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ARTICLE INFO ABSTRACT
Keywords: In this study, an efficient solar-gas assisted hydrogen-electricity cogeneration system is proposed. It constructs
Solar-gas assisted from thermos-photovoltaics (TPV), supercritical carbon dioxide Brayton cycle (SCO2-BC) and Cu-Cl chemical

Photo-thermal energy

Cascade conversion
Hydrogen-electricity cogeneration
Thermo-photovoltaics
Copper-chlorine cycle

cycle according to photo-thermal energy cascade conversion. A system thermophysical analysis model is
established and the effect of parameters on the electricity/hydrogen production efficiency and irreversible loss
are investigated based on second law. The design concept is proposed that using by-product oxygen from
hydrogen generation to assist combustion for system stable running. Besides, the superiority of the novel system
is discussed by comparing with different configurations. The results show that the concentration ratio, TPV area,
and turbine inlet temperature can be used to adjust the ratio of electricity/hydrogen production. In actual ap-
plications, the system can keep continuous and efficient by appropriately increasing the oxygen ratio when solar
energy input is insufficient. The second law analysis shows the exergy destruction factor of TPV module is the
largest (about 30 %), followed by receiver module (11.68 %). The system energy efficiency can reach 61.26 % for
electricity/hydrogen cogeneration, and the equivalent electrical efficiency can reach 52.98 %, which has obvious
advantages compared with other different system configurations. This work provides guidance for the devel-
opment of solar high-efficiency hydrogen/electricity cogeneration technology.

application.

In the past period, it has been proposed the solar-fuel assisted system
to improve conversion efficiency, overcome the fluctuations of the solar
energy utilization and save fossil fuels. Milanese et al. [3] proposed a
new type of solar-aided coal-fired power plant, which is composed of a
trough collector field based on gas-phase nanofluids and coupled with a
flameless coal burner. Numerical simulation results revealed the solar
input could not only elevate the recirculation zone temperature, yielded
uniform chemical products and temperature conditions, but also greatly
reduced NOy emissions. Chinnici et al. [4] designed a hybrid combustion
device that directly couples a solar cavity receiver with combustor, and
experimentally explored the economic benefits of three operation
modes. It was found that using solar-fuel assisted modes could greatly
save energy and cost in the same power generation conditions. In
addition, most scholars designed solar-fuel assisted thermal power cycle
(TPC) based on combustion. Zhao et al. [5] designed a solar-coal assisted
Rankine cycle. Calculations and optimization of solar collector mirror
field size and energy storage capacity in the solar-coal assisted power
device have also been carried out. Rovira et al. [6] designed a gas-steam

1. Introduction

Widespread consumption of fossil fuels has resulted in substantial
greenhouse gas emissions, causing global warming and environmental
damage. Energy and environmental issues are gradually coming into
focus. As of 2021, a total of 124 countries have pledged to achieve
carbon neutrality by 2050 or 2060 [1], committing to optimizing the
existing energy structure and developing renewable energy system.
Therefore, solar energy has been regarded as one of the most promising
green energy since its cleanliness, wide distribution, easily accessible
and huge reserves. At present, solar power technologies mainly include
solar photovoltaic (PV) and solar thermal power generation [2]. How-
ever, PV cells can only utilize high-grade solar energy within a specific
waveband, large amounts of solar energy are wasted. High-temperature
solar energy concentration and harvest are costly and difficult to achieve
efficient conversion. Besides, overcoming periodic fluctuations must be
considered in solar energy utilization. In a word, realizing efficient and
stable conversion of solar energy is the key to achieving large-scale
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Nomenclature

C concentration ratio

(o specific heat (J/(kg-K))

o exergy destruction (kW)

Ex exergy (kW)

FF filling factor

H surface heat transfer coefficient (W/(m>K))
h enthalpy (kJ/kg)

I solar radiation intensity (W/m?)

Jsc short-circuit current (A)

LHV lower heating value (kJ/kg or kJ/mol)
m mass flow rate (kg/s)

p power (kW)

P, solar input power (kW)

P pressure (MPa)

r split ratio

Ro, oxygen ratio

S1 tube receiver area (m?)

Sa combustion chamber area (m?)

T temperature (K)

Voc open-circuit voltage (V)

Geek symbols

A wavelength (nm)

Ae cut-off wavelength of the filter (nm)

€ Recuperator emissivity

Eex heat-exchange coefficient of heat exchanger
n efficiency (%)

7 exergy destruction factor

Subscripts

af adiabatic flame

cell PV cell

ch chemical

com compressor

cp combustion product

el generate power

em emitter

ex exergy

flt filter

g flue gas

in input

out output

ph physical

sec secondary energy

sys system

w wall of combustion chamber
0 ambient

1-11 flow number

Abbreviations

BC Brayton cycle

CcC combustion chamber

Cu-Cl copper-chlorine

HTR high-temperature recuperator
LTR low-temperature recuperator
MC main-compressor

PV photovoltaic

RC re-compressor

Ref Sys  reference system

SCO, supercritical carbon dioxide
T turbine

TR tube receiver

TPV thermo-photovoltaic

combined cycle with solar and fuel complement, they found that pre-
heating air before combustion chamber can not only reduce fuel con-
sumption but also improve the steam turbine efficiency. Bustamante
et al. [7] analyzed the performance of solar-biogas assisted power gen-
eration system, it indicated that the complementary system can better
meet its own industrial energy requirements. Xue et al. [8] proposed a
hydrogen-electricity cogeneration system based on thermochemical
complementary of coal and solar energy. Compared with the conven-
tional hydrogen-electricity cogeneration system which using
non-complementary coal gasification and concentrating solar power
generation, the efficiency of the thermochemical complementary system
is greater than 4.91 %. Wang et al. [9] proposed a new combined
cooling, heating and power (CCHP) system which integrates solar
thermochemical process, and they found that the solar-methane assisted
design can increase the system output. Recently, Wang et al. [10] pro-
posed a system of supercritical carbon dioxide Brayton cycle (SCO2-BC)
driven by solar-aided biomass combustion. Numerical calculations re-
sults indicated that the proportion of solar energy supply is as high as
36.4 % in summer, and the solar-to-electric efficiency is within
21.9-23.7 % in representative days. It can be found the solar-fuel
assisted design could not only optimize the combustion conditions in
combustion chamber, reduce fossil fuel consumption and pollutant
emissions, but also convert low-grade solar energy which is difficult to
be efficiently utilized into high-grade thermal energy. It is undoubtedly
a key technology to improve solar energy conversion efficiency.

