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Abstract: This paper investigates and compares several highly efficient thermodynamic cycles that
are suitable for coupling with particle-in-tube fluidized-bed solar receiver technology. In such a
receiver, high-temperature particles are used as both a heat transfer fluid and a storage medium. A
dense particle suspension (DPS) is created through an upward bubbling fluidized-bed (UBFB) flow
inside the receiver tubes, which constitutes the “particle-in-tube” solar receiver concept. Reaching
higher temperatures is seen as a key factor for future cost reductions in the solar plant, as this leads
to both higher power conversion efficiency and increased energy storage density. Three advanced
thermodynamic cycles are analyzed in this work: the supercritical steam Rankine cycle (s-steam),
supercritical carbon dioxide cycle (s-CO,) and integrated solar combined cycle (ISCC). For each
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Achieving global net-zero emissions by 2050 and limiting the temperature rise to
below 1.5 °C have become the main goals for scientists around the world [1]. To do this, it
is necessary to accelerate the process of reducing carbon emissions, reducing deforestation,
accelerating the transition to electric vehicles and encouraging investment in renewable
energy technologies to increase efficiency and operational flexibility [2]. Several actions
have been taken by countries around the world, and among these, the European Green Deal
is the transformation plan of the European economy for a sustainable future [3]. It aims to
reduce greenhouse gas emissions by at least 55% by 2030 compared to 1990 levels and to

become a net-zero-emission, sustainable and resilient economy by 2050. The penetration of

renewable energy sources (RES) in distributed electricity generation plays a fundamental
role in achieving the objectives set by the European Union.

In this context, concentrating solar power (CSP) is seen as one of the most promising
This article is an open access article  technologies for electricity production for the coming decades compared to other inter-
distributed under the terms and ~ Mittent renewable electricity sources, such as wind and photovoltaics [4]. Amongst the
conditions of the Creative Commons ~ easons for this, its reliability and flexibility stand out. However, the key point of the
Attribution (CC BY) license (https://  technology is that its operation is not limited to when the sun is shining when integrated
creativecommons.org/licenses /by / with thermal energy storage (TES) systems [5]. Furthermore, the water requirements of
40/). solar plants are reduced when coupled to dry-cooling systems [6]. Cost reductions attained
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by means of other renewable energy sources are forcing CSP developers to move a step
further in seeking technology cost reductions [7]. Among cost reduction actions, a higher
operating temperature is considered a key factor for the future of CSP technologies, as
high temperatures lead to both higher power conversion efficiencies and increased energy
storage densities [8]. Molten-salt technology has been proven successful when coupled
with subcritical Rankine cycles in solar tower applications [9,10]. However, the operating
temperature of commercial molten-salt power plants is limited to 565 °C, which limits
conversion efficiency. On the other hand, direct steam CSP generation plants can run at
585 °C, but they are not capable of efficient thermal energy storage, which is key for the
deployment of CSP technologies [11]. The use of novel heat transfer fluids (HTFs) enables
reaching operating temperatures above 550 °C on the solar receiver, which opens the oppor-
tunity to explore innovative thermodynamic cycles with higher conversion efficiency [12]
as well as facilitate massive thermal energy storage.

In the case of a particle-based solar central receiver, a flexible plant layout and a
high-temperature TES system provide a suitable platform for the integration of advanced
thermodynamic power cycles. In addition to the higher temperature of the HTF and the
consequently improved thermodynamic power cycle efficiency, using a dense particle
suspension (DPS) exhibits many other benefits for CSP applications. For instance, no
operating temperature constraints appear (no freezing risks or thermal degradation), and
particles are not dangerous or toxic and are cheap and abundant with a high energy density
and a high average heat transfer coefficient (above 2000 W/ m2K [13]).

One of the main goals for the next generation of CSP plants is to design systems with
rated sun-to-electricity efficiencies close to 30%, as requested by the SunShot initiative [14],
compared to the 25% efficiency of state-of-the-art molten-salt tower technology [15]. Novel
HTFs allowing for high receiver temperatures will pave the way for future solar power
plants coupled to advanced thermodynamic cycles with a conversion efficiency approach-
ing or even exceeding 50% [16].

