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Exploring renewable energy is beneficial for ameliorating the energy crisis and reducing
environmental emissions. The hybrid utilization of solar and geothermal energies is an
effective way to improve the existing energy consumption structure dominated by fossil
energy. This paper proposes a novel power generation system composed of a topping
recompression supercritical carbon dioxide (sCO,) Brayton cycle and a bottom organic
flash cycle (OFC) driven by the hybrid solar-geothermal energies. The sCO, Brayton cycle
is driven by the heat from the solar tower system, and the OFC is driven by a part of the heat
from CO2 in the sCO, Brayton cycle and another part of the heat from the geothermal
water. The corresponding energy and exergy analyses of the proposed combined system
are presented. The effects of the five main parameters on the system thermodynamic
performance are carried out, which are direct radiation intensity, concentration ratio, sCO»
pressure ratio, preheater terminal temperature difference, and flash temperature. Results
show that the OFC with R245ca has the highest exergy efficiency among the different four
fluids. The energy efficiency and exergy efficiency of the total system are 26.03% and
33.38%, respectively, since the energy losses exist in the heliostat field and central
receivers. There observes that through the parametric study the parameters of direct
radiation intensity and concentration ratio are larger causing better system thermodynamic
performance. Through the thermodynamic analysis, there observes the power cycle
subsystem has the largest energy loss, while the central receiver possesses the
highest among other subsystems.

Keywords: hybrid solar-geothermal energy, supercritical carbon dioxide brayton cycle, organic flash cycle,
thermodynamic analysis, combined system
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1 INTRODUCTION

With the rapid development of the global economy, energy crises
and environmental problems have become major global issues.
The exploitation of renewable energies, such as solar, geothermal,
biomass, and wind, is one of the potential ways to solve such
energy and environmental problems and satisfy the gradually
growing electricity demand. It has been reported that the goal of
increasing the renewable energy production share has been made,
which requires a further 50% increase planned between 2019 and
2024 from 26% of the global share in 2018 (Song et al., 2021).
Solar as a widely accessible renewable energy is an indispensable
part of the future energy framework, with many promising
technologies, like photovoltaic (Mariaud et al, 2017),
photothermal  (Wang et al, 2020a), and hybrid
photovoltaic-thermal (Herrando et al, 2018) technologies.
Geothermal is also an attractive renewable resource
characterized by its relative stability and reliability and suitable
for baseload power generation (Wang et al., 2018a).

The complementary use of different renewable energies can
improve its energy utilization efficiency, but it enhances the
complexity of energy system design. The integrated utilization
of solar and geothermal energies is a potential application way.
This conception was firstly proposed in 1975 (Li et al., 2020), and
continues to attract attention for different types of energy
provision. Many research works about this integrated energy
utilization have been reported and are drawing interest. Ayub
etal. (2015) studied the thermo-economic performance of a solar-
binary geothermal power system. Results found that the proposed
system had nearly 6% higher net power output and 2% lower
levelized cost of electricity compared with a geothermal organic
Rankine cycle (ORC) system. Alirahmi et al. (2020) studied a
multi-generation system exploiting geothermal and solar
energies. Multi-objective optimization results showed that the
exergy efficiency and total unit cost were 30% and 130 $/GJ under
the optimal design conditions, respectively. Al-Hamed and
Dincer (2019) proposed a novel solar-geothermal system
integrated with an ejector-absorption chiller. They found that
the thermal efficiency of the proposed system was up to 53%, and
the corresponding COP was about 1.03. Another hybrid power
generation system for solar-geothermal application was
investigated by Bonyadi et al. (2018), who carried out a
techno-economic study. Results found that compared with a
typical geothermal plant the proposed system had higher
thermal efficiency by 12% and less brine consumption. To
sum up, there are many ways of integrated utilization of solar
and geothermal energy. The design principle of its energy system
mainly depends on the energy demand of the user side. The
current research mainly focuses on system structure design,
operation parameter optimization, demand side
optimization, etc.

In recent years, the supercritical carbon dioxide (sCO,)
Brayton cycle with its advantages of compact volume and
high-efficient (Liu et al., 2019) has drawn plenty of attention,
including configuration optimization (Gao et al., 2021; Gao et al,
2022), economic and environmental evaluation (Wu et al., 2018;
Xiao et al, 2022), dynamic control (Wang et al., 2021a), etc.,
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Many research works have been reported focused on the
applications of the sCO, Brayton cycle in the renewable
energy field. For example, Novales et al. (2019) studied the
different sCO, system structures for concentrating solar power
through sensitivity analysis. Results showed that the partial
cooling cycle was sensitive to turbine efficiency. A multi-
objective optimization focused on the different types of sCO,
Brayton cycle was conducted by Wang et al. (2018b), who
reported inter-cooling and partial cooling types as the most
suitable ones applied in solar power tower systems. Yang et al.
(2020) established the off-design model of the sCO, Brayton cycle
for solar power tower application. The interaction effects between
thermal storage system, heliostat field, and Brayton cycle at part-
load conditions were discussed. Thus, it can be seen that the
application of the sCO, Brayton cycle in the solar-geothermal
fields is of great value (Cao et al,, 2022).