For TPC, Shan et al. [11] noticed that it is unable to scientifically and
rationally match high-temperature combustion condition since the
limited power cycle parameters, resulting in a large exergy loss.
Therefore, they proposed the concept of photo-thermal energy cascade

conversion: (1) The high temperature energy generated by fuel com-
bustion is firstly converted into thermal radiation, and converted by
thermo-photovoltaic (TPV) device. (2) The remaining thermal energy
enters the TPC for power generation. Shan et al. [12] proposed a cascade
TPV system with oxy-fuel combustion. The system performance was
improved by oxy-fuel combustion and cascade design, and the system
efficiency reaches 26.6 %. In order to further utilize the thermal energy
with medium or low temperature, a system coupling TPV and
Brayton-Rankine cycle was also proposed [13]. Numerical simulation
results indicate that the system output power also showed an increasing
trend with the oxygen ratio. It was demonstrated that the combination of
TPV (based on combustion) and TPC has obvious advantages in energy
conversion and utilization. Meanwhile, the cascade conversion and
utilization of photo-thermal energy can overcome the temperature
mismatch between flue gas and the working fluid in TPC. It should be
mentioned that the development of renewable energy assisted system is
important to future application. However, few studies have focused on
the solar-fuel assisted TPV system and the corresponding photo-thermal
energy cascade conversion system.

For the application of secondary energy, the electric energy is diffi-
cult for storage, primarily due to the reliance on costly electrochemical
cells. Hence, electricity production also needs to be supplied to the
power grid in real time. In contrast, hydrogen energy, as an emerging
secondary energy, has become a focus of attention since its high quality,
reliable storage and transportation characteristics. Many energy systems
have considered hydrogen-electricity cogeneration [14,15] to achieve
efficient and stable energy production. For solar-fuel assisted thermal
power system, it will generate both electrical and thermal energy with
different quality. This is much more suitable for thermochemical cycle
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hydrogen production. Compared with electrolysis hydrogen production,
thermochemical cycle technologies, such as the copper-chlorine (Cu-Cl)
cycle, utilize electricity and heat more effectively. Operating at rela-
tively low temperatures around 530 °C [16], the Cu-Cl cycle is favored
for its cost-effectiveness, environmental sustainability [17], and less
stringent requirements on equipment materials and product separation
processes [18]. The cycle typically involves three to five steps; notably,
the four-step cycle, comprising hydrolysis, pyrolysis, electrolysis, and
drying, offers superior energy efficiency over the other variants [19].
This route necessitates high-quality electric energy for electrolysis and
accommodates multiple thermochemical reactions with diverse tem-
perature demands. Moreover, the Cu-Cl cycle uses energy at varying
grades simultaneously, aligning with the second law of thermodynamics
through energy cascade utilization. In recent developments, researchers
have explored various configurations to supply the requisite energies for
Cu-Cl cycle. Notable studies include the use of concentrated solar radi-
ation and alternative power supply systems. For instance, Ishaq et al.
[20] investigated a solar-wind hybrid system for hydrogen production
where a solar heliostat field and a wind turbine provide the necessary
thermal and electric energy, respectively. On the other hand, Sayyaadi
et al. [21] directly extracted electricity from the grid to maintain a
continuous and reliable power supply. Furthermore, Sadeghi et al. [22]
have proposed an innovative solar-driven Cu-Cl cycle system utilizing
air as the heat transfer fluid in solar towers, alongside a solar-driven
Rankine cycle for electricity generation needed for electrochemical re-
actions. Coulibaly et al. [23] powered the Cu-Cl cycle by a parabolic
trough collector power plant and a molten carbonate fuel cell. Sadeghi
et al. [24] investigated the integration between a standalone solar power
tower (SPT) and four-step Cu-Cl cycle with LiNaK high-temperature
carbonate molten salt, the solar-driven supercritical Rankine cycle is
used for power supply. In recent years, SCO2-BC has seen extensive
application in solar-driven thermochemical hydrogen production,
owing to its numerous advantages including high efficiency [25],
enhanced flexibility [26], compactness [27], and compatibility with
concentrated solar power (CSP) systems [28]. Sun et al. [29] designed a
solar hydrogen production system that integrates a solar heliostat field,
a receiver, a sulfur-iodine cycle, and a SCO2-BC. Similarly, Zhang et al.
[30] developed a system where a solar tower captures thermal energy to

Solar Energy

b

Temperature gradient
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power a SCO»-BC for electricity generation, which in turn drives Cu-Cl
cycle. This system also employs the remaining thermal energy for
staged heating in Cu-Cl cycle and incorporates an organic Rankine cycle
(ORQ) for recycling system waste heat. The SCO,-BC is particularly
effective with heat sources above 550 °C, offering thermal efficiency
surpassing that of the supercritical steam cycle. However, it should be
noted that existing research on integrating the solar-driven Cu-Cl cycle
often ignored the energy quality difference between photo and thermal
energy during energy conversion, leading to unreasonable utilization of
high temperature energy. Additionally, there is no research on the
photo-heat energy cascade utilization in solar-fuel assisted hydrogen
production system.

Based on the literature review, solar-fuel assisted design is a key
technology to convert low-grade solar energy into high-grade thermal
energy and improve solar energy conversion efficiency. However, few
scholars have conducted research on solar-fuel assisted TPV systems and
the corresponding photo-thermal energy cascade conversion system.
Moreover, researchers always ignored the quality difference between
photo and thermal energy during energy conversion, and failed to utilize
the high-temperature energy scientifically and effectively, resulting in
the low energy efficiency. The total efficiency of the solar-driven sulfur-
iodine cycle hydrogen production system proposed by Sun et al. [29] is
30.50 %. Sorgulu et al. [31] proposed a solar-driven hydrogen produc-
tion integrated system based on the thermochemical cycle, the energy
and exergy efficiencies are 26.1 % and 21.28 %, respectively. Song et al.
[32] proposed a hydrogen production system driven by solar energy for
a two-step thermochemical cycle and a solid oxide electrolysis cell
(SOEC), with an exergy efficiency of 32 %. Against the above studies and
problems, this study starts from the scientific theory of photo-thermal
energy cascade utilization, and proposes an efficient
hydrogen-electricity cogeneration system integrating a solar-gas assis-
ted TPV, a SCO,-BC, and a Cu-Cl cycle. The novelty of this study lies in:
(1) Demonstrate how to combine solar energy with natural gas can
enhance the energy grade and optimize the efficiency. (2) Convert en-
ergy of different qualities orderly and efficiently, and achieve comple-
ment and coupling of different energy types for different demands. (3)
The system energy efficiency can reach 61.26 % for electricity/hydrogen
cogeneration. As shown in Fig. 1, the proposed system initially converts

Assist combustion

Photo energy

edium-grade thermal

M

Low-grade thermal
energy (<600°C)

Hydrolysis

Thermo-

photovoltaics cycle

SCO, Brayton

7 >

Electrolysis

Fig. 1. Schematic diagram of the solar-fuel assisted hydrogen-electricity cogeneration system based on photo-thermal energy cascade conversion.
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high-grade radiation energy from high-temperature combustion into
electrical energy via photovoltaics. Subsequently, the remaining
medium-grade thermal energy is harnessed through thermal power
conversion, facilitating energy cascade conversion. According to the
principles of energy quality matching, this approach facilitates the
staged production of Hy within the Cu-Cl cycle by supplying electric and
thermal energies of varying qualities, thereby achieving complement
and coupling of different energy types. The innovative work of this
research is as follows: (1) A novel solar-gas assisted hydrogen-electricity
cogeneration system based on photo-thermal energy cascade conversion
is proposed, and a thermophysical model is established. (2) The influ-
ence of system parameters on the electricity/hydrogen production effi-
ciency is analyzed, and the irreversible losses of the system are
investigated. (3) The design concept is proposed that the by-product
oxygen is used to assist combustion for stable operation, and the pa-
rameters analysis is conducted. (4) The rationality and superiority of the
proposed system is discussed by comparing with alternative configura-
tions. This study provides a specific case for the theoretical research on
the energy cascade conversion of solar-gas complementary, and pro-
vides important guidance for the development and application of solar
energy efficient hydrogen-electricity cogeneration technology.

