materials used in volumetric receivers result in high outlet
temperatures [66]

Materials Temperature range/°C Status

Metals 800-1000 Achievable
SiSiC ceramics 1200 Achievable
SiC ceramics 1500 Achievable

ers [65]. The best volumetric receivers exhibit a volumetric
effect, in which the receiver side facing the solar irradiation
has a lower temperature than the HTF exiting the receiver.
Moreover, the volumetric receiver can deliver high working
temperatures (over 1000 °C). The temperature distribution
across the wall surface of tubular receivers and the manner
in which concentrated solar power penetrates the porous face
of volumetric receivers are illustrated in Fig. 4 [62]. Table 5
lists materials used in manufacturing volumetric receivers
to achieve much higher exit temperatures. The latter would
boost and maximize the thermodynamic efficiency of the
solar thermal plant [66]. In operations-wise philosophy, flow
rate stability and appropriate heat distribution are crucial
and must be controlled. That would prevent operational
problems such as cracking, overheating [67], and potential
failure. When air passes through a porous structure, its den-
sity varies with temperature, altering the mass flow rate. In
other words, the temperature increases, whereas density and
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mass flow rate decrease. This issue must be well addressed
by controlling the mass flow rate, density, or exit temper-
ature [68]. However, the literature indicates that stability
could be achieved by using adequate receivers with high
thermal conductivity, high viscous-to-inertia permeability
coefficients, and high quadratic pressure drop [69]. Further-
more, this receiver can be classified by application, mate-
rial, scheme, etc. However, this review will introduce two
concepts regarding its exposure to ambient [70] as follows:

Openloop From the perspective of the power cycle used, the
open-loop scheme operates in conjunction with the Rankine
cycle to produce electric power. The air receives solar radia-
tion as it passes through open-loop volumetric receivers,
reaching nearly 700 °C. Then, the hot air exchanges energy
with water in a heat recovery steam generator (HRSG) to
produce steam. The thermodynamic properties of the steam
are temperature (480-540 °C) and pressure (35-140 bar).
The steam is directed to the power unit, which operates the
conventional steam turbine and produces electricity. As
stated earlier, this receiver is made of meshed-shaped metal
wire. This scheme has been employed at the Phoebus-TSA
plant, demonstrating several benefits for the HRSG return
air. The enthalpy of the return air would be advantageous
in enhancing receiver efficiency. In addition, such air would
also cool down the receiver structure components [71].

Closed loop On the other hand, the closed-loop scheme
works with the Brayton cycle. Hence, atmospheric air is
compressed by a compressor and then heated to high tem-
peratures by highly concentrated solar radiation. Then, hot,
pressurized air can generate electricity via a gas turbine.
However, such air is still carrying energy that could be
exploited to boost cycle efficiency. HRSG extracts residual
energy in the air to heat the water and generate additional
steam for the Rankine cycle. The combined cycle (CC)
(Brayton cycle and Rankine cycle) consolidated with SPT
is beneficial in maximizing plant performance [72]. A com-
bustor is also added to the gas turbine cycle to avoid inter-
mittent solar energy on cloudy days and to attain stable dis-
patchability of electric power. The closed-loop volumetric
receiver is veiled from the ambient by a glass window, per-
mitting the irradiant power to enter the receiver volume. The
REFOS volumetric receiver with a secondary concentrator,
used to preheat air before introducing it to the combustor, is
demonstrated in [57]. These modules have hexagonal aper-
tures and are arranged in a honeycomb pattern to cover the
overall area where the concentrated solar irradiance falls
[73].
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Fig.5 A schematic of a cavity receiver

Cavity receiver

In the cavity receiver, the reflected irradiance from the helio-
stats enters the cavity through a so-called aperture into a
box-like geometry before impinging on the absorber tubes,
shown in Fig. 5. The cavity receiver can be used in large-
capacity SPT plants or small-capacity SPD plants. High
temperatures (over 400 °C) and decreasing thermal losses
can be achieved by utilizing cavity receivers [74]. Natural
convection is considered the primary heat-loss mechanism
in the cavity receiver. Hence, the possibility of mass trans-
fer through the aperture and of heating the atmospheric
air inside the cavity embodies the two main parameters on
which convective heat loss relies. Therefore, aperture orien-
tation and characteristic length are critical aspects of cavity
design. If the gaseous working fluid is used to operate the
Brayton cycle, convective heat loss is much greater than with
water/steam or molten salt because of the higher surface area
required [75]. Table 6 summarizes scientists' and research-
ers' previous efforts, research, and contributions.