In the recompression sCO, Brayton cycle, a considerable
amount of thermal energy is discharged to the cooling water
when the CO, is cooled to about 32°C before the compression
process. Thus, the sCO, Brayton cycle performance could be
enhanced by adding an appropriate bottoming cycle to utilize this
part of energy (Mishra and Singh, 2018). To further improve the
solar energy utilization efficiency, the sCO, Brayton cycle is
supposed to be integrated with a bottoming cycle, like ORC
(He et al,, 2012; Wang et al., 2020b; Cai et al., 2021; Wang et al.,
2022), transcritical CO, cycle (Kochunni and Chowdhury, 2021),
refrigerating cycle (Wang et al., 2020c; Wang et al., 2021b), etc.,
Wang et al. (2016) proposed the combined cycle composed of the
sCO, Brayton cycle and ORC and studied its thermodynamic
performance. They found that the ORC arranged between split
point and low-temperature recuperator was the optimal scheme.
Manjunath et al. (2018) studied the thermodynamic performance
of the sCO, Brayton cycle combined with the transcritical CO,
cycle for shipboard turbine waste recovery. Results found the
integrated system improved the net power output by 18%
compared with the basic one. In addition, the organic flash
cycle (OFC) is another potential way to treat the bottoming
cycle in the sCO, Brayton cycle, since it can avoid the pinch
limitation of traditional ORC and the condensation process in the
OFC cooler through conventional coolant at all ambient
temperatures. Lee et al. (2016) studied the thermodynamic
performance of different OFC system structures, including
basic type and double expander type, and compared the
system performance with ORC for low-grade waste heat
recovery. Wu et al. (2018) studied the integration of the sCO,
Brayton cycle with OFC. Results found that the combined cycle
had advantages in cost and efficiency. The mentioned-above
studies are usually needed only one heat source to drive. In
the case of hybrid solar-geothermal energy utilization, heat
available from the geothermal brine can also be utilized to
preheat the bottoming cycle, which motivates the pursuit of
further performance improvement in this work.

Nevertheless, until now, limited research works have been
done focused on the combination between the sCO, Brayton
cycle and OFC in the context of hybrid solar-geothermal power
generation. In this work, a novel hybrid power generation system
powered by solar and geothermal energies is proposed. The
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FIGURE 1 | Scheme diagram of the combined sCO, Brayton cycle with OFC system for hybrid solar-geothermal power generation and the related T-s diagrams.

hybrid power generation system is composed of the
recompression sCO, Brayton cycle and OFC. The
thermodynamic analysis is conducted to showcase the

advantages of the proposed system scheme. The parametric
study of the combined sCO,-OFC system is used to
illustrate the effects of important design parameters on
thermodynamic performance. The comparative study
between different structures and working fluids showcases
the advantages of the proposed scheme. The approach
assists the design of similar energy cascaded utilization
systems, and the obtained results help better design the
combined system using sCO, and organic fluid.

2 SYSTEM DESCRIPTION

The schematic diagram of the hybrid power generation system is
shown in Figure 1, which is a topping recompression sCO,
Brayton cycle and a bottoming OFC. The topping cycle
contains two recuperators (named LTR and HTR), two heaters
(named Heater-| and Preheater), a cooler (named Precooler), two
compressors (named MC and RC), and a turbine (named
Turbine-1). The bottoming cycle is composed of a heater
(named Heater-ll), two valves, a condenser, a flasher, a mixer,
a pump, and a turbine (named Turbine-Il). The partial heat

released from the sCO, Brayton cycle heats the organic fluid in
OFC, and then another geothermal stream continues to heat the
fluid. The OFC works here to not only utilize the geothermal
energy but also strengthen the regenerative effect of the sCO,
Brayton cycle.

In the topping sCO, Brayton cycle, the cooled CO, stream (at
state point 1) is pressurized by the MC (process 1-2). After that,
the high-pressure CO, stream (at state point 2) flows through the
LTR heated by another CO, stream (at state point 7) (process
2-3a) and then mixes with CO, stream 3b (process 3a, 3b-3). The
merged CO, stream (at state point 3) flows through the HTR to be
heated by the expanded CO, stream (at state point 6) exhausted
from the Turbine-| and stream four absorbs the solar heat in the
Heater-| (process 4-5). The CO, (at state point 5) exiting the
Heater-| expands to a low-pressure stream six and generates
power in the Turbine-| (process 5-6). The expanded CO, stream
(at state point 6) continuously flows through the HTR and LTR in
turn to heat the high-pressure CO, fluid (process 6-7-8). The
CO, stream (at state point 8) process is split into the main CO,
stream (at state point 8a) and the bypass CO, stream (at state
point 8b). The mainstream (at state point 8a) flows through
Preheater to drive the bottoming cycle (process 8a-9) and then is
cooled by cooling water (process 9-1). Another bypass stream (at
state point 8b) is compressed by RC (process 8b-3b) and then
merged with CO, stream 3a.
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In the bottoming OFC, the organic fluid (at state point 01) at
the Condenser outlet is pressurized by the Pump (process 01-02).
The high-pressure organic fluid (at state point 02) flows through
the Heater-ll being heated by the hot CO, stream (process 02-03).
Then, the heated organic fluid (at state point 03) is heated again
by the geothermal water to a saturated liquid state (process
03-04). After that, the liquid expands in the valve (process
04-05) to be a two-phase fluid (at state point 05). The fluid is
separated into saturated vapor (at state point 06) and saturated
liquid (at state point 08) in the flash separator. Then, the vapor (at
state point 06) enters the Turbine-|l to drive the generator. The
liquid (at state point 08) leaving the separator is combined with
the expanded flow from Turbine-Il (state 06) in the mixer after
being decompressed by another valve. Finally, the mixed fluid (at
state point 010) flows through the condenser being cooled by the
cooling water (process 010-01) before being pressurized by the
pump again.