2. System description

The system outlined in Fig. 2 comprises five primary modules: solar
collector, combustion chamber (CC), TPV, SCO2-BC and Cu-Cl cycle. In
the solar collector module, the concentrator receives and focuses the
sunlight on the tube receiver. The air is preheated by the sunlight in tube
receiver before entering CC to assist combustion. In CC module, fuel and
preheated air burn in CC, generating high-temperature flue gas. In the
TPV module, the radiation energy P,,q generated by the combustion is
emitted to the filter surface through the emitter, which is on the wall of
CC. The radiation energy with a waveband matching the PV cell’s band
gap Py, passes through the filter to reach the PV cell surface, and then
outputs electrical energy. The radiation energy which does not match
the band gap Py, cannot pass through the filter, and returns to CC to
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to drive the turbine generating electricity. Meanwhile, the residual flue
gas, after facilitating the SCO2-BC, continues to provide thermal energy
for various processes in the Cu-Cl module, including hydrolysis, pyrol-
ysis, and drying processes. Electrical power generated from both the TPV
and the SCO»-BC is utilized for electrolysis within the Cu-Cl cycle, which
produces hydrogen. The energy inputs of the system comprise solar
energy and fuel, while its outputs comprise electricity and hydrogen. To
streamline the development of the model, several certain reasonable
assumptions are incorporated and shown as follows:

(1) The system is in a steady state;

(2) The ambient temperature is 300 K, and the pressure is 1 bar;

(3) Unless otherwise specified, the air is assumed to be 79 % N, and
21 % Oy;

(4) Air, fuel gas, Oy and H; are ideal gases;

(5) The pressure drop is ignored in all heat exchangers and connec-
tion lines;

(6) Kinetic and potential energies are disregarded in analysis.

3. System models and methods
3.1. Model of solar collector

The solar collector in this study is composed of a concentrator and a
tube receiver. The concentrator receives and focuses the sunlight on the
tube receiver, and converts it into thermal energy in the working fluid
(air). The solar radiation energy Py, received is given by Ref. [33]:

Py = CLS, (@)

where I; is the solar radiation intensity, I, = 1000 W/m?.

In this study, air is preheated by the absorbed thermal radiation
energy in the tube receiver. Here, thermal radiation effect is focused.
The heat loss of the receiver surface is taken into account, while the
others with less influence are ignored. Therefore, the energy balance
model of the tube receiver can be written as [33]:

maintain the emitter surface temperature. In SCO,-BC module, the in- Py = CLS1ap — Siemro(Tiy — Tg) 2
side CO; is heated by the high-temperature flue gas via heat exchanger
High perature Low. perature
recuperator recuperator
[ VA 8 -\A’A Ed J §E Water cooler
Py, i
' 4 3 Heat exchanger
Concentrator
1 10 2 1 D Turbine
Pyscor ‘
U Compressor
P Re-compressor  Main-compressor
I
Reactor
7, T, (@)
R i I Tﬁll(l
AR fuel bustion chamb. Wy N SCO,-BC
Emitter
—— Cu-Cl cycle
vP""‘ Fliter Toua ’
0, i '

Py
P,

PV cell

Py ey ‘

Cu0Cly(s)

0,
Thermolysis —
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CuCly(aq) H,
Electrolysis
-~
Pycua

Fig. 2. Schematic diagram of the integrated system.
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Tair
Py = it / C, (air)dT 3)
To

where p is the reflectivity of the concentrator surface, p = 0.90 [34]; a is
the absorptivity of the tube receiver surface, @ = 0.95 [35]; err is the
emissivity of the tube receiver surface, efr = 0.27 [36].

The heat transfer coefficient 5., (assumed to be 1 in this study) be-
tween air and the surface of tube receiver can be written as [33]:

Tair B TO

o =T 0
Meol = T =T

3.2. Model of combustion chamber (CC)

In this research, the fuel input power was taken as 15 kW, the fuel is
methane (CHy, lower heating value LHV = 50016 kJ/kg), and the excess
air coefficient was set as 1.1. The energy balance model calculation of
the entire CC relies on our previous research [12,33]. CC is simplified as
multiple juxtaposed cylinders with a radius of 0.04 m.

The total power input Py, is the sum of P, and the input power of the
fuel Pgiel [12].

Pin = Pfuel + Psol (5)
The fuel (CHy4) input power Py, can be denoted as [12]:
Pfuel = mfuel'LHVfuel (6)

The relationship between Py, adiabatic flame temperature T, and
solar input power P; can be expressed by the following formula [12]:
T,

f
mCP CP (Cp)dT = Ptyet + P1 ()

To

where m,, is the mass flow rate of the combustion products (flue gas);
Cp(cp) is the specific heat of combustion products (flue gas), the calcu-
lation method of enthalpy of flue gas is based on Ref. [37]; Ty is ambient
temperature; Ty is obtained by a calculation program for the equilib-
rium products of hydrocarbon combustion [37].

The thermal balance between the high-temperature flue gas in CC
and the emitter radiation can be expressed as follows [12]:

Poc = exys0 (T3 = T4)S2 + H(Ty — T.)S, (8)
Tat

Pay = ey / C,(cp)dT ©)
Tout1

Tw = Tem (10)

where the wall temperature of CC T, is approximately the same as the
emitter wall temperature Tem; T, is the average temperature of the flue
gas in CC; T,y is the TPV outlet flue gas temperature; H is the surface
heat transfer coefficient between flue gas and the wall, H= 180 W/
(m? K) [12].