In this sense, using air as a working fluid for the unfired closed Brayton cycle with
particle-based TES has exhibited a net efficiency of 42% at 850 °C [17-19], while supercritical
and ultra-supercritical steam Rankine cycles have proven efficiencies in the range of 45%
up to 48% [20]. Supercritical CO; (s-CO;) Brayton cycles have a reported cycle efficiency
in the vicinity of 50% for different power plant schemes [21], including the particle-based
solar central receiver [22]. The integrated solar combined cycle (ISCC) coupled to a particle-
based solar central receiver and particle TES proved its ability to reach 49% power plant
net efficiency operating at 800 °C in a multi-tower layout arrangement [23]. Based on
the abovementioned research works, further discussion is required when using particle-
based solar receivers to elucidate which thermodynamic cycle is best coupled with this
CSP technology.

In this context, this paper summarizes the main findings and conclusions on a power
plant layout comparison for the CSP application when using DPS as a heat transfer fluid and
thermal energy storage at operating temperatures above 750 °C [24]. Three advanced power
cycle layouts are discussed below: the supercritical Rankine cycle, supercritical CO; cycle
and integrated solar combined cycle. In the first part of the manuscript, the power plant’s
general layout and the solving methodology from the existing literature are described,
along with key performance indicators considered for comparison purposes. In Section 3,
the simulation results of thermodynamic cycles are presented. Section 4 is devoted to the
results” discussion, while Section 5 summarizes the paper’s main conclusions.

2. Materials and Methods

Figure 1 sketches the particle-based central receiver solar power plant concept with a
TES system coupled to a generic power cycle. The main components of the power plant
are the solar field (heliostats), the central particle receiver, the hot and cold particle storage
tanks, the power block and a series of heat exchangers allowing the thermal energy from
the receiver heat transfer fluid (HTF) to be passed to the power cycle working transfer fluid.
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The solar power plant includes a particle transportation system from the solar receiver to
the storage tanks and, from there, to the heat exchanger network. This architecture is like
that of molten-salt CSP plants, where molten salts have been replaced by a DPS HTE.
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Figure 1. Concentrating solar power plant layout [20].

As illustrated in Figure 1, the solar receiver absorbs concentrated solar radiation that is
reflected by the heliostat field and transfers this heat to upward-moving fluidized particles
inside the receiver tubes [25]. Hot particles are later stored in a hot storage tank that feeds
a series of fluidized-bed heat exchangers. The heat exchanger network transfers the heat
from particles to the working fluid when required. Based on the plant’s flexible architecture,
different working fluids can be considered, such as air, helium, s-CO, or steam [15].

The thermodynamic modeling methodology is based on an in-house MATLAB tool
for the solar plant component design, steady-state simulations and results processing [25].
Component design optimization is addressed in a backward direction by setting the electric-
ity output of the power block while considering solar receiver design constraints (Figure 2).
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Figure 2. Flowchart of the CSP plant design methodology.

Setting the electricity power output as a design criterion allows for power block
boundary condition optimization based on maximizing the energy conversion efficiency
and for determining the required thermal input power. After that, the thermal power
that is required from the heat transfer fluid loop can be determined according to the
heat exchangers’ thermal performance. That power, multiplied by the solar multiple,
represents the net thermal power absorbed inside the receiver. The power that is required
from the solar field and that is considered for heliostat field design considers both the
absorbed power inside the solar receiver and the thermal power losses due to radiation and
convective mechanisms. The sun-to-electricity efficiency of the plant (77s2g) can be derived
by considering all of the efficiencies involved in the energy balance problem, as shown by
Equation (1).

NS2E = Mhel * rec * THTX * cycle (1)

where 77 represents the net power cycle efficiency, which is the output to be maximized
in this targeted function, 7yrx stands for the heat exchanger network efficiency connecting
the solar loop to the power block [26], 7, represents the central receiver thermal efficiency,
and 77y, indicates the efficiency of the solar field.
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A detailed model description and the validation of the abovementioned components
can be found in [27] for the solar receiver modeling equations, in [25] for receiver design
methodology, in [28] for heat exchanger modeling equations, in [26] for its design methodol-
ogy, in [29] for the detailed modeling of the supercritical steam Rankine cycle and in [15] for
details on s-CO; and ISCC. In this work, previously validated numerical models, resolution
and optimization methodology were applied to optimize and compare the performance
of several advanced power cycles coupled to the particle-based solar central receiver. In
this sense, the technology trends of CSP systems are aligned with high-efficiency power
cycles, the use of a new HTF and the development of low-cost thermal energy storage
systems to achieve higher solar-to-electricity efficiency while lowering the Levelized Cost
of Electricity. Within that frame, innovative supercritical power cycles and integrated solar
combined cycle technologies are proposed in this analysis to achieve the 50% net cycle
efficiency goal for future third-generation (Gen3) CSP plants [14]. As established in the
“Gen3 CSP Roadmap” [16], dense particle suspensions in the solar receiver are seen as
one of the most promising technologies enabling higher operating temperatures. Existing
particle technologies in industrial applications, including their storage and transportation,
can pave the way for particle-based CSP plant development. Table 1 gathers the principal
modeling assumptions for the proposed power cycles.