The following reasonable assumptions are made to simplify
the simulation:

1) The whole system runs under steady-state;

2) The heat transfer losses and pressure drops in the heat
exchanger and pipe are ignored;

3) The fluids in the flash separator and mixer are diabatic and
isobaric states, and the throttling valve is isenthalpic
equipment.

4) Organic fluid at condenser and heater outlets is a saturated
liquid state.

5) The cooling water at cooler and condenser inlets is under
ambient conditions.

3 SYSTEM MODELING

The combined system is modeled by the MATLAB simulation
program, including the conservations of mass, energy, and exergy
equations for each equipment. The thermophysical properties of
all the fluids are obtained from the NIST REFPROP database
(Lemmon et al., 2010).

3.1 Solar Tower Subsystem

A typical tower solar power subsystem includes a heliostat field, a
central receiver, and molten salt circulation. The heliostat field is
used to collect energy from the sun. The energy (Qg,,) and exergy
(Egun) are defined as

qun :DNIAh (1)
~ 4Ty 1/ Ty \'
Esun - qun |:1 3Tsun + §< Tsun) (2)

where DNI is the direct normal irradiance, Ay, is the heliostat field
area; T is the environment temperature; Ty, is the Sun’s surface
temperature.

The role of the central receiver is to receive the energy reflected
from the heliostat field. Based on the literature (Padilla et al,,
2015; Herrando et al,, 2018; Zhang et al, 2022), the energy
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efficiency of the heliostat field (7,q) is set as a constant. Thus
the energy (Q.) and exergy (E..) absorbed by the central
receiver can be expressed as

Qrec = qunﬂhel (3)
— TO
Erec - qun(l - Tsun> (4)

Besides, the thermal efficiency of the central receiver (#,..) is
defined as (Ho and Iverson, 2014; Padilla et al., 2015),

B EUFviewT; + fconvhconv (TR - TO)
e - DNI - C

nrec =& (5)
where o is absorptance, ¢ is thermal emittance, o is Stefan
Boltzmann constant, F., is radiative view factor; f.n, is
convective heat loss factor; he,,, is convective heat transfer
coefficient, Tr is solar receiver temperature, and C is
concentration ratio.

In this paper, the shape type of the central receiver is the
cavity receiver, molten salt flows through the receiver to absorb
heat and transfer it to carbon dioxide. The mixture of 60 wt%
NaNO; and 40 wt% KNOj is selected as the molten salt, and its
specific heat is

Coms = 0.172T  + 1443 (6)

where T, denotes the molten salt temperature.
The energy and exergy equations of molten salt are as follows:

Qms = Qrecqrec (7)
E.. - mmscpm[ (T,-Ty) - T01n<TT° >] 8)

sun

where m,, is the molten salt mass flow rate, and T, and Ty, are the
inlet and outlet temperatures of molten salt.

3.2 sCO, Cycle Subsystem

For the sCO, cycle subsystem, the exergy balance is defined as
E; =m[(hi — ho) = Ty (si = so)] )

where / denotes the enthalpy, s is the entropy, m means the mass
flow rate, and the subscript “i” and “0” represent the specific and
ambient state points, respectively.

In the Heater-I, the heat absorbed by CO, and the

corresponding exergy destruction are expressed as the
following equations:
Queater-1 = Mco, (hs — hy) (10)
IHeaterfl = Ems - (ES - E4) (11)

where mco, is the CO, mass flow rate, and I denotes exergy
destruction.

In the Turbine-I, the power output and exergy destruction are
defined as

Qmi = mco, (hs — he) = mco, (hs = he)nyy (12)
Ity =Es—E¢—Wry (13)

Frontiers in Energy Research | www.frontiersin.org

June 2022 | Volume 10 | Article 924134


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Que et al.

where Wr, is the power output by the Turbine-|, and #r, is the
isentropic efficiency of Turbine-I.

In the HTR, the energy and exergy balance equations, as well
as the effectiveness equation, are given as

h6—h7=h4—h3 (14)
Iuyrr = Es + Ec - E, - E; (15)
eurr = (T — T7)/ (Ts-T3) (16)

where ¢ is the effectiveness efficiency.
In the LTR, the energy and exergy balance equations, as well as
the effectiveness equation, are

(1=x)(hs —hy) =h; — hg (17)
It = Esa+ Eg—E; - E; (18)
errr = (T7 - Ts)/ (T; -T,) (19)

where x denotes the CO, recompressed flow ratio.
In the Preheater, the CO, stream provides heat for the
bottoming OFC.