Material degradation in cavity receivers: mechanisms
and mitigation strategies At the high operating tempera-
tures characteristic of cavity receivers, routinely exceeding
400 °C at the absorber tube surface and reaching 600-800 °C
or higher in advanced configurations, several material deg-
radation mechanisms become operationally significant and
must be addressed in both design and maintenance planning.

High-temperature oxidation is the first critical mecha-
nism. Metallic absorber tubes exposed to air at elevated
temperatures undergo progressive surface oxidation, form-
ing oxide scales that reduce thermal conductivity, alter the
optical absorptance of the selective coating, and in severe
cases cause embrittlement and surface spalling. Stainless
steels commonly used in cavity receivers, such as grades
316 SS and 347 SS, begin to exhibit significant oxidation
above approximately 700 °C, while nickel-based superalloys,



Solar power tower plants: a review on the potentials, requirements, characteristics, and...

Table 6 Main efforts and research undertaken on the cavity receiver

References Contributions/conclusions

Harris and Lenz [74]

Found that five different geometry cavity receivers have a tremendous impact on the power profile and a

negligible effect on the system efficiency

Zhilin et al. [76]
China

Yu et al. [77]

Presented an overview of a 70 kWe pressurized air cavity receiver, a demonstration solar tower project in

Proposed an integrated model for the DAHAN power plant cavity receiver to simulate and test the dynamic

characteristics of the specified receiver under abrupt solar intermittency. This model shows strong agree-
ment with the design data. In addition, wind angle and velocity affect thermal losses

Fang et al. [37]

A combined calculation method approach was adopted to evaluate the cavity receiver's thermal perfor-

mance. This method combines the Monte Carlo method (flow boiling correlations) with airflow calcula-
tions at various wind speeds. Surface heat flux, tube wall temperature, and heat loss were found. The
maximum heat loss occurs when the wind is side-on

Yang et al. [78]

Used CFD software Fluent 6.2 to simulate and evaluate the temperature distributions, heat flux, and heat

transfer characteristics in SPT with a molten salt tube receiver. They concluded that the temperature of
the tube's inner surface is significant in protecting the molten salt from degradation. In addition, heat flux
from the tube's outer surface increases as HTF velocity increases

Lietal. [79]

Developed a steady-state 100 kW thermal model of a molten salt cavity receiver for SPT in China. They

studied the impact of the following parameters (emissivity, reflectivity, convection, number of tubes per
panel, and tube diameter) on the receiver efficiency

Hinojosa et al. [80]
surface radiation
Chakroun et al. [81]
receiver and the ambient

Gonzalez et al. [82]

Studied and presented a horizontal-square-shape open cavity receiver in terms of natural convection and
Performed experiments to evaluate the convective heat transfer coefficient for a tilted rectangular cavity

Presented numerical computations for two heat transfer modes (natural convection and surface radiation)

in 2D cavity receivers under high-temperature variations. Also, they found that high-temperature differ-
ences are more influential than convection

Paitoonsurikarn and Lovegrove [83] A new correlation for the Nusselt number was presented, based on numerical results for three cavity

receiver geometries
Dehghan and Behnia [84]

Performed a model in which the three heat transfer mechanisms (conduction, convection, radiation) are

gathered in an open-top cavity receiver. They found that natural convection was the principal one

Kumar and Reddy [85]

A 2D model was presented to anticipate the natural convective loss from a cavity receiver, and the greatest

loss was obtained when the receiver inclination was 0°

Taumoefolau et al. [86]