Table 1. Assumptions for power cycle modeling.

Parameter Unit S-Steam S-CO, ISCC
Power plant nameplate capacity MW 150 50 150
Receiver outlet temperature °C 650 700-750 800
Target net cycle efficiency % >45 50 50
Condenser type - dry wet dry

As can be observed, increasing the working temperature level is considered for each
power cycle according to realistic particle-based central receiver designs [30] and power
cycles’ state-of-the-art. Due to the concentrating solar power plant application, dry con-
densing scenarios are preferable whenever possible.

3. Results

The supercritical steam Rankine cycle, supercritical carbon dioxide cycle and inte-
grated solar combined power cycle configurations and working conditions were optimized
for coupling with the particle-based solar receiver.

3.1. Supercritical Rankine Cycle (S-Steam)

The critical conditions for a water stand at 220 bar and 374 °C with a turbine reheating
plant layout were considered to maximize the power cycle efficiency. Typically, an optimal
reheating pressure of around one-third of the superheated steam pressure is considered
for reheated steam cycles [31]. Table 2 summarizes the boundary conditions for modeling
the supercritical steam Rankine cycle layout shown in Figure 3 [32], where five steam
extractions were considered for feedwater chain preheating to reduce the heat added for
steam generation.
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Table 2. Supercritical Rankine cycle components” efficiency.

Parameter Unit Value
High-pressure turbine isentropic efficiency % 91
Low-pressure turbine isentropic efficiency % 91
Pump efficiency % 85
Condenser fan mechanical efficiency % 75
Reheating pressure losses bar 5
Condenser AT (dry) °C 15
Ambient temperature °C 25

DPS-HX

|reheater I
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TURBINE
13 14

HP

TURBINE 12

10

DPS-HX
steam generator

FW-HX1

deareator

Figure 3. Supercritical steam Rankine cycle layout: HX (Heat exchanger), HP (High Pressure), MP (Medium
pressure), LP (Low Pressure), FW (Feedwater preheating chain), DPS (Dense Particles Suspension).

Different working conditions of the pressure and temperature levels for superheated
steam, reheated steam and the condenser were analyzed when seeking maximum power
cycle efficiency. For the sake of simplicity, two optimized cases are summarized in Table 3
that correspond to two different temperature levels at the condenser (60 °C and 50 °C).
Reducing the steam condensing temperature from 60 °C to 50 °C translates into the higher
power consumption of the dry-cooling fan, as can be observed in Table 3 for optimized
Case 2. This is due to the lower temperature difference between the cooling source (ambient
air) and the condensing steam.

It is also true that reducing the steam condensing temperature allows for higher low-
pressure turbine power extraction based on the higher enthalpy change of the exhaust
steam. However, the steam quality significantly decreases from 95% to 90% at the last
turbine stage. A minimum steam quality criterion of 90% is considered from a practical
point of view to avoid excessive water droplet formation and consequent turbine blade
erosion. Although it is desirable to keep the condenser pressure as low as possible, even
if that means more moisture (and erosion), the increase in the parasitic losses of the dry-
cooling fans will have excessive negative effects on the thermodynamic optimization of the
power cycle, as is shown later in Figure 6.

In addition to a lower condensing temperature, optimized Case 2 is also fed by a higher
superheated steam temperature (620 °C). In both simulated cases, a maximum pressure
of 285 bar was considered, which is a reasonable value for state-of-the-art supercritical
one-through steam generators [33]. Figure 4 summarizes the detailed temperature and
enthalpy evolution for both optimized cases; Figure 4 (top) sketches the T-s diagram while
Figure 4 (bottom) shows the h-s diagram for superheated steam conditions of 600 °C (left)
and 620 °C (right), respectively.
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Table 3. Optimized cases for supercritical Rankine cycle (dry cooling).