Qpreheater = (1 = X)Mco, (hga — ho) = mopc (hos — ) (20)
IPreheater = ESa + EOZ - E9 - E03 (21)

where mopc is the mass flow rate of organic fluid in the OFC.
In the Precooler, the CO2 is cooled by the cooling water, and
the corresponding energy and exergy equations are

QPrecooler = (1 - x)mC02 (h9 - hl) = Mew1 (hll - th) (22)
IPrecooler = E9 + ElO - El - Ell (23)
where m, is the mass flow rate of the cooling water 1.

For the MC and RC, the relative equations are shown as
follows

PR=DP,/P, (24)

Wc = (1 = x)meo, (hy — hy) = (1 = x)mco, (has = h1) /1o
(25)
Wre = xmco, (hap — hgy) = XMco, (h3p — hsb)/ﬂcom (26)
Inc =E - E; + Winc (27)
Irc = Egp — Esp + Wre (28)

where %o is the isentropic efficiency of the compressor.

3.3 OFC Subsystem

In the pump, the energy and exergy balance equations are given as
Qrume = Morc (hox — hot) = morc (hoas — hot) /1, (29)
Irump = Eo1 — Eoa + W (30)

where #p means the isentropic efficiency of the pump.

In the Heater-Il, the heat absorbed by organic fluid and the
corresponding exergy destruction are expressed as the following
equations:

QHeater—II = Morc (h04 - hOS) = mgw(hgw,in - hgw,out) (31)
Theater-11 = (ng,in - ng,out) - (E04 - EOS) (32)

sCO2 Hybrid Solar-Geothermal Power Generation

where mg,, is the mass flow rate of the geothermal water.
In the flash separator, the energy balance equations are:

morchos = Morchos (33)

Qvap = (hos - hos)/ (hos - hos) (34)
Mokchos = GuapMorchos + (1 - qvap)mOFChOS (35)
Tttashaer = Eos — (Eos + Eos) (36)

where gy, is the vapor quality of the organic fluid at the flash
separator.

In the Turbine-Il, the power output and exergy destruction are
defined as

Qn = GvapMOFC (hos — ho7) = GvapMOEFC (hos = h07s)’7T2 (37)
Ity = Egg — Eg7 — W1, (38)

where WT2 is the power output by the Turbine-II, and #T2 is the
isentropic efficiency of Turbine-II.

In the mixer, the corresponding modeling equations are
expressed as

QuapMorchor + (1 - anp)momhos = morchoi (39)

Iinixer = Eo7 + Eo9 — Eoto (40)
For the valve, the exergy destruction is defined as
(1 - qvap)mOFChOS = (1 - qvap)mOFCh09 (41)
Liave = Eos — Eos + Eos — Ego (42)
In the condenser, the relative equations are expressed as

Qcondenser = Morc (Moo = ho1) = Mews (hora — hony) (43)
Icondenser = Eo10 + Eo11 — Eo1 — Eo12 (44)

where ., is the mass flow rate of the cooling water 2.

3.4 System Performance Index
The net power output of the proposed sCO,-OFC system is
calculated below:

Wnet = Wnet, sCo, T Wnet, OFC

= (Wn = Whyie = Wre) + (Wra — Wp) (45)
The thermal efficiency of the entire system can be defined as
Hin = Wiet (qun + ng) (46)

The exergy efficiency of the proposed system can be
expressed as

Nex = Waet | (Esun + Egu ) (47)

where Eg, is the exergy of the geothermal water, which is
defined as

ng = ng,in - ng,out (48)
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TABLE 1 | Model validation of sCO, Brayton cycle adopting the data reported by S. Mahmoudi et al. (2017).

Items Split ratio (mg,/mg) Hnl %o
T: (K) Ts (K) P>(Mpa) P>/P, Present Ref. RD?*(%) Present Ref. RD(%)
work (s. work (S.
Mahmoudi Mahmoudi
et al., 2017) et al., 2017)
305.15 823.15 20 2.64 0.3338 0.334 -0.06 41.18 41.18 0
305.15 823.15 30 3.86 0.3549 0.355 -0.02 43.31 43.32 -0.02
323.15 823.15 20 2.40 0.1845 0.184 0.27 36.71 36.71 0
323.15 823.15 30 2.80 0.2541 0.254 0.04 38.93 38.93 0
ARD means the relative deviation, which is defined as RD = (xg — xs)/Xr x 100%. The xr and Xs are the values obtained from references and our simulation, respectively.
TABLE 2 | Model validation of OFC adopting the data reported by Tang et al. (2021).
State P (kPa) T (K) h (kJ/kg)
points Present Ref. RD(%) Present Ref. RD(%) Present Ref. RD(%)
work (s. work (s. work (S.
Mahmoudi Mahmoudi Mahmoudi
et al., 2017) et al., 2017) et al., 2017)
01 249.41 250 -0.24 313.15 313.15 0 252.10 252.57 -0.19
02 1545 1549 -0.26 313.79 313.85 -0.15 253.26 253.82 -0.22
03 1545 1549 -0.26 382.51 382.51 0 354.41 354.80 -0.11
04 789 789 0 353.3 353.15 0.19 354.41 354.80 -0.11
05 789 789 0 353.3 353.15 0.19 462.86 461.75 0.24
06 249.41 250 -0.24 322.83 324.33 -2.93 443.74 444.95 -0.27
o7 789 789 0 353.3 353.15 0.19 308.98 309.24 -0.08
08 249.41 250 -0.24 313.15 313.156 0 308.98 309.24 -0.08
09 249.41 250 -0.24 313.15 313.15 0 348.62 349.78 -0.33