Investigated thermal loss by convection from an electrically-heated cavity receiver tilted from -90- to 90°

and a temperature variation range of (450-650) °C. Their results and experimental data were in good

agreement
Shirvan et al. [87]

Carried out numerical investigations on the surface thermal radiation coupled with natural convection for a

square cavity receiver under fixed heat insolation

Ngo et al. [88]

Analyzed a 3D numerical model capturing heat loss mass inside the cavity receiver and optimized geom-

etry parameters using the search algorithm. They found that natural convection inside the cavity receiver
can be significantly reduced by using plate fins

including Inconel 625, Inconel 718, and Haynes 230,
extend oxidation resistance to temperatures approaching
1050-1100 °C, providing a substantially wider operating
margin [38, 61].

Creep and thermal fatigue represent the second cate-
gory of degradation. Repeated thermal cycling associated
with daily start-up and shutdown sequences and transient
flux variations during cloud events imposes cyclic ther-
mal stresses on absorber tube walls. These stresses are
most severe at regions of peak heat flux and at geometric
discontinuities such as tube-to-header welds and panel
boundaries. Over thousands of operational cycles, creep
deformation and low-cycle fatigue cracking progressively
develop, ultimately leading to tube failure [26, 50, 89].

The creep-fatigue interaction is particularly damaging
in thin-walled tubes operating near their allowable stress
limits, as is the case in high-performance cavity receivers
designed for maximum flux absorption.

Corrosion from HTF interaction is the third mechanism
of concern. In molten-salt HTF, high-temperature corro-
sion of the inner tube wall is well documented. Nitrate
salts are chemically aggressive towards carbon steels
above approximately 450 °C and begin to attack stainless
steel alloys above approximately 600 °C through a com-
bination of general dissolution corrosion and stress corro-
sion cracking [34, 78]. Regular monitoring of salt chem-
istry, primarily water content and carbonate and chloride
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impurity levels, is essential to maintain corrosion rates
within acceptable limits.

Selective coating degradation constitutes the fourth
mechanism. High-absorptance selective coatings applied to
absorber tubes, such as Pyromark 2500 high-temperature
paint or physical vapor deposition (PVD) coatings, degrade
under sustained high-temperature exposure and thermal
cycling. Coating absorptance, initially in the range of
0.95-0.97, can decline by 0.02-0.05 over an operational sea-
son, directly reducing receiver thermal efficiency [38, 62].
Periodic recoating is therefore required as part of planned
maintenance.

Mitigation strategies for these degradation mechanisms
involve a combination of material selection, design of oper-
ating protocols, and structural monitoring. Material solu-
tions include adopting nickel superalloys and oxide-disper-
sion-strengthened (ODS) alloys for the highest-temperature
receiver zones, and applying ceramic thermal barrier coat-
ings, alumina- or zirconia-based, as oxidation-protection lay-
ers on metallic substrates. Operational mitigation measures
include controlled warm-up and cool-down ramp rates that
limit the magnitude of the thermal gradient during transient
events, and the avoidance of direct cold-fluid injection onto
hot receiver surfaces following rapid cloud-induced flux
reductions. Structural health monitoring using embedded
thermocouples and acoustic emission sensors is increasingly
incorporated into modern receiver designs, enabling early
detection of developing fatigue cracks or corrosion-induced
wall thinning and facilitating targeted maintenance interven-
tions before catastrophic failure [50, 61, 78].

Particle elevator

Particle hot
storage tank

Particle-to-working-
fluid heat exchanger

Particle cold
storage tank

Fig.6 An illustration of a particle receiver system
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Particle receiver

The particle receiver, also called the falling particle receiver
(FPR), is a new solar receiver technique with the potential to
be integrated into various CSP technologies. This receiver
can reach high operating temperatures, leading to greater
efficiency and lower investment in thermal energy storage.
Tiny solid particles are used to achieve two critical targets
in SPT plants. First, these solid particles directly absorb
reflected solar irradiance as they fall into the receiver. Sec-
ond, such particles store thermal energy that will later be
used to heat the power-cycle working fluid. In other words,
there is no need for heat exchangers in the downstream field,
as shown in Fig. 6 [38].