Parameter Unit Case 1 Case 2
Receiver outlet temperature °C 650 650
Superheated steam temperature °C 600 620
Reheated steam temperature °C 620 620
Condensing temperature °C 60 50
Superheated steam pressure bar 285 285
Water inlet temperature to the steam oC 286.7 3178
generator (calculated)
Reheated steam pressure bar 65 95
Superheated steam mass flow kg/s 124.01 132.18
Reheated steam mass flow kg/s 112.38 115.31
Condenser steam mass flow kg/s 104.43 105.34
First steam extraction mass flow kg/s 11.63 16.87
Second steam extraction mass flow kg/s 7.94 9.97
Third steam extraction mass flow kg/s 8.74 10.60
Fourth steam extraction mass flow kg/s 7.76 8.95
Fifth steam extraction mass flow kg/s 6.07 6.94
steam quality % 95 90
Nameplate capacity MW, 150 150
HP net power produced MW, 45.63 39.2
LP net power produced MW, 113.57 1213
Feedwater pump consumption MW, 453 474
Circulating pump consumption MW, 0.46 0.62
Condensing pump consumption MW, 0.35 0.49
Condenser fan consumption MW, 3.68 4.47
Gross cycle efficiency % 46.01 47.90
Net cycle efficiency % 43.82 45.35

Live Steam Conditions: 620 C / 285 bar
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Figure 4. T-s (top) and h-s diagrams (bottom).
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Figure 5 shows the detailed temperature evolution of the water-steam (blue line) and
hot particles (red line) in the detailed heat exchanger network. As can be noticed, improved
thermal performance can be achieved for the supercritical cycle scheme compared to similar
subcritical cases [25]. This is based on the higher average temperature of the added heat
and the single phase transition for the supercritical state.

700 T T T T T T

700 T T T T T T

Temperature [C]
Temperature [C]

250+ A 250 1

200 L L L L L L 200 L L L L L r
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

Transferred Heat [MWth] Transferred Heat [MWth]

Optimized case 1 Optimized case 2

Figure 5. Steam generator temperature evolution (water-steam in blue and hot particles in red).

The average temperature is related to the heat input and the entropy gain; the higher
the pressure, the higher the temperature of the plateau of the subcritical cycle (or the
pseudo-plateau of a supercritical cycle). The second reason is as follows: the higher the
pressure, the smaller the phase-change plateau, which is replaced by an s-shape profile
when the cycle becomes supercritical (p > 221 bar). Consequently, the exergetic losses of the
heat transfer between the primary fluids (combustion gas in a coal plant or particles in this
case) are lower because the AT is lower.

Condensing Temperature Effect

Table 4 summarizes the power balance of the different power plant components
for working conditions corresponding to optimized Case 2, where different condensing
temperatures are considered. As can be observed, the lower the condensing temperature,
the higher the power produced at the low-pressure turbine, as expected. However, the
water inlet temperature at the steam generator is also lower, and for that, it requires higher
added heat to reach the given superheated steam conditions (620 °C at 285 bar).

Table 4. Power consumption at different condensing temperatures.

Parameter Unit 42°C 50 °C 58 °C
Ambient temperature °C 25 25 25
Condenser AT °C 15 15 15
Qsteam generator MWy, 311.15 277.45 279.40
Qreheater MWy, 59.54 53.31 53.90
Total heat addition MWy, 370.69 330.76 333.30
Wiurbine HP MW, 44.90 40.00 40.24
Wiurbine LP MW, 142.42 123.81 121.47
Turbine power MW, 187.32 163.81 161.71
Circulating pump MW, 0.67 0.62 0.64
Feed-water pump MW, 5.34 4.74 4.76
Condenser pump MW, 2.70 0.49 0.28

Condenser fan MW, 24.20 4.47 2.62
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As can be observed in Table 4 and Figure 6, the electric power consumed by the
condenser fan rapidly increases as a function of the temperature (from 50 °C to 42 °C),
which reduces the power cycle efficiency considerably.

400 46%
350 ——
E#;. I 45%
300 / :\cT
— L aa%
2 250 C g
H / &
5 200 43%
S 150 = 7
F42% o
100 i
=F=Turbine power
- 41%
50 &E =& Heat addition
0 ] . = 40% 3= Condenser fan
40 45 50 55 60

. —@—net effici
Condensing temperature ( C) netefeency

Figure 6. Condensing temperature effect on power block efficiency.