The radiative energy passing through the filter Pg, can be defined as
[12]:

Py = SemSZ / C Is(ﬂy Tem)d/1 (11)
0

where &, is the emissivity of the emitter, e, = 0.9 [38]; A is the cut-off
wavelength of the filter corresponding to the PV cell.
The system emissivity &gy is defined as [39]:

1
s T
T,1 (12)
Ew &

where ¢, is the emissivity of furnace wall, e,, = 1 [12]; & is the flame
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emissivity, expressed as the weighted sum of the gas emissivity and
particle emissivity [39]:

& = M€y + (1 — myy)eg 13)
where my, is the ratio of the luminous particles, m;, = 0.1; ¢, is the
emissivity of the luminous particles, &, = 0.85 [39]; &; is mixed gas
emissivity, which is calculated by the weighted-sum-of gray-gases

(WSGG) model [40].
The relationship among Tg, Ty and Tou1 can be written as [41]:

T =TS, as

3

r=
(Toutl/Taf)3 + (Toutl/Taf)2 + Toutl/Taf

(15)

3.3. Model of TPV cell

In this study, GaAs PV cell with band gap of 1.42 eV is investigated,
and the cut-off wavelengths of the corresponding filter is 950 nm [42].
The output power P py of the PV cell can be defined as [12]:

Pejrpy = Voc FF-Jsc (16)
The short-circuit current Jsc can be computed as [12]:

% ok

Jse = | - EQE(DIS(2)dA a”
o hc

where EQE is the external quantum efficiency; qo is the elementary
charge; h is the Planck constant; c is the speed of light.
The open circuit voltage Vo¢ can be written as [13]:

FkTo (JSC )
Voc = In(=+1 18
oc % A 18)

where k is the Boltzmann constant; I is the diode ideality factor, which is
taken as 1 in this study [33]; To is the surface temperature of the PV cell
(constant 300 K); Jj is the diode saturation current of the PV cell, which
can be expressed as [43]:

Jo =15 x10° exp (#) (19)
0

The filling factor FF can be calculated as [43]:

v—In(v+0.71)

v+1 20

FF=p

where f is the correction factor, which is taken as 0.96 [4]; v is the
normalized open-circuit voltage, which is given by Ref. [43]:

v =g Vo @1

The actual radiative energy reaching PV cell P, is equal to the
product of Py and the radiation view factor 7y, which is generally
related to the geometry of PV cell and the distance between emitter and
PV cell. Because of the close distance between the emitter and the PV cell
in this system, the 7, can be regarded as 1 [12].

Py = Paijyp (22)
PV cell efficiency can be defined as [43]:

P oy

Neell = Pu (23)

3.4. Model of SCO2-BC

As presented in Fig. 2, the SCO,-BC includes various steps: isentropic
compression in the main-compressor (MC) (1-2), isobaric endothermic



Z. Xu et al.

in the low-temperature recuperator (LTR) (2-3), isobaric endothermic in
the high-temperature recuperator (HTR) (4-5), isobaric endothermic in
the heat exchanger (5-6), isentropic expansion (6-7), isobaric
exothermic in HTR (7-8), isobaric exothermic in LTR (8-9), isentropic
compression in the re-compressor (RC) (10-11) and isobaric exothermic
(9-1).

Firstly, CO5 is compressed in MC (1-2). The work done by MC on the
system can be expressed as [44]:

(1 —r)-msco, - (has — h1)

Pyc = (24)
”com,SCOz
hys —h
ncom.SCOZ = h22 _ h]l (25)

where hys represents the isentropic enthalpy after pressurization in MC;
Neom.sco, 1S the compressor efficiency, 7., sco, = 0-89 [45,46]; fiisco, is
CO, mass flow rate in the SCO,-BC. In particular, the CO, mass flow rate
in MC is (1 — r)-msco,, and r is split ratio.

The compressed CO, recovers heat from flow 8 through LTR (2-3).
The recovered heat can be expressed as [44]:

Qurr = (1 —1r)-mgco,-(hs — ha) = Mgco,-(hs — ho) (26)

hg — hy
_ 27
¢ hg — ho(T2,po) @7)

where ho(T2,pg) represents calculated based on the assumption that the
heat flow 9 reaches the temperature T, after leaving the LTR [44]; ¢ is
the recuperator ratio of recuperator, ¢ = 0.95 [45].

The flow 10 of the high-temperature flow 9 is compressed in RC
(10-11), and the work done by RC on the system can be expressed as
[44]:

r'mscoz'(hus - h10)

Pye = (28)
71 com,SCOy
hll - th

%mmzmiﬂg (29)

where the CO2 mass flow rate of flow 10 is r-mgco,, and hip = ho.
The high-temperature flow 9 undergoes isobaric exothermic (9-1) in
the water cooler. The heat released can be computed as [45]:

Pcooler = (1 - r)'msco2‘(h9 - hl) (30)

The flow 3 that has undergone the first recuperator and the flow 11
compressed by RC converge, and then recover heat from the high-
temperature flow 7 by HTR (4-5). The recovered heat can be
expressed as [44]:

QHTR = mSCOg'(hS - h4) = mSCOg'(h7 - h8) (31)
h4 = (]. — r)'h3 +r'h11 (32)
6= h7 — hg (33)

h; — hg(T4,ps)

where hg(T4,ps) represents calculated based on the assumption that the
heat flow 8 reaches the temperature T, after leaving LTR [44].

CO3 absorbs heat at isobaric pressure in the heat exchanger (5-6).
The outlet flue gas from CC exchanges heat with the CO, heated by the
recuperators. The heat entering the SCO2-BC can be denoted as [45]:

Tourt
Mep /T Cy(cp)dT = migco,(he — hs) = Qinsco, 34)

The heat exchange coefficient of heat exchanger ¢., can be written as
[27]:
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Toutl - ToutZ
Eex =~ (35)
€ Toutl - TS
After absorbing heat, CO5 expands in the turbine (6-7). The output
work of the turbine can be expressed as [44,45]:

Pr = iisco, " (hs — hys) 17 sco, (36)
hs — h
rIT,SCOZ = h: _ h77 (37)

where hy; represents the isentropic enthalpy after turbine outlet; 1y g¢o,
is the turbine efficiency, 771 gco, = 0.93 [45,46].
The output power of the SCO2-BC P sco, can be expressed as [45]:
Peisco, = Pr — Puc — Pre (38)
The efficiency of the SCO2-BC 75, can be defined as [45]:

P
Nco, = €1,SCO, (39)
Qinsco,

3.5. Simulation of the Cu-Cl cycle

The Cu-Cl cycle in this study includes four basic steps: hydrolysis,
thermolysis, electrolysis and drying process. Table 1 lists the corre-
sponding chemical reactions, and it is shown that the products of certain
reactions serve as reactants for the subsequent processes. The overall
reaction can be expressed as:

Heat and electricity

2H,0(g) 2H,(g) + 02(8)

Based on the thermal and mass balance, a detailed simulation was
performed in Aspen Plus V11, and the detailed flowsheet is shown in
Fig. 3 (based on the model developed in Ref. [47]). During the simula-
tion, it was assumed that the reactions realize thermodynamic equilib-
rium. The models for the hydrolysis and thermolysis reactors were
RStoic, while the model of the electrolysis reactor was RGibbs [49]. The
property method was the SOLIDS method [48]. Except for the additional
thermodynamic data (as shown in Table 2), all other thermodynamic
data were taken from the Aspen Plus V11 database.