In the literature, some researchers, for instance, Tan and
Chen [90], reviewed solid-particle SPT plants used to split
water in a thermo-chemical process to produce hydrogen.
They focused on the origins of this idea, its benefits and
drawbacks, the fundamentals of design, and the theoreti-
cal design adopted by Sandia National Laboratories (SNL).
However, other researchers have concentrated on numerical
simulation, such as Grena et al. [91]. The latter provided a
transient simulation model for the particle in a solar power
particle receiver. They discovered that the particle's tempera-
ture distribution is not uniform due to particle size, rotation,
and exposure time to irradiance. In addition, their results
were consistent with the findings of Chen et al. [92]. Meier
[93] has developed a CFD simulation of the coupling of radi-
ation and convection heat transfer modes in falling particle
receivers for a 1.5 MW-capacity cement plant. His findings
were that if the particle diameter is less than 300 pum, it may
be influenced by convection. Therefore, he advised using air

Aperture

Falling particle receiver
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and translucent windows to mitigate the convection loss. Ho
et al. [94] reported that a high-temperature (above 700 °C) 1
MW, constantly recirculating falling-particle receiver was
successfully utilized and tested at Sandia National Labora-
tories, New Mexico, USA. Also, they found that uniform
insolation leads to uniform particle heating, with particles
near the center having the largest magnitudes, whereas those
near the edges have the smallest. Ho et al. [95] investigated
two designs (obstructed flow particle and free-fall particle)
of 1 MW falling particle receivers. The aim was to evaluate
the effects of particle mass flow rate, insolation, and parti-
cle temperature on the particle temperature increment, as
well as the thermal efficiency for each design of the solar
receiver. Their results showed that the obstructed-flow-rate
design extends particles' residence time, exposing them to
concentrated solar flux. Consequently, particles' temperature
and thermal efficiency increase as the flow rate increases.
Kim et al. [96] developed a new particle receiver design
model integrating a multi-stage falling concept, which is
numerically and experimentally investigated via CFD simu-
lation software. They reported several advantages of the new
design: greater absorptivity, reduced unequal heating across
particles' domains, and enhanced particle flow stability due
to staged falling (Table 7).

Thermal energy storage (TES)

The thermal energy storage approach is a promising solu-
tion for storing thermal energy when the sun shines or when
demand for electric power is low. The stored energy can then
be used when the sun is fully/partially blocked by clouds,
at night, or when demand for electric power is high. Such
TES systems can bridge the gap between the solar energy
supplied to SPT plants and the electricity demanded. TES
plays a significant role in SPT plants; hence, it maintains the
thermal load required for electric power generation during
transient weather conditions. Thermal energy can be stored
through various materials or techniques [97]. Current TES
technologies are mainly classified as follows [98]:

1 Sensible heat thermal energy storage (SHTES) “lowest
storage density.”

2 Latent heat thermal energy storage (LHTES) “is higher
than SHTES.”

3 Chemical heat thermal energy storage (CHTES) “highest
storage capacity.”

TES concepts can be classified as active and passive. The
active concept can be subdivided into two categories: direct
and indirect. The whole tree of the TES materials is dem-
onstrated in [99].

Sensible heat thermal energy storage is used in most com-
mercial SPT plants worldwide. Different materials, such as