Summarizing, a net power cycle efficiency above 45% (as targeted in Table 1) can be
achieved by considering the supercritical steam Rankine cycle coupled to a solar particle
receiver working at 650 °C. The optimized power cycle configuration is based on 620 °C
and 285 bar steam in a single reheated cycle with a 50 °C condensing temperature. Despite
the higher gross efficiency found in Table 3 (close to 48%), the net cycle efficiency is limited
to 45.35% due to the large parasitic losses introduced by the dry-condenser fan’s power
consumption and the high condensing temperature (50 °C). Commercial supercritical
Rankine cycles in coal-fired power plants exhibit slightly higher net efficiencies (above
46%) [34] due to the wet-cooling system, which allows for lower condensing temperatures
and lower parasitic power consumption.

3.2. Supercritical CO, Cycle (S-CO;)

Figure 7 shows the plant layout of a recompression s-CO, power cycle coupled with
a solar particle receiver. The recompression s-CO, plant layout was chosen due to its
simplicity and reasonably good efficiency [21,35]. This cycle is highly recuperative and
consists of a low-temperature (LTR) and high-temperature heat exchanger (HTR). The CO,
mass split fraction that circulates through each compressor and recuperator is crucial for
maximizing the power cycle efficiency [36]. As several researchers have discussed, optimal
results are found for a split fraction around 0.25, depending on the recuperator efficiency
and pinch point temperature [37]. This means that 25% of the total circulating mass flow is
diverted to the recompression compressor (RC), while 75% of the mass flow is pumped by
the main compressor (MC).

As has been stated by several researchers [36], the s-CO, power cycle efficiency is
very sensitive to the working conditions, especially to the lowest temperature of the cycle
(main compressor inlet temperature). This sensitivity is based on the CO, density and
sudden changes in specific heat near the critical point (74 bar and 31 °C). In fact, near the
critical point, CO; behaves as a liquid, and therefore, very low specific work is needed
for compression (the compressor behaves as a pump). Nevertheless, as the compressor
inlet temperature slightly increases above the critical temperature, the power required for
compression rapidly increases (as happens with standard air Brayton cycles), which, in
turn, reduces the power cycle efficiency.
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Figure 7. Recompression S-CO, cycle layout.

Despite the widespread research interest in this power cycle for electricity production,
which is based on its promising cycle efficiency and very compact components, there are
still many technical challenges to be solved for the commercial deployment of this cycle
concept in the near future [38]. The main limitations are related to the need for special
materials and sealings due to the corrosive nature of the working fluid, the very high
working pressures (from 70 bar up to 300 bar) and the need for ensuring a compressor inlet
temperature close to the critical one, which can limit power plant operations in arid areas.
However, the adoption of certain dopants in the HTF instead of pure CO; can increase the
fluid’s critical temperature, allowing for a condensing cycle in a hot environment with an
ambient temperature higher than 40 °C [39].

The working condition limits gathered in Table 5 were considered for power cycle
simulations based on a thorough literature review [40] due to the lack of real data on
commercial applications for electricity generation.

Table 5. S-CO, power cycle boundary conditions for simulations.

Parameter Unit Value

Main compressor inlet temperature °C 3340
Main compressor inlet pressure bar 78

Turbine inlet temperature °C 680-730

Upper pressure bar 248

HT recuperator effectiveness % 90-95

LT recuperator effectiveness % 90-95
Turbine isentropic efficiency % 92
Compressor isentropic efficiency % 88

Figure 8 shows the temperature and enthalpy evolution of the S-CO; cycle for a main
compressor inlet temperature (CIT) of 40 °C and a turbine inlet temperature of 680 °C and
the nomenclature used in Figure 7.

Considering the impact of a low temperature (MC compressor inlet) and high tem-
perature (turbine inlet) on s-CO, cycle performance, a sensitivity analysis was conducted
considering two temperature levels for both the main compressor inlet (33 °C and 44 °C)
and the turbine inlet (680 °C and 730 °C).
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Figure 8. T-s (left) and h-s (right) diagrams for recompression S-CO, power cycle.