4 RESULTS AND DISCUSSIONS
4.1 Model Validation

In this work, the thermodynamic model of the proposed sCO,-
OFC system has been validated to ensure the accuracy of
simulation results. The model validation is carried out based
on each subsystem, including the sCO, Brayton cycle and OFC,
and the data from the reported literature (S. Mahmoudi et al.,
2017; Tang et al,, 2021). A comparison between the data reported
by S. Mahmoudi et al. (2017) and our present work for the sCO,
Brayton cycle is shown in Table 1. In Table 2, the results reported
by Tang et al. (2021) and our model are presented about the
subsystem of OFC. Referring to comparison results, it can be seen
that there is good agreement between our model and it reported
in the literature.

4.2 Base Case Study

Based on the subsystem models, the performance of the
proposed sCO,/OFC system driven by solar energy and
geothermal energy is explored in this section. The proposed
system is set located in Gonghe, Qinghai Province, China,
which is full of solar energy and geothermal energy. Moreover,
the geothermal energy in Gonghe is the type of hot dry rock
(HDR) with a higher temperature and promising application
prospect, which is the highest-temperature HDR resource
found in China so far (Senqi et al., 2018; Zhang et al,

TABLE 3| Design point parameters of the solar tower subsystem (Delussu, 2012;
Soo Too and Benito, 2013; Ho and Iverson, 2014).

Subsystem Parameters Valve
Location - 36° 6" 8" N
- 100° 37" 30" E
Ambient temperature (K) 303.15
Heliostat field Heliostat field area 12,000 m?
Heliostat field efficiency 75%
Direct normal irradiance (DNI) 800 W/m?
Central receiver ~ Absorptance («a) 0.95
Thermal emittance (g) 0.85
Radiative view factor (Fyiew) 1
Convective heat loss factor (foony) 1
Convective heat transfer coefficient (hoony) 10 W/m? K
Concentration ratio (C) 960
Solar receiver temperature difference (ATg) 423.15 K
Molten salt inlet temperature (T,) 698.15 K
Molten salt outlet temperature (Ty,) 858.15 K

2020). Thus, the geothermal energy used here is considered
an enhanced geothermal system (EGS). Table 3 shows the
design conditions of the solar tower and HDR-EGS
subsystems. The based operation condition of the power
subsystem is listed in Table 4.
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TABLE 4 | Design point parameters of the EGS and sCO,-OFC power subsystems (Zhang et al., 2020; Cao et al
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., 2022; Zhang et al., 2022).

Subsystem Parameters Valve
EGS Depth (D) 3705
Temperature of HDR (TwpR) 509.15 K
Temperature of hot water (Tg1) 45315 K
Mass flow rate of hot water (mg) 50 kg/s
sCO,-OFC power subsystem Environment pressure 101.325 kPa
sCO, minimum pressure 7.4 MPa
sCO, pressure ration (PR) 3
sCO, compressor inlet temperature 308.15 K
sCO, compressor efficiency 85%
sCO, turbine efficiency 90%
Heat exchanger efficiencies of recuperator (eqtr and e 1) 0.95
OFC turbine efficiency 80%
OFC pump efficiency 75%
Terminal temperature difference in the preheater (AT, pre) 10K
TABLE 5 | Main performance parameters of R245ca.
Working fluid Molecular mass T: (K) P. (MPa) ODP GWP/100years Safety level
(g/mol)
R245ca 134.05 447.55 3.93 0 726 A2
TABLE 6 | System baseline simulation results.
Subsystems Energy Energy Energy Energy Exergy Exergy Exergy Exergy
input output efficiency loss input output efficiency loss
(kW) (kW) (%) ratio® (kW) (kW) (%) ratio®
(%) (%)
Heliostat field 9600.00 7200.00 75 26.38 8446.10 6817.47 80.72 26.40
Central receiver 7200.00 6225.89 86.47 10.71 6817.47 3751.71 55.03 49.69
Power cycle 8800.00 3076.90 34.96 62.91 4551.90 3076.90 67.60 23.91
Total system 12,174.2% 3076.90 25.27 - 9246.29% 3076.90 33.28 -

AFor the total system, there is an extra energy input from EGS (2574.2 kW).
PEnergy loss ratio = Energy loss/Total energy loss x100%.
®Exergy loss ratio = Exergy loss/Total exergy loss x100%.

TABLE 7 | System baseline simulation result of the sCO,-OFC system.

Items Valve
sCO, turbine power output (W, coo) 4313.58 kW
sCO, main compressor power consumption (W) 852.22 kW
sCO, recompressor power consumption (W) 821.90 kW
sCO, net power output (Whet, co2) 2639.45 kW
OFC turbine power output (W; orc) 510.96 kW
OFC pump power consumption (W) 73.52 kW
OFC net power output (Whetorc) 437.44 KW
Power subsystem net power output (Whet, power) 3076.90 kW
Power subsystem thermal efficiency (#in, power) 34.96%
Power subsystem exergy efficiency (1ex, power) 67.60%

Besides, R245ca is selected as the working fluid for the OFC
system (Cao et al., 2022; Tang et al., 2022). Table 5 lists the main
performance parameters of R245ca working fluids (Calm and
Hourahan, 2011). It can be seen that R245ca owns 0 ozone

depletion potential, low global warming potential, and meets
the requirements of closed power cycles. In addition, it also has a
higher critical temperature which is closed to the EGS
temperature.