rocks, sand, and oil, are used for that purpose. There is no
phase change during charging and discharging. Such tech-
nology requires several thermally insulated tanks filled with
TES materials to store thermal energy as a rise in tempera-
ture. In addition, sensible heat is stored in the liquid state,
such as water, in the steam accumulator. The latter is inte-
grated with SPT plants using direct steam generation. The
steam accumulator is a pressurized vessel that adapts sensi-
ble heat storage technology to saturated liquid. For instance,
the PS10 plant in Spain utilized a steam accumulator [100].
Although SHTES is a promising technology and has cer-
tain advantages, its drawbacks are the low storage density
and high cost due to the high-pressure vessel investment
[101]. Latent heat thermal energy storage can store several
times as much energy as sensible heat thermal energy stor-
age. Unlike SHTES, LHTES is based on phase change, and
the materials used in this concept are called phase change
materials (PCMs). The main disadvantage of such systems
is, however, their low capability to transfer heat due to the
poor thermal conductivity of most PCMs, resulting in mod-
est rates of charging/discharging processes [102]. Even
though research has been done to improve the heat transfer
mechanism, there are still gaps in enhancing PCM perfor-
mance at high temperatures. Chemical heat thermal energy
storage occupies a prominent position among thermal stor-
age concepts, in which a reversible chemical reaction stores
and releases heat. However, this type of TES is still under
development, and further research is required to implement
it. In addition, because of the complexity of its unit design,
thermochemical storage has not been utilized yet in any
commercial SPT plants [25].

Comparative analysis of thermal energy storage
technologies for SPT plants

While the three fundamental TES categories, sensible,
latent, and thermochemical, were introduced in the preced-
ing subsection, a structured comparative analysis is essen-
tial for evaluating their suitability in SPT applications.
Table 8 presents a side-by-side comparison of the principal
TES technologies based on operating temperature range,
energy density, technology maturity, and key advantages
and limitations.

The comparative analysis shows that the two-tank direct
molten salt configuration is the only TES technology to have
achieved full commercial deployment in large-scale SPT
plants, combining adequate energy density with operational
reliability and direct compatibility with the molten salt HTF
circuit [25, 97, 98]. The single-tank thermocline configura-
tion represents a cost-reduction pathway that uses the same
storage medium, trading the simplicity of a single pressure
vessel for the additional complexity of managing thermal
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stratification and its associated mixing losses during cyclic
operation [98, 101]. Steam accumulators are well-suited to
DSG plants but are fundamentally limited in storage dura-
tion to approximately 30—60 min at rated power, restricting
their role to short-term buffering rather than hours-scale
energy shifting [100, 101]. Latent heat and thermochemi-
cal storage technologies are the most promising candidates
for the next generation of SPT plants, offering substantially
higher energy densities and the potential for storage dura-
tions exceeding 15 h at reduced storage volume; however,
both require further research and demonstration, particu-
larly regarding high-temperature cycling durability and cost
reduction, before commercial deployment in SPT systems
becomes feasible [25, 98, 99, 102].

Power conversion block (Electricity generation unit)

It is the module where thermal energy from the solar
receiver is converted into useful electric power by con-
ventional steam or gas turbine engines. SPT power block
employs one or more power conversion cycles (Brayton
and Rankine cycles). The process begins by transforming
thermal energy into mechanical energy, then into electrical
power using a generator.

In the Brayton cycle, atmospheric air is pressurized by
a compressor and flows toward the top of a tower where
the solar receiver is located. Then, the compressed air
will acquire thermal energy from the concentrated irradi-
ance reflected by the heliostats. Then, it gains additional
heat as it passes through the combustor, where its tem-
perature exceeds 1000 °C [58]. Lastly, the hot, pressur-
ized air performs useful work and produces electricity via
the Brayton cycle in the gas turbine generator [59]. It is
highly recommended that the distances between the com-
pressor, receiver, and combustor be kept as short as pos-
sible to minimize losses in the connections. Even though
hybridization integrates a fossil-fired combustor into
solar-only SPT plants to maintain dispatchability around
the clock when the sun is absent or overnight, this results
in a decrease in compression ratio due to pressure losses
and a reduction in overall performance. However, from an
economic perspective, solar-only SPT plants significantly
reduce fossil fuel use. It contributes to saving more than 2
million tons of fuel annually [59], and it has the potential
to stand alone [103]. Moreover, the solarized gas turbine
cycle, when combined with SPT, offers lower costs, higher
efficiency, and more feasible land use than other CSP tech-
nologies [104].