To recycle the heat released in the cycle as much as possible, a heat
recovery device was added to the original process flow, thus the process
flow was further optimized (shown in Fig. 4). The model of the heat
recovery device is MHeatX. Table 3 provides the energy balance equa-
tions of each module.

The output power of the entire system P sy is computed as:

Pel.sys = Peipv + Pel.SC02 — Peicu-ci (40)

where P cy_qi denotes electricity required of the Cu-Cl cycle.
The secondary energy efficiency 7. Of the overall system is
defined as [51]:

Py sys + PH2 Py sys + lez LHV(HQ)

_ P, _ P 41
ﬂsec.sys Pin Pin
Table 1
Reactions of the Cu-Cl cycle at 1 bar [47,48].
Step Chemical reaction equation Temperature Reaction
(] type
Hydrolysis 2CuCly(s) + H,O(g)—2HCI(g) + 400 Endothermic
Cu0Cly(s)
Thermolysis ~ CuzOCly(s)—2CuCl(1) + 530 Endothermic
0.502(g)
Electrolysis 2CuCl(aq) + 2HCI(g)—Ha(g) + 25 Electrolysis
2CuCly(aq)
Drying CuClz(aq)—~H20(g) + CuCly(s) 130 Endothermic
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Fig. 3. The detailed flowsheet of the Cu-Cl cycle.

Table 2
Additional thermodynamic data used in the simulation [50].

Compound DHSFRM (kJ/mol) DGSFRM (kJ/mol)
CuCly(s) —217.4 -173.6

CuCl(s) —-137.0 —120.0
Cu,0Cly(s) —381.3 —310.45

DHSFRM: The formation enthalpy at 25 °C and 1 bar.
DGSFRM: Gibbs free energy of formation at 25 °C and 1 bar.

where riy,(mol /s) is the hydrogen production of the Cu-Cl cycle;
LHV(H,) is the lower heating value of Hp, LHV(H;) = 241.8 kJ/mol
[22].

The equivalent electrical efficiency 7 4 of the system can be defined
as:

_ Pel.sys + Pel,Hz _ Pel.sys + leg ‘LHV(HZ)'WH—ele (42)

r]el.sys - Pi Pin

where Py, (kW) denotes electricity power converted by Ha; 7y e
represents hydrogen-electricity conversion efficiency, and the specific
value is related to the actual process, the power generation efficiency of
hydrogen fuel cell is generally in the range of 40-60 % [52], which is
taken as 50 % here.

Following the above model description of the overall system, the
physical models of solar collector, CC, TPV and SCO5-BC were pro-
grammed with Fortran code, and the Cu-Cl cycle was simulated in Aspen
Plus V11. Then, they were coupled to form a complete energy cascade
utilization system with solar-gas complementary according to the en-
ergy balance, achieving maximum energy utilization. Table 4 lists the
input parameters of the simulation. Among them, parameters such as
concentration ratio (C) will be regarded as the main research parameters
in the parametric analysis. Therefore, the values in Table 4 are repre-
sented as a range, and further restrictions and explanations will be made

according to the specific research content in the subsequent analysis.
The parameter effect was investigated. The calculation flow chart of the
overall integrated system simulation is presented in Appendix.

3.6. Exergy destruction models

For the exergy analysis in this study, were ignored, the total exergy of
various substances were expressed as the sum of physical and chemical
exergy by ignoring the changes in kinetics and potential energy [27]:

Ex = Expn + EXen (43)

The exergy of solar energy input Exp_, can be calculated as [53]:

sol

: 1/ To\* 4/T
Exp,, = Aql; [1 +§(T;’n) fg(TS:’n)} (44)

where A4 is the concentrator area; Ty, imply to the sun temperature
(5800 K).
The physical exergy of air and flue gas is written by Ref. [27]:

EXph = m[(h — ho) — To(S — So)] (45)

The chemical exergies of the working fluid (air, flue gas and CO5)
won’t change, so it is not considered here. The chemical exergy of fuel
and hydrogen is expressed by the following formula:

Exch,i = niiExCh_,i (46)

where Exc; is the chemical exergy of fuel or hydrogen (i = CH4, Hy),
EXcp b, is taken as 236.09 kJ/mol, Ex cn, is taken as 831.7 kJ/mol [54].

The exergy balance formulas of each component are illustrated in
Table 5, and the exergy destruction and exergy efficiency of each
module are illustrated in Table 6, respectively. The exergy destruction
factor ¢; of each module is defined as [27]:
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Fig. 4. The detailed flowsheet of the Cu-Cl cycle (containing heat recovery devices).

Table 3 Table 4
Energy balance formulas for each component of the Cu-Cl cycle based on Fig. 4. Input parameter of the simulation of the proposed system.
Component Energy balance formula Module Parameter Value
Hydrolysis reactor myhy + M3h3 + Qinm + Qinnz + Qneatiyd = Mshs Solar Concentration ratio C 100-800
Thermolysis reactor tghg + Qneat.Ther = Mohg collector Tube receiver area S; (m?) 0.005-0.02
Cooler 1 M10-outh10-out = Qout.ct + M0, -outho,—out cc Fuel input power Ppye; (KW) 15
PSDU mu3-3hi3 3 + Qinus = Mushis + Miehie Fuel type CH,4
Electrolysis reactor mMizhi7 + Qeler = Mighig Lower heating value of fuel (kJ/kg) 50016 [37]
LGS nughis = Migh1o + M, —ouchit, —out Excess air coefficient 1.1
Pump mMiohio + Qelep = Miaohag Oxygen ratio Ro, 0.21-0.35
Valve Toshoy = Mazhos Surface heat transfer coefficient H (W/(m?*K)) 100 [12]
Dryer Tog_1hag 1+ Qinta = Maghag -+ Nitsohso Combustion chamber area/TPV area S, (m?) 0.5-5.0
Emissivity of the emitter eem 0.9 [39]
Ratio of the luminous particles my, 0.1 [39]
ED Emissivity of the luminous particles ¢, 0.85 [39]
@ = 'j 47) TPV PV cell type GaAs
J Emel + Exfuel Band gap of the PV cell (eV) 1.42 [42]
’ Cut-off wavelength of the filter (nm) 950 [42]
. SCO2-BC Turbine inlet temperature Te (K) 950-1125
where E]D is the exergy destruction of each module (j = TRs,TPVs,SCO-, Compressor inlet temperature Teom (K) 305.15 [45,
Cu — CD); Exgyel is the exergy of input fuel, Exge; = Exch ch, in this paper. 46]
Maximum pressure pmax (MPa) 25 [45,46]
4. Results and discussion Minimum pressure pmin (MPa) 7.38 [45,46]
Compressor efficiency #¢om sco, 0.89 [45,46]
4.1. Model validation Turbine efﬁcienIC}.f 717.5C0, 0.93 [45,46]
Recuperator efficiency e 0.95 [45]
The heat exchange coefficients of heat exchanger ~ 0.85
The SCO5-BC studied in this study is based on the model developed Eox
by Xu [45] and Sun [46]. They both studied a SCO, recompression cycle Cu-Cl cycle Mass flow rate of water input (kg/s) 1.0000
H,0/Cu ratio 12 [47]