This section presents the energy and exergy analysis of the
proposed system under the base case. Table 6 lists the
thermodynamic performance of the total system, while Table 7
shows the results of the sCO,-OFC power subsystem.

As shown in Table 6, under the base condition, the heliostat
field can deliver 7200 kW of thermal energy to the central receiver,
with all energy input from the sun (9600 kW). It should be noted
that the energy input from the EGS system is 2574.2 kW. From the
results, it is interesting that the power cycle subsystem has the
largest energy loss, accounting for 62.91% of total exergy losses,
while it also has the least exergy losses, accounting for only 23.91%.
On the contrary, although the central receiver accounts for the least
energy loss ratio of 10.71%, its exergy loss is highest among other
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FIGURE 2 | Exergy loss ratio of different equipment in the hybrid power
generation system.

subsystems, with a proportion of 49.69%. The reason caused this
phenomenon is the working process of the central receiver: the very
high-temperature sunlight (~5300K) is concentrated by the
receivers to improve the receiver surface temperature, causing a
high-temperature difference. Meanwhile. there still occurs a high-

sCO2 Hybrid Solar-Geothermal Power Generation

temperature difference in the energy absorption process between
the receiver and molten salts. Therefore, the energy loss in the
central receiver has high quality with a big temperature difference
and huge heat energy. Referring to Table 7, with the total energy
input (Qgeo + Qms) of 12,1742 kW, the power subsystem can
produce a net power output of 3076.90 kW, which is the sum of
sCO, net power output (2639.45 kW) and OFC net power output
(437.44 kW). The OFC net power output only accounts for 14.2%
of total system output. Moreover, the thermal and exergy
efficiencies of the power subsystem are 34.96 and 67.60%,
respectively, while the corresponding valves of the total system
are 25.27 and 33.28%, respectively.

In addition, since the relatively high energy and exergy
losses of the power cycle subsystem, the exergy loss ratio of
each power cycle subsystem’s component is presented in
Figure 2. As shown in Figure 2, Turbine-I has the largest
exergy losses of 14.59% due to the large mass flow rate of
fluids during the expansion process, followed by 11.13% in
the HTR and 9.65% in the LTR. In addition, the exergy loss
in two heaters (Heater-I and Heater-II) reach 8.64% and
9.60%, respectively, which is mainly caused by the large
temperature difference at the heat exchanger inlet and
outlet. The large exergy loss in the above components
indicates that people should pay more attention to those
to improve the system performance. In addition, it is noted
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that the component of the sCO, cycle has more exergy losses
than the OFC cycle.

4.3 Parameter Effect on System

Thermodynamic Performance

In this section, it should be noted that the proposed system
consists of the solar tower, sCO,, and OFC subsystems. Hence,
the parameters of each subsystem should be considered. The
direct normal irradiation (DNI) and the concentration ratio (C)
are selected as the key parameters because they directly affect the
performance of the heliostat field and central receiver subsystems.
Meanwhile, for the power subsystem, both the state points of the
sCO, cycle and OFC cycle should be considered. Thus, the
pressure ratio of the sCO, cycle (PR), the pinch point in the
preheater (AT,..), and the flash temperature (To4) are selected.
The former parameter affects the performance of the sCO, cycle,
while the latter two affect the OFC cycle. The other parameters
keep unchanged when one parameter is discussed.

4.3.1 Effect of Direct Radiation Intensity (DNI)

The effects of Direct Radiation Intensity (DNI) are presented in
Figure 3. As shown in Figure 3A, the central receiver efficiency
(Mrec) increases with the increment of DNI. This is because a large

DNI also means an increasing energy input from the sun (Qgyy)-
In detail, Qg, rises from 7200 kW to 12,000 kW and #,.. rises
from 83.63% to 88.18% when DNI ranging 600-1000 W/m’.
Thus, there is also an increment in the net power outputs of
sCO, and OFC cycles, as shown in Figure 3B. The reason for this
trend is that a higher Qy,, increases the mass flow rate of CO,
working fluid, then resulting in a higher net power output of the
sCO, cycle. Meanwhile, the mass flow rate of the OFC cycle also
increases with the increasing mgco,, so the net power output of
the OFC cycle increases as well. As a result, it can be seen in
Figure 3C that both the total system thermal and exergy
efficiencies grow up with a liner increment, under the positive
effect of the large increment of net power output.