The Rankine cycle, on the other hand, is very com-
monly used in CSP plants [60]. The basic concept is that
HTF is supplied by the solar receiver and transfers heat to
saturated water. Then, HTF will return to the solar receiver
to collect the concentrated solar irradiance, and this cycle
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will be repeated. Water gaining thermal energy becomes
superheated steam. The turbine will use high-temperature,
high-pressure steam (around 550 °C and 60-100 bar) to
convert thermal energy into electric power. Lastly, steam is
condensed by rejecting heat to the surroundings and drawn
by a saturated water pump. The capacity of steam turbines
varies depending on the application. It ranges from several
to hundreds of megawatts.

Hybridization is possible to minimize the amount of fossil
fuel burned via boilers, and consequently, fewer greenhouse
gas emissions [105]. The beauty of the power conversion
cycles mentioned above is that they can be combined to form
a combined-cycle (CC) system. In such a cycle, the effluent
hot gases from the gas turbine still have heat, which could
be used to increase the steam generated [22].

Potential research work

It is known that the main drive for SPT plants is solar ther-
mal energy. The function of an SPT plant is to concentrate
and reflect sun rays on the solar receiver to heat water and
produce steam. The steam generated must meet the inlet
turbine conditions (pressure, temperature, and enthalpy)
to ensure continuous electricity dispatchability to the grid.
However, such solar irradiance is intermittent due to cloud
events and varies with the sun's position. Therefore, solar
irradiance fluctuates throughout the diurnal cycle.

Many researchers investigated factors significantly
impacting the SPT operational process and its subsys-
tems. However, few publications have examined the effects
of irradiance intermittency on SPT plants. For instance,
Crespi et al. [106] presented a numerical model to evalu-
ate the transient performance for a 19.9 MWe solar power
tower plant utilizing molten salt and a thermal energy stor-
age system under solar irradiance fluctuation due to cloud
cover. They investigated the impacts of six different types
of clouds on the tubular receiver's thermal performance.
There are, however, further challenges that the next gen-
eration of SPT plants face, with some development pros-
pects still open for improved performance of such plants,
as follows [25]:

Heliostats

m  Further research is required to address the optimum
dimensions, as the cost and optical efficiency play
against each other.

m  An advanced method is needed to compute heliostats'
performance with less computational cost.

2. Solar receiver

m  Research for higher efficiency of high-temperature solar
receivers is still open for the following years.
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m  The use of a gaseous heat transfer fluid in an external
receiver SPT could result in a more compact receiver,
which means less cost required for construction materi-
als, along with lower pressure drop.

m  The volumetric receiver is still subject to the same chal-
lenges mentioned in using gaseous HTF.

The particle receiver needs more investigation.
Different designs and materials proposed for solar
receivers should be tested under real weather conditions.

3. Thermal energy storage

m  More reliable and efficient systems are needed to meet
the SPT plant requirements.

m  Molten salt TES could be further improved regarding
temperature limits and optimization.

m  Issues facing liquid metals and nanofluids, like cost and
instability, need further investigation.

4. Power block

m  More opportunities to improve the Brayton cycle are still
available, but they should be tested thoroughly.

m  As the combined cycle faces challenges like the Brayton
cycle, it also involves promising prospects for further
development.

Nevertheless, the impact of fluctuating irradiance on
the receiver thermal performance requires more detailed
analysis based on the high-resolution temporal change in
solar irradiance [26, 89, 107]. Also, the effects of such solar
fluctuations on the SPT subsystems still need further inves-
tigation. For example, thermal stresses and hotspots arising
from changes in thermal load in the solar receiver are critical
issues that should be carefully addressed to ensure system
durability.