with two recuperators. In the cycle, SCO, was split and entered the
main-compressor and the re-compressor, respectively. This structure is
consistent with that of SCO,-BC simulated in this study. Comparing the
current results with those of previous studies, it shows that the results
are in good agreement with the references as shown in Table 7 when the
parameter settings of SCO»-BC in this study are consistent with those

reported in the references, the present model efficiency differs from the
results of the references by less than 1 %, which indicates that the
SCO3-BC model selected is reasonable. The specific thermodynamic data
of each flow are shown in Table 8. In the SCO2-BC, the split flow 3 and
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Table 5 Table 8
Exergy balance formulas of each component. Thermodynamic data of each flow of the SCO,-BC.
Component Exergy balance formula Flow Temperature (°C) Pressure (MPa) h (J/mol)
Coner s L 2 > s
Tube receiver L _ g ir — E ’ ’
‘??R = Exp, + Exr, - Exr,, 3 245.59 25 28466.96
e Egc = Exr,, + EXfuel — EXaf 4 245.50 25 28461.77
i Epy = Exor — Exr,,, — Paitov 5 619.64 25 49268.22
Heat exchanger P Fer ot Bee - Err . Ex 6 850 25 62258.40
Turbine hx = BT 85 = BTy = X 7 669.23 7.38 52398.04
By = Exo — Ex; — Py 8 267.70 7.38 31591.59
HTR EPgn = Exy + Exq — Exs — Exs 9 116.81 7.38 24013.03
LTR B = Exg + Bxs — Exo — Exs 10 116.81 7.38 24013.03
MC 2 . . 11 245.20 25 28443.80
mc = Pumc + Exi — Exa
RC Eﬁc = Pre + Exi0 — Exn1
Thermolysis B, = Exr,, + Excuocl, — Exo, — Exouq — EXr,, Based on the formulas in Table 3 and the data in Table 9, the energy
Hydrolysis Eﬁyd = Exr,,, + Exin,o + Excua, — Excuoan, — Extia — Exry,, requirement of each step can be calculated, and the results are presented
Dryer Egry = Exry, + Excuciyag) — EXcacty — EXre in Table. 10 (endothermic processes are expressed as positive,
Electrolysis 2 : . : . exothermic processes are expressed as negative). The comparison results
Yy ele = Pelcu—cl + Exucl — Excucl — EXcucly(aq) — EXH, . . . . .
with previous study of the Cu-Cl cycle are detailed in Table 11. Since
Ref. [49] considers the heat required in drying process as the electricity
Table 6 required, there is a gap between its energy demands and those of present

Exergy destruction and exergy efficiency formulas of each module.

Module Exergy destruction Exergy efficiency
Tul.Je receiver E?Rs — Elc) + E?R I Exr,, — Exr,
(include ex,TRs Exp,,
concentrator)
TPV (include CC) ERpye = Eoc+ Enpy Repys = ATV
Exr,, + EXfuel — EX,,y
- : o o Pr — Pyc — P,
SCO,BC EISJCOZ - EEIX + E1D" + Nex,sco, = E:( MCEX -
; - - Toun — EXToue
By + Evre + By + ' :
Fre
Cu-Cl Elc)u a= E?he + Nex,cu-cl = .
BB B : : Xty :
hyd T Pdry T Fele Exr,,, — Ext,s + Pelcu-c1 + Exm,0
Table 7
Comparison results with previous study of the SCO,-BC.
Parameter Present Reference Reference
model [45] [46]
Turbine inlet temperature Tg 850 850 850
(9]
Compressor inlet temperature 32 32 32
Teom (°C)
Maximum pressure pmax (MPa) 25 25 25
Minimum pressure pmin (MPa) 7.38 7.38 7.38
Compressor efficiency #.om sco, 0.89 0.89 0.89
Turbine efficiency 7y sco, 0.93 0.93 0.93
Recuperator efficiency ¢ 0.95 - 0.95
Pressure drops in heat - 0.13 -
exchangers (MPa)
Split ratio r 0.224 - -
Overall efficiency 57.0 % 56.7 % 58 %

split flow 11 converge into flow 4 (as shown in Fig. 1). The efficiency of
the cycle will be the highest when the two flows have the same tem-
perature before converging. Then the optimal r of the SCO2-BC can be
calculated. Unless otherwise specified, the split ratio refers to the
optimal one in this paper.

The Cu-Cl cycle studied in this paper is based on the model developed
by Zhang [47] and Orhan [49]. They both simulated the detailed process
flow of the four-step Cu-Cl cycle using Aspen Plus (without heat re-
covery devices inside the cycle). This structure is basically consistent
with that of Cu-ClI cycle simulated in this study. The H,O/Cu ratio was
set as 12. The thermodynamic data of each stream are illustrated in
Table 9. The results are consistent with that reported in Ref. [47]. There
are great amounts of heating and cooling processes in the Cu-Cl cycle.

model. However, the results are still reasonable, indicating that the
Cu-Cl cycle model selected in this study is reasonable.

The exergy analysis model selected in this study is a typical exergy
analysis method, which has been reported in some literatures [27,55].
We selected a typical dynamic cycle for verification. Salim et al. [56]
studied a recompression SCO2-BC with a two-stage compressor and a
two-stage recuperator. When the main-compressor inlet pressure is 7.8
MPa, the main-compressor outlet pressure is 24 MPa, the turbine inlet
temperature is 700 °C and the split ratio (the proportion of the working
fluid flow entering the main-compressor to the total flow) is 0.74, the
exergy efficiency of SCO,-BC is 74.20 %. When the parameter settings
are consistent with those in Ref. [56], the calculated exergy efficiency of
SCO4-BC is 72.87 % using the exergy analysis model of this study, which
are in good agreement with the results reported in Ref. [56]. This in-
dicates that the exergy analysis model selected in this study is
reasonable.

4.2. Effect of system parameters on the performance of TPV module

Since selecting system parameters reasonably is crucial to the system
operation, the safety, economy and effectiveness should be compre-
hensively considered. As shown in Fig. 5, the outlet air temperature Tyir
rises with the concentration ratio C under different tube receiver areas
S1. The larger S is, the faster Ty, increases, revealing that more energy
enters the TPV module. The upper limit of the air preheating tempera-
ture cannot be ignored when designing the solar collector in actual en-
gineering applications. For a tube receiver, the temperature of its
working fluid should generally not exceed 1000 K [57], otherwise many
safety problems will arise, such as the destruction of the tube receiver
caused by working fluid, the destruction of CC caused by the excessively
high-temperature flame, and so on. Therefore, a reasonable combination
of S; and C must be used. That is, the combinations of S; and C should be
selected when Ty, is as close as possible to the dotted line (but not
exceeding), such as C=300 and $;=0.015 m2, C=400 and $;=0.01 mz,
C=500 and S;=0.01 m? (as shown in Fig. 5).