As can be observed in Table 6, there is an extreme impact on the power cycle efficiency
as the compressor inlet temperature increases. As can be seen in Figure 9, the closer the
compressor inlet temperature (Tyc) to the critical temperature (Tqyt), the higher the power
cycle efficiency. When the compressor inlet temperature increases to 2 °C above the critical
point, the estimated power cycle efficiency is 52%. However, as the compressor inlet
temperature increases to 13 °C above the critical point, the net cycle efficiency is drastically
reduced to 42%. Practically, increasing the compressor inlet temperature by 1 °C reduces
the power cycle efficiency by 1%. In the same graph, the turbine inlet temperature effect
can be observed, where solid lines refer to a 680 °C turbine inlet temperature (TIT), while
dashed lines refer to a 730 °C TIT. It can be summarized that increasing TIT by 50 °C
represents a 1% improvement in the net cycle efficiency.

Table 6. Power cycle sensitivity analysis at cold and hot temperatures.

Parameter Unit Case 1 Case 2 Case 3 Case 4
Compressor inlet temperature °C 33 40 33 40
Turbine inlet temperature °C 680 680 730 730
LP compressor inlet pressure bar 78 78 78 78
HP compressor outlet pressure bar 248 248 248 248
LP compressor power consumption MW, 9.02 18.65 8.38 17.09
HP compressor power consumption MW, 791 12.26 7.35 11.24
Turbine power production MW, 67.94 81.98 66.76 79.40
Net power cycle power production MW, 50 50 50 50
5-CO; mass flow kg/s 401.14 484.02 373.02 443.67
Cycle thermal efficiency % 53.20 47.13 54.25 48.64
Net cycle efficiency % 52.13 46.14 53.17 47.62
60
90 A Compressor power
Turbine power
- 55 ¥ ——TIT=680°C
T 70 | > = =TT=730°C
:
£ 50 - >0 G
= g
30 - 45 §
(%]
10 ‘ r ‘ ‘ ‘ 40

0 2 4 6 8 10 12 14
Tic - Terit ( °C)

Figure 9. Power cycle sensitivity analysis at cold and hot temperatures.
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The compressor inlet temperature effect can be observed in Figure 10, where enthalpy
lines converge near the critical temperature, and hence, the absorbed power of the main
compressor is significantly reduced.
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Figure 10. Detailed figures showing the effect of compressor inlet temperature. Left figures show
more detail on the compressor inlet points.

In Figures 9 and 10, it can be observed that there is a real need for reducing the
compressor inlet state to as close as possible to the critical point conditions. Therefore, a
wet-cooling condenser seems to be the most efficient option for this power cycle, mainly
when coupled with CSP.

As can be noticed in Figure 11, the particle receiver efficiency is barely affected by
the compressor inlet temperature. However, the efficiency of the power cycle is improved
thanks to the temperature increase of 50 °C, which nevertheless causes an increase in
thermal losses in the efficiency of the solar receiver. Therefore, it can be concluded that
there is no significant improvement in the sun-to-electricity efficiency by increasing TIT up
to 730 °C.

The s-CO, power cycle showed promising theoretical results, gaining a net cycle
efficiency of over 50% (as was targeted) for a moderate temperature level at the turbine inlet.
Nevertheless, it should be kept in mind that lowering the compressor inlet temperature
closer to the critical conditions will be crucial for meeting the high-efficiency expectation.
The dry cooling solution for pure CO, is not recommended due to the cycle sensitivity to
the compressor inlet temperature.
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Figure 11. Receiver efficiency (red solid and dashed lines) and cycle net efficiency (black solid and
dashed lines) as a function of the compressor inlet temperature and turbine inlet temperature.

3.3. Integrated Solar Combined Cycle (ISCC)

In this section, the optimization of the ISCC layout is addressed, aimed at maximizing
the efficiency of the power block. Different working conditions for the topping and bot-
toming power cycles (working pressures, maximum temperatures, cycle arrangement, etc.)
were investigated considering a nameplate power of 150 MW, and a receiver outlet DPS
temperature of 800 °C. The dry condenser configuration was considered for dry climate
scenarios. The components’ efficiency and losses in Table 7 were considered [15].

Table 7. Power plant components’ modelled efficiency and losses.