Advanced control strategies and artificial
intelligence for SPT plant optimisation

The variable and intermittent nature of solar irradiance,
driven by cloud transients, aerosol variability, and diurnal
and seasonal cycles, presents a fundamental control chal-
lenge for SPT plants. Conventional proportional-integral-
derivative (PID) control strategies designed for steady-state
operation near fixed setpoints are inadequate for managing
the wide, rapid dynamic range encountered by SPT subsys-
tems, particularly the receiver and TES circuit. Advanced
control frameworks and artificial intelligence (AI) tech-
niques represent a high-potential research frontier for
improving SPT operational efficiency, extending component
service life, and enhancing grid integration capability.
Model predictive control (MPC) uses a mathematical
dynamic model of the plant to anticipate future system states
over a defined prediction horizon, typically 15 min to sev-
eral hours, and to compute optimal control actions satisfy-
ing operating constraints while minimizing a cost function,

usually combining energy output deviation, receiver ther-
mal stress, and HTF temperature excursion. MPC has been
demonstrated in simulation studies and limited experimental
implementations for SPT receiver control, showing reduc-
tions in thermal stress events and improvements in net
annual energy production of 2-5% relative to conventional
PID control under variable irradiance conditions [106]. The
primary implementation challenge is the need for an accu-
rate, real-time-capable dynamic plant model and reliable
short-horizon DNI forecasting input.

In terms of DSG-specific challenges, the two-phase flow
behavior of water/steam within the receiver under variable
irradiance introduces rapid oscillations in steam quality,
pressure, and mass flow rate that are poorly managed by
conventional control approaches. MPC architectures incor-
porating dynamic two-phase flow models of the receiver
and its associated flow control valves have shown promise
in simulation for stabilizing DSG receiver operation dur-
ing cloud transients, maintaining steam outlet quality within
acceptable bounds and avoiding pressure surge events. This
application of advanced control to DSG-SPT systems is
identified as a high-priority research area, given the large
number of operational DSG-SPT plants and the demon-
strated sensitivity of their performance to irradiance vari-
ability [26, 47, 89, 107].

Machine-learning-based solar resource forecasting is
an enabling technology for any predictive control strategy.
Accurate short-term DNI forecasting, with temporal resolu-
tions of 1-10 min and spatial resolutions consistent with the
plant's heliostat field extent, is essential for anticipating con-
trol actions before flux changes reach the receiver. Numeri-
cal weather prediction (NWP) models provide acceptable
accuracy at 1-6-h horizons but are insufficiently resolved
in time and space for minute-scale control. Machine learn-
ing approaches, including convolutional neural networks
applied to all-sky imager time series, long short-term mem-
ory (LSTM) recurrent networks for time series extrapolation,
and ensemble models combining physical and data-driven
components, have demonstrated short-range forecast skill
superior to persistence models at horizons of 1-30 min,
which is precisely the control-relevant horizon for SPT
receiver management [26, 89, 106, 107]. Research embed-
ding such forecasting models within MPC frameworks
for SPT plants is identified as an active and high-impact
direction.

Reinforcement learning (RL) for heliostat field optimiza-
tion represents a further emerging application. The real-time
dispatching of individual heliostats, determining which mir-
rors to track, defocus, or redirect to alternative aim points
on the receiver surface to achieve a desired flux distribu-
tion while avoiding hotspots, is a combinatorial optimiza-
tion problem of very high dimensionality. RL agents trained
in simulation environments representing the heliostat field
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optics and receiver thermal response have demonstrated the
capability to learn near-optimal aiming strategies under vari-
able irradiance conditions, including the ability to redistrib-
ute flux to thermally protect stressed receiver zones during
high-irradiance events and to maximize energy delivery dur-
ing partially overcast conditions [22, 60].

Finally, the development of digital twin frameworks for
SPT plants, real-time, high-fidelity computational replicas
continuously updated with sensor data, would provide opera-
tors with continuously updated plant performance predic-
tions and early warning of developing component faults.
An SPT digital twin integrating optical ray-tracing of the
heliostat field, thermodynamic modelling of the receiver and
power block, and degradation models for key components
would enable condition-based rather than time-based main-
tenance, reducing unscheduled outages and extending com-
ponent service intervals. The development and field valida-
tion of such frameworks are identified as a priority research
objective that directly builds on the modelling foundations
reviewed in Sect. "Energy and Exergy Analysis Framework
for SPT Systems".