To ensure the rationality of Ty, the performance of the PV cell is
investigated when S; is 0.005 m?, 0.01 m? and 0.015 m?, respectively.
The TPV area S, was set as 3.0 m?, and C was limited within the range of
100-600. As presented in Fig. 6(a), the emitter wall temperature Tep,
rises with C. When S; is 0.015 m?, the temperature and its increasing
amplitude are both the largest (from 1634.8 K to 1710.4 K). This is
because the larger S; is, the more energy enters the TPV module and the
faster Tem increases. From Fig. 6(b), it shows that both Py tpy and 7cen
increase with C, and their increase amplitude are both the largest when
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Table 9
Thermodynamic data of each stream point of Cu-Cl cycle.
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Stream Species Temperature (°C) Pressure (bar) m (kg/s) h (simulated) h (reference)
(kJ/kg) (kJ/kg)

S1-1 H;0 25 1 1.0000 —15864.3 —15864.3
S1-2 H,0 27.1 1 1.0000 —15855.6 -
S1-3 Hy0 58.1 1 1.0000 —15726 -
S1-4 H;0 369.5 1 1.0000 —12753.6 -
S2 H,0 400 1 1.0000 —12690.9 —12690.9
S3 CuCly 130 1 0.6000 —1473.59 -
S4 CuCl, 400 1 0.6000 —1318.27 —1318.3
S5 H,0/HCl/Cu,0Cl, 400 1 1.6000 —8347.5 —8341.5
S6 Cu,0Cl, 400 1 0.4775 —1701.6 —1681.5
S7 H,0/HClL 400 1 1.1225 —11174.5 —11175.5
S7-in H,0/HCl 400 1 1.1225 —11174.5 -11175.5
S8 Cu0Cl, 530 1 0.4775 —1673.81 —1653.7
S9 0,/CuCl 530 1 0.4775 —981.62 —981.6
S10-1 Oy 530 1 0.0357 498.04 498.0
S10-2 0O, 160.6 1 0.0357 126.3 -
S11 CuCl 530 1 0.4418 —1101.19 —1101.2
S12 H,0/HCl 50 1 1.1225 —13823 —13825.20
S12-out H,0/HCl 50 1 1.1225 —13823 —13825.20
S13-1 H,0/HCl 50 1 1.1225 —13823 —13825.20
§13-2 H,0/HClL 97.3 1 1.1225 —11887.2 -
S14 H,0/HCl 106 1 1.1225 —11704.9 —11707.70
S15 H,0 106 1 0.8600 -13271 —13274.09
S16 H,0/HCl 106 1 0.2625 —6574.5 —6576.49
S17 H,0/HCl/CuCl 83.7 1 0.7043 —3325.33 -
S18 H,0/CuCly/Hz 25 1 0.7043 —3545.86 —3548.25
S19 H,0/CuCl, 25 1 0.6998 —3575.18 —3575.69
S20 H,0/CuCl, 25 2 0.6998 —3575.16 —3575.62
S21 H,0 100 1 0.8600 —13337.6 —13340.7
S21-in H>0 100 1 0.8600 —13337.6 —13340.7
S22 H,0/CuCl, 102 2 0.6998 —3493.22 —3493.77
S23 H,0/CuCl, 60 0.2 0.6998 —3493.22 —3493.77
S24 H,0/CuCl, 60 0.2 0.6866 —3303.25 —3302.86
S25 Hy0 60 0.2 0.0132 —13357.4 —13358.26
S26 H;0 60 0.2 0.0592 —13357.4 —13358.26
S27 H,0/CuCl, 60 0.2 0.6274 —2131.79 —2131.36
$28-1 H,0/CuCl, 80.4 0.2 0.6274 —2016.53 -
528-2 H,0/CuCl, 130 1 0.6274 —1986.02 —1985.94
S29 H20 130 1 0.0274 —13225.4 —13228.27
S30 CuCly 130 1 0.6000 —1473.59 —1473.59
S31 CuCl 25 1 0.4418 —1394.66 —1394.66
H,0-outl H,0 25 1 0.0357 —15864.3 —15864.3
H,0-out2 H,0 25 1 0.0592 —15864.3 —15864.3
Hy0-out3 Hy0 25 1 0.86 —15864.3 —15864.3
O,-out Oy 25 1 0.0274 —1.16420E-13 -
Hj-out Hy 25 1 0.0045 1.84797E-12 -

Table 10

Energy requirement of each step in Cu-Cl cycle.
Component Process Heat required kJ/(mol Hy) Electricity required kJ/(mol Hy)
Hydrolysis reactor CuCly(s)/H20(g) 400°¢ HCI(g)/Cuz0Cly(s) +55.92 -
Thermolysis reactor Cu,0Cl, (s)ss—o:CCuCI(l)/Oz (g) +146.90 -
Electrolysis reactor CuCl(aq)/HCl(g)ﬂHz (g)/CuCl (aq) - 55
Dryer CuCly (aq)—2%.H,0(g)/CuCly (s) - -
Heater 1 H,0(369.5°C)~H,0(400°C) +27.88 -
Heater 2 CuCly(130°C)—CuCl, (400°C) +40.97 -
Heater 3 HCI/H,0(97.3°C)~HCl/H,0(106°C) +69.80 -
Heater 4 H,0/CuCl,(80.4°C)—~H,0/CuCly(130°C) +8.48
Pump Pump the solution to the heat exchanger - 2.76
Cooler 1 02(160.6°C)—0,(25°C) —2.00 -

S, is 0.015 m? (Peypy increases from 6.32 kW to 10.55 kW, #cep in-
creases from 67.32 % to 67.61 %). This is because a higher T., means
more output radiation power and higher cell efficiency, and the effect
became more significant when S, is large. The increase of Pej rpy with C
is almost linear, which is basically consistent with the Ten trend.
Furthermore, when Sy is 0.015 m?, ncell increases slowly after C is greater
than 200; while this critical C became 300, and 400 when S; is 0.01 m?
and 0.005 m?, respectively. Indeed, it is uneconomical to choose an
excessively large C. When S is large, there might be safety problems

10

caused by the excessively high preheated air temperature; However,
even if the requirements of safety and economy can be met when S; is
too small, the P rpy will be extremely low simultaneously. It is essential
to comprehensively consider safety, economy and efficiency in selecting
the appropriate combination of S; and C.