Parameter Unit Value

Topping cycle - -
Compressor isentropic efficiency % 88
Main turbine isentropic efficiency % 91
Reheating turbine isentropic efficiency % 91
Temperature losses at turbine inlet °C 20
Pressure losses at auxiliary burner mbar 30
Bottoming cycle - -
Pump efficiency % 85
Main turbine isentropic efficiency % 88
Reheating turbine isentropic efficiency % 91

Reheating pressure losses mbar 5000
Condenser AT (dry) °C 10
Condenser AT (wet) °C 10
Ambient temperature °C 25
Fan mechanical efficiency % 75

Several modifications were applied to the ISCC plant layout presented in previous
works [15] in order to increase the net cycle efficiency. The optimized power cycle ar-
chitecture is shown in Figure 12, where the modifications consist of an uncooled and
unfired double-reheated topping Brayton cycle and a two-pressure subcritical Rankine
cycle without steam extraction for the bottoming cycle.
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Figure 12. Integrated solar combined power cycle: HX (heat exchanger), MP (medium pressure), LP
(Low Pressure), FW (Feedwater preheating chain).

As can be observed in Figure 13, the Brayton double-reheating cycle allows an increase
in the added heat’s average temperature, which is beneficial for the power cycle efficiency
according to the second law of thermodynamics. The double-reheating process also allows
for increasing the pressure ratio of the Brayton cycle, which translates into a higher average
temperature of the added heat and a higher temperature at the end of the compression
process (point 4) and, hence, a significant reduction in external heat addition. Despite the
higher power consumption in the compression process, an improvement in the net cycle
efficiency is expected. Furthermore, double turbine reheating allows for increasing the
power plant efficiency when TIT is limited, as happens in this case due to the metallurgical
limit of the turbine blade material for uncooled vanes. Table 8 lists the process and the
description of the double-reheating topping Brayton cycle in Figure 13.
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Figure 13. Double-reheating topping Brayton cycle.
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Table 8. Process description of the T-s diagram in Figure 13.

Process Description
1—4 Uncooled compression
4—6 External heat addition (fluidized-bed heat exchanger)
6 — 68 HP turbine expansion
8—9 MP reheating (fluidized-bed heat exchanger)
9—10 MP turbine expansion
10 — 12 LP reheating (fluidized-bed heat exchanger)
12 =13 LP turbine expansion
6—7 Single-Brayton-cycle turbine expansion (non-reheated cycle)

Table 9 lists the ISCC working parameters for the reference case [15] and the optimal
solution. As can be observed, a net cycle efficiency of over 45% can be achieved with the
double-reheating process in the turbine using only solar thermal energy from the particle
receiver and a maximum TIT of 780 °C compared to the high temperature of 1100 °C.

Table 9. Combined cycle refinement (double reheating).

Parameter Unit  Reference Case = Optimized Case
Receiver outlet temperature °C 650 800
Topping cycle (Brayton)
Turbine inlet temperature °C 1100 780
Pressure ratio - 5 21
Auxiliary back-up burner - yes No
Compressor intercooling - yes No
Turbine reheating - no Double
Required solar thermal power MWy, 164.84 329.9
Required burner thermal power MWy, 187.26 0
Net power MW, 87.87 90.8
Bottoming cycle (Rankine)
Superheated steam temperature °C 610 540
Reheated steam temperature °C 600 530
Steam condensing temperature °C 50 45
Superheated steam pressure bar 180 160
Reheated steam pressure bar 25 30
Steam extractions - yes no
Superheated steam mass flow kg/s 48.64 45.58
Reheated steam mass flow kg/s 45.50 45.58
Condenser mass flow kg/s 43.08 45.58
Preheating + evaporating + superheating power MWy, 1253 115.01
Reheating power MWy, 26.8 225
Net power MW, 62.0 59.0
Power plant
Nameplate production MW, 150 150
Solar share % 46.82 100
Net efficiency % 42.57 45.23

To reduce exergy destruction in the solar plant, it was decided that particle heat
addition would take place at the same temperature level. In other words, the temperatures
of working points 4, 8 and 10 (from Figure 13) should be very similar.