Conclusions and future perspectives

This review presents a comprehensive and structured exam-
ination of solar sower tower (SPT) technology, the most
thermodynamically capable of the commercially mature
concentrating solar power (CSP) configurations, with par-
ticular emphasis on the integration of direct steam genera-
tion (DSG), the comparative performance of heat transfer
fluids, receiver component architectures, and thermal energy
storage strategies. The following principal conclusions are
drawn.

Key findings and scientific contributions

1. Thermodynamic Performance Metrics: The introduced
Power-to-Heliostat-Field (PHF) metric effectively
benchmarks operational SPT plants. DSG-based sys-
tems exhibit higher specific power outputs (87-159 W
m~2) than molten-salt plants (57-115 W m~2) due to
the high latent heat of vaporization of water. However,
unbuffered DSG configurations suffer from low annual
capacity factors (25-35%).

2. Commercial Dominance of Molten Salts: Two-tank
direct molten salt TES remains the commercially domi-
nant setup, enabling dispatchable baseload generation
with capacity factors of 55-75%.

3. Thermal Limits of Receiver Architectures: External
tubular receivers are constrained by material limits
to operational thresholds around 565 °C. Conversely,
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volumetric and falling-particle designs demonstrate
significant thermodynamic potential, with pilot-scale
temperatures exceeding 1000 °C, thereby facilitating
high-efficiency Brayton/combined-cycle operation.

4. TES Innovations: Commercial utility is restricted to
sensible heat storage. High-energy—density alternatives,
such as latent heat phase change materials (PCMs) and
thermochemical TES, remain at the laboratory or pilot
stage but are essential for achieving capacity factors near
80-90%.

5. Real-World Thermal Deficits: A significant performance
gap exists between theoretical design points and real-
world annual yields, with field data revealing energy
deficits of 5-20%. These losses are primarily driven by
unmodeled environmental off-design transient factors
(e.g., cloud transients, localized tracking errors, and
receiver soiling).

Limitations of the present work

The comparative PHF index relies on publicly available
nameplate specifications rather than transient, measured
operational data. Additionally, this study focuses strictly
on utility-scale terrestrial power generation, omitting deep
techno-economic modelling (LCOE) and emerging poly-
generation applications (e.g., green hydrogen, industrial
process heat) due to geographic and regulatory variability.

Future research directions

To bridge existing research gaps and facilitate the transi-
tion to next-generation solar thermal plants, the following
research priorities are proposed:

e High-Resolution Transient Modelling: Developing
advanced transient simulation tools validated against
field data to model sub-minute thermal-hydraulic
receiver responses. This is critical for predicting local-
ized boiling instabilities in DSG loops, hotspot propa-
gation, and thermal ratcheting in tube walls

e Advanced HTF and TES Materials: Formulating low-
melting-point (< 100 °C) molten salts, specialized solid
particles with optimized optical/thermophysical prop-
erties, and high-thermal-conductivity PCMs to break
current thermodynamic limits

e Receiver Material Durability & Coatings: Conducting
accelerated lifetime testing under coupled operational
stressors, including severe thermal cycling, high-
temperature oxidation, and molten-salt corrosion, to
establish reliable degradation kinetics and predictive
maintenance intervals.
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e Al-Driven Predictive Flux Management: Integrating
machine-learning-based direct normal irradiance (DNI)
forecasting with model predictive control (MPC) and
digital twin frameworks to optimize real-time receiver
thermal management and mitigate transient thermal
stresses.

e Empirical Environmental Correction: Establishing
multi-site field measurement protocols to systemati-
cally quantify the impacts of soiling dynamics, wind-
induced tracking errors, and dust deposition on receiver
thermal efficiency.

In brief, while SPT technology is a commercially
proven asset for deep grid decarbonization, address-
ing these material, thermodynamic, and control chal-
lenges would significantly decrease costs, elevate oper-
ating temperatures, and stabilize real-world performance
predictability.
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