4.3.2 Effect of Concentration Ratio (C)

Figure 4 shows the effects of concentration ratio (C) on system
performance. Similar to DNI, the concentration ratio also has a
positive effect on #,... When C ranges from 800 to 1200, # rises
from 84.76% to 88.18%, as shown in Figure 4A. Then the energy
input of the sCO, cycle increases as well, causing the increment of
Mycoz- Meanwhile, the state point of the sCO, cycle has not been
changed. As a result, the net power output of the sCO, cycle
increases as shown in Figure 4B. Meanwhile, the mass flow rate of
the OFC cycle also increases with the increasing myco,, so the net
power output of the OFC cycle increases as well. With the
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increment of total system output, it can be seen from Figure 4C
that system thermal efficiency grows up from 24.88% to 25.67%,
and system exergy efficiency grows up from 32.67% to 33.88%.

4.3.3 Effect of sCO2 Pressure Ratio (PR)
Figure 5 illustrates the influence of the sCO, pressure ratio (PR). As
shown in Figure 5A, when PR changes from 2.6 to ~ 3.15, Wi scon
increases but turns to decrease when PR is beyond 3.15. This is
because, for the sCO, cycle, a large PR means a high turbine inlet
pressure, so the consumption power of the two compressors will
increase. Meanwhile, the turbine output also increases under a
higher PR. Thus, there is an optimal PR valve for the net power
output of the sCO, cycle. In Figure 5B, it can be seen that the OFC
net power output decreases within the range of PR. The reason for
this phenomenon is that: a higher PR makes the outlet temperature
of LTR (Tg) increase, then increases the OFC working fluid
temperature at the preheater outlet. Meanwhile, the mass flow
rate of working fluids in the sCO, cycle and OFC cycle reduce.
Thus, OFC net power output shows a declining trend (from 581.05
to 445.40 kW). The decline of OFC net power output offset the
increment of sCO, net power output, so net power output decreased.
In addition, the energy input for the geothermal energy reduces as
well, from 3328.59 to 1832.19kW (shown in Figure 6). In other
words, the total energy is declining fast with the change in PR. As
shown in Figure 5C, under the combined effect of net power output
and energy input, the increment of system efficiencies becomes
smaller. In particular, the exergy efficiency reaches the maximum
value of about 33.38% with a PR of 3.3.
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4.3.4 Effect of Preheater Terminal Temperature
Difference (ATt, Pre)

Figure 7 shows the influence of preheater terminal temperature
difference (AT, pre)- As shown in Figure 7A, since the sCO, net
power output keeps constant, the total net power output
decreases with a decreasing OFC net power output. This is
because, for the OFC cycle, a large AT . means the heat
transfer in the preheater (i.e., the energy input from the sCO,
cycle to the OFC cycle) gets worse. In other words, the mass flow
rate of OFC working fluid reduces as well, resulting in a reduction
in the OFC net power output (from 450.63 to 427.55 kW). As a
result, as shown in Figure 7B, system energy and exergy
efficiencies decrease in a similar decline in net power output,
from 25.58% to 24.98% and 33.52%-33.06% respectively.

4.3.5 Effect of Flash Temperature (T05)

Figure 8 illustrates the influence of flash temperature (Ts) on the
system performance. Like AT, .y, the change of Tys affects the
OFC performance first and then changes the total system
performance. In the OFC cycle, Tys not only determines the

turbine inlet temperature (Tos = Tys) but also the saturated
pressure of the organic working fluid (ie., the turbine inlet
pressure). Namely, the inlet temperature and pressure of the
turbine increase when Tjs arises. On the one hand, a higher
turbine inlet pressure contributes to the increasing enthalpy drop
of the turbine. On the other hand, the vapor exiting the flasher
also drops with an increasing Ty5, which means the working fluid
flowing into the turbine is reduced. There exists a game
relationship between the increasing enthalpy drop and
decreasing the mass flow of vapor. At first, the positive effect
brought by the increasing enthalpy drop can offset the negative
effect brought by the decreasing mass flow of vapor, the net power
output of OFC increases at a lower Tys (below 393.15 K). When
Tos is beyond 393.15 K, the negative effect dominates the trends
of OFC net power output and causes the decline of Wy, orc.
Therefore, as shown in Figure 8A, there is an optimal Ty, that can
reach maximum OFC net power output as well as that of the total
system. In Figure 8B, since the input energy of the total system
remains constant, the system efficiencies show similar variation
trends when the flash temperature changes.
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FIGURE 9 | A regenerative sCO, Brayton cycle integrated with a bottoming OFC.

TABLE 8 | System performance comparison with two different layouts.

Items Regenerative sCO,—OFC cycle Recompression sCO,—OFC cycle
Wi, coz (KW) 3404.54 4313.58
Wine (KW) 948.61 852.92
Wie (KW) - 821.90
Whet, coz (KW) 2455.93 2639.45
Wi, orc (KW) 567.27 510.96
W, (kW) 81.62 73.52
Whetorc (KW) 485.65 437.44
Wnet, power (kVV) 2941.58 3076.90
morc (kg/s) 23.87 21.44
Qgeo (KW) 2828.64 2574.15
Mth, power (%) 31.63 34.96
Hex, power (%) 61.59 67.60
th, tot (%) 23.67 25.07
Hlex, tot (%) 31.55 33.28

4.4 Comparative Study and Parameter
Optimization

In this section, a comparative study is conducted to reveal the
difference between different system structures and fluids in the
OFC subsystems. After that, the system design parameters are
optimized based on the maximum energy efficiency.