The higher the TIT of the topping cycle, the higher the net power cycle efficiency.
Figure 14 shows ISCC’s net efficiency for the double-reheating configuration of the topping
cycle at higher TIT; in these cases, the use of a back-up gas burner is assumed to increase
the temperature level. The working conditions for the bottoming Rankine cycle (of ISCC)
are kept the same as shown for the optimized case in Table 10. As can be noticed, the
higher the TIT, the higher the ISCC efficiency. However, the solar contribution drastically
decreases from 100% (pure solar mode) to below 50%, as can be observed in Table 10.
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Figure 14. Effect of TIT on combined cycle efficiency.
Table 10. Effect of TIT on combined cycle efficiency.
Parameter Unit Casel Case2 Case3 Case4 Caseb
Turbine inlet temperature °C 780 800 850 900 950
Receiver outlet temperature °C 800 800 800 800 800
Topping cycle (Brayton) - - - - - -
Auxiliary back-up burner - no yes yes yes yes
Pressure ratio - 21 21 21 21 21
Required solar power MWy, 329.9 299.1 229.2 175.3 132.0
Required burner power MWy, 0 27.1 83.1 127.0 162.3
Net power MW, 90.8 91.3 91.5 91.8 92.0
Bottoming cycle (Rankine) -
Steam mass flow kg/s 45.58 45.58 45.20 45.04 44.96
Net power MW, 59.0 59.0 58.5 58.3 58.2
Power plant - - - - - -
Nameplate production MW, 149.8 150.3 150.0 150.0 150.2
Solar share % 100 91.7 73.4 58.0 44.86
Net efficiency % 45.23 46.07 48.02 49.65 51.04

4. Discussion

Regarding the power plant performance comparison, the net efficiency gives a direct
indication regarding the best choice. Table 11 lists the net cycle efficiency, the HTF turbine
inlet temperature and some remarks regarding the configuration for each cycle layout and

for the related optimized case.

Table 11. Main information of the plant comparison.

Parameter Unit S-Steam S-CO, ISCC
Net cycle efficiency % 45.35 53.17 4523
HTF turbine inlet temperature °C 620 730 780

Remarks

High parasitic losses

Needs wet cooling, sensitive to CIT

Solar receiver re-design

Concerning the supercritical steam cycle, a net power cycle efficiency above 45% can be
achieved (gross power cycle efficiency of almost 48%) near the set target; despite this, there
are high parasitic losses due to the power consumption of the fan of the dry-cooling system.

The recompression S-CO, cycle showed an efficiency of 53.17%, above the targeted
value of 50%, obtained at moderate TIT (680 °C to 730 °C). However, such high efficiencies
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cannot be achieved without wet cooling. Furthermore, cycle efficiency is very sensitive to
CIT (the closer the temperature to the critical point, the higher the efficiency).

Finally, the net efficiency gained 1% on the power block by increasing TIT from 680 °C
to 730 °C; despite this, the thermal efficiency of the receiver decreased by 1%.

The integrated solar combined cycle showed a net cycle efficiency above 45% for the
pure solar combined cycle gas turbine, with an uncooled, double-reheating configuration
at a TIT of 780 °C. The most efficient Brayton cycle has equal pressure ratios across all
turbines. Furthermore, setting these pressure ratios for equal air temperatures at every
DPS-HX inlet may simplify the DPS-HX particle-side layout. The best ISCC layout exhibits
net power cycle efficiency above 45%. The targeted efficiency expectations of at least 50%
for the ISCC were not achieved due to the very low TIT (780 °C) compared to the working
conditions of actual and very efficient combined power plants. If the particle receiver
were to be re-designed to allow a TIT above 800 °C, a net cycle efficiency above 50% can
be achieved.

5. Conclusions

In this paper, three potential power cycles coupled with DPS technology are screened
and compared for electricity production. The studied cycles all have the potential to
reach very high efficiencies at temperature levels compatible with DPS in the solar-only
configuration. In each power cycle, the working conditions were determined to maximize
the net efficiency and to reach the CSP Gen3 efficiency target of 50%. The main finding
of this exploratory research indicates that the S-CO, power cycle can reach an efficiency
of 53.17%, displaying a strong potential for future applications in CSP, particularly when
coupled with DPS at a moderate temperature level of the turbine inlet. Despite this, a low
compressor inlet temperature, closer to critical conditions, is necessary for achieving high-
efficiency expectations. ISCC showed a net cycle efficiency above 45% for the pure solar
combined cycle gas turbine with an uncooled, double-reheating configuration; however,
the low TIT limits its efficiency. Finally, the S-Steam power cycle displayed a higher gross
efficiency, close to 48%, but the net cycle efficiency is limited to 45.35% due to the large
parasitic losses caused by the dry-condenser fan’s power consumption and high condensing
temperature. Further research will be conducted on yearly simulations and the part-load
operations related to the proposed power cycles. Finally, a detailed economic assessment
will be carried out to establish the advantages and disadvantages of each system analyzed.
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