4.4.1 Comparison With Different System Layouts

The regenerative sCO2 Brayton cycle integrated with a
bottoming OFC is another normally used way to convert
renewable energies into power, as shown in Figure 9. To
compare the system performance between different
structures comprehensively, two commonly used system
structures are employed.

The system performance comparison between the two different
layouts is listed in Table 8. It can be seen that the recompression type
has higher power output generated by the sCO2 cycle, but lower
power produced from OFC than the regenerative type. This is because
in the recompression type system the top cycle utilizes more energy,
while in the regenerative type system more heat is used by the bottom
OFC. As for the other parameters, since the recompression type

TABLE 9 | Boundary conditions and settings for optimization.

Items Valve
Population size 50
Generation size 400
Crossover fraction 0.8
Migration fraction 0.2
Stopping criteria Tolerance <107*
PR 2.6-3.6

Ts5 ((O) 80-160

system generates more power, both the energy efficiency and exergy
efficiency of the recompression type system are higher than another
system.

4.4.2 System Parameter Optimization and Comparison
Between Different Fluids

The discussions of Section 4.4.1 show the superiority of the combined
recompression sCO,—OFC cycle on the hybrid solar-geothermal
energy utilization. Meanwhile, the parametric analysis shows that
sometimes, there is an opposite variation trend between the combined
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TABLE 10 | The Optimization results for the proposed system with different working fluids.

Fluids OFC with R245ca OFC with R123 OFC with MM OFC with R601a
PR 3.38 3.44 3.39 3.40

Ts (C) 121.49 116.11 109.98 116.47
Wiet, coz (KW) 2636.37 2634.47 2635.95 2635.73
Wietorc (kW) 398.64 342.56 349.57 370.12
Woer, power (KW) 3035.01 2977.03 2985.53 3005.84
Morc (Kg/s) 19.53 26.14 14.18 11.15

Qgeo (KW) 2063.93 1869.70 1715.53 1942.44

e, 1ot (%) 26.03 25.96 26.02 26.01

lox. 1ot (%) 33.38 32.96 33.23 33.20

cycle efficiency and combined cycle net power, which indicates that
this variation is related to the utilization of geothermal energy. The
increment of net power is on the premise of a significant increase in
geothermal energy consumption. Moreover, the parametric analysis
also shows the combined system has an optimal value of PR and Tjs to
achieve maximum energy efficiency.

Hence, this section aims to conduct a performance
optimization to find these optimal variables and improve the
power generation capacity of the system on the premise of
ensuring efficiency. To perform the optimization, the genetic
algorithm (GA) is adopted (Gen and Lin, 2007). And the PR and
Tos are selected as the decision variables. Table 9 summarizes the
details of boundary conditions and settings for optimization.
Moreover, R245ca along with three other working fluids, R123,
MM, and R601a is considered to be used in the proposed system.

The system optimization results with four working fluids are
listed in Table 10. Referring to Table 10, the proposed system
obtains the total net power outputs of about 2977.03-3035.01 kW
and the exergy efficiencies of about 32.96-33.38%. Among the
four working fluids, the proposed system with R245ca presents
the highest net power output at about 3035.01 kW, followed by
R601a, MM, and R123. Due to the higher net power, R245ca also
owns the highest exergy efficiency of other fluids. Similarly, the
exergy efficiency of the combined system has the same sort of
order for the OFC with these four fluids. Moreover, it also can be
found that a larger net power of OFC corresponds to a larger
absorption of geothermal energy (Qg), indicating that the
employment of geothermal energy is beneficial to power
production. At last, the optimization results show that the
proposed system with different working fluids can achieve
better efficiency under almost the same operating pressure.

5 CONCLUSION AND FUTURE WORK

This paper carried out the thermodynamic analysis of a hybrid solar-
geothermal sources powered combined system by introducing an
organic flash cycle. The system is composed of a topping
recompression sCO, Brayton cycle and a bottom OFC. The sCO,
Brayton cycle is driven by the heat from the solar tower system, and
the OFC is driven by a part of the heat from CO, in the sCO,
Brayton cycle and another part of the heat from the geothermal
water. The main conclusions are summarized as follows:

1) The OFC subsystem with R245ca owns the highest exergy
efficiency among involved working fluids. The power output
generated by the combined sCO,-OFC system is 3035.00 kW,
including the net power output produced by the sCO, cycle of
about 2636.37 kW and from the OFC of 398.64 kW. Moreover,
the energy efficiency and exergy efficiency of the total system are
26.03% and 33.38%, respectively, since the energy losses exist in
the heliostat field and central receivers.

Through the parametric study, there observes that the values of
DNI and C are larger, and the performance of the hybrid power
generation system is better. There is an optimal PR and Ts,
corresponding to the maximum exergy efficiency of the
combined system. The system performance is better when the
preheater terminal temperature difference is smaller.

The power cycle subsystem has the largest energy loss,
while it also has the least exergy losses. On the contrary, the
central receiver accounts for the least energy loss ratio, but
its exergy loss is highest among other subsystems.

2)

3)

In the future, a more systematic analysis could be considered, like
thermos-economic, environmental, and ecological impacts. Besides, the
off-design analysis and dynamic analysis can also be employed to offer
guidelines for the utilization of renewable energies in future research.
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