TPV area S; means the emitter area, determines the amount of ra-
diation energy from CC, thus affects P rpy and 1. It is also essential to
choose a suitable Sy, After the preliminary analysis, S;=0.01 m? and
C=400 were selected for further research. As presented in Fig. 7(a), the
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Table 11
Comparison results with previous study of the Cu-Cl cycle.
Parameter Present Reference Reference
model [471 [49]
Hydrolysis reaction temperature 530 530 500
Q)
Thermolysis reaction 400 400 400
temperature (°C)
Electrolysis reaction 25 25 25
temperature (°C)
Drying reaction temperature 130 130 80
Q)
Net heat required (kJ/(mol Hy))  349.95 338.26 353.8
Net electricity required (kJ/(mol ~ 57.76 57.76 96.2
Hy))
Overall efficiency 59.30 % 61.06 % 50.40 %
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Fig. 5. Influence of concentration ratio (C) on air temperature at solar collector
outlet for different tube receiver areas (Sp).

emitter wall temperature T, (from 1919.0 K to 1601.8 K) and the TPV
outlet flue gas temperature Toy; (from 1569.4 K to 1125.5 K) decrease
with the increase of Sy, and the decreasing trends becomes slowly with
Ss. According to the thermal balance of CC, more energy passes through
the emitter with the increase of So, which causing the reduction of Tep,.
As shown in Fig. 7(b), Pej rpy increases from 5.72 kW to 8.39 kW with S,
nevertheless it shows a gradual downward trend. Additionally, #cen
increased with S, (from 65.62 % to 67.89 %), which is similar to the
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trend of Py py. It is illustrated that blindly increasing S, is uneconom-
ical. Besides, it can be found that when Sy=5 m?, Toun=1125.5 K, and if
S, is further increased, it will inevitably lead to Tyu <1125 K. From the
perspective of the system, according to the second law of thermody-
namics, the requirement of 1125 K for the SCO,-BC turbine inlet tem-
perature cannot be met. This is also the key reason why Sy cannot be
blindly increased. Out of reasonable considerations, Sy should not
exceed 4.0 m? (Toun=1159.19 K), and S»,=3.0 m? is a reasonable, effi-
cient and economical choice (Tyy1=1205.12 K). From the perspective of
the TPV module, for fixed S; and C, the larger S, means a greater Pe| tpy
and a lower T,y That is, more energy is utilized in TPV and the heat
contained in the outlet flue gas is reduced. At the same time, there is less
energy for the modules of SCO2-BC and Cu-Cl cycle, leading to the
reduction of the output power of subsequent modules. Consequently, it
is necessary to synergistically discuss with the parameters of subsequent
modules for comprehensive analysis of the entire system.

4.3. Effect of system parameters on the performance of integrated system

According to section 4.2, the combination of S; and C determines the
total solar energy that system harvesting. When S; and C is fixed, S
determines Pejtpy and Toun, implying that So determines the energy
distribution between TPV module and the subsequent modules (the total
energy input maintains). Similarly, the turbine inlet temperature (Tg)
usually determines the output power and efficiency of the SCO,-BC, and
also affects the energy entering the Cu-Cl module. Indeed, it’s essential
to analyze the effect of these parameters on the entire system.

The extremely small temperature difference between Tou and Tg
poses a significant challenge to heat exchange. Therefore, when
Te=1125 K is to be satisfied, S, should not exceed 4.0 mz, and S$,=3.0 m?
is a reasonable, efficient and economical choice. Since the specific
temperature requirements of the Cu-Cl cycle (as presented in Table 1),
the reaction temperature required for each step must be taken into
consideration in analyzing. As shown in Table 9 and Fig. 2, the tem-
perature of various module outlet flue gas must satisfy Tou2>803 K,
Tout3>673 K, and Toy14>403 K. After calculation and analysis, it can be
found that Tg>950 K must be satisfied, otherwise Ty will be lower
than 803 K, meaning that the reaction temperature requirements of the
Cu-Cl cycle won’t be met. Under the optimal split ratio, a higher Tg
means a greater SCO,-BC efficiency [44], but considering the long-term
stability and reliability of the material [58], it is not advisable to set Tg
too high. Therefore, T¢ is limited to the range of 950-1125 K in this
study. When coupling the Cu-Cl cycle, the waste heat recovered from the
PV water cooler can be used to preheat the reactants (mainly water) in
the Cu-Cl cycle (as presented in Fig. 2).
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Following the analysis of TPV module and SCO,-BC module, the
working condition of $=0.01 m?, S5=3.0 m?, Te=1125 K were selected
to explored the effect of C on the integrated system. Fig. 8 shows the
relationships between C (300-500) and the system output power Pej sys
(Eq. (40)), hydrogen power Py and efficiency. As shown in Fig. 8(a),
when C increases, Peysys increases (from 7.78 kW to 8.92 kW) while Py
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decreases slightly (from 3.27 kW to 3.22 kW). This is because more solar
energy enter the system with the increase of C, the air will be preheated
and the emitter temperature Ty, will also be higher, resulting in a sig-
nificant increase in TPV power generation. However, Tg remains con-
stant represents that the medium-temperature energy is almost
unchanged and the energy allocated to Cu-Cl module is almost
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unchanged as well, thus the production of Hy changes slightly. It should
be noted that the hydrogen production has decreased slightly with C.
This is because the energy entering the SCO,-BC module also increases
slightly when C increases while T¢ remains, leading to the decrease of
Toute- Therefore, the energy that can be effectively utilized by Cu-Cl
cycle decreases, and Py decreases slightly. As presented in Fig. 8(b),
the secondary energy efficiency #sec,sys decreases slightly (from 61.40 %
to 60.75 %) with C, and the equivalent electrical efficiency 7el,sys in-
creases from 52.31 % to 52.69 %. This is because the proportion of
energy in the high-temperature section increases with C, leading to an
increase in the proportion of electrical energy production. It is indicated
that C can be a parameter for the system to adjust the ratio of electricity/
hydrogen production.

Fig. 9 shows the effect of Tg (950-1125 K) on the output power,
hydrogen power and efficiency of integrated system under different Sy
(2.0-4.0 m?). The working conditions of $1=0.01 m? and C=400 were
set. From Fig. 9(a), it can be observed that Py decreases with Tp.
When S5 is 2.0 mz, Pelsys is reduced from 8.87 kW to 8.18 kW; when S is
4.0 m?, P sys is reduced from 9.20 kW to 8.48 kW. In contrast, the Py
increases with T, and the hydrogen power curve moves downward as S
increases. When S5 is 2.0 mz, the Py increases from 1.87 kW to 3.38 kW;
when S5 is 4.0 m?, the Py, increases from 1.66 kW to 3.16 kW. This is
because when S, remains constant, the total energy entering the SCO»-
BC module and the Cu-Cl module is kept. Currently, a higher Ts means a
greater outlet flue gas temperature Ty, that is, the less energy entering
the SCO,-BC module, leading to the reduction of output power. Mean-
while, the energy entering the Cu-Cl module increases, implying more
energy can be efficiently cascade utilized by the Cu-Cl cycle. Hence Py
increases, while Pej sy is further reduced since the electricity consumed
by hydrogen production increases. Moreover, it shows that as Sy in-
creases, the Pesys curve moves upward, while the Pys curve moves
downward. This is because when S, increases and T remains constant,
the total energy entering the subsequent modules (SCO2-BC, Cu-Cl
cycle) decreases while the energy distribution remains unchanged,
leading the reduction of Pys. Therefore, the energy entering the TPV
module increases, and the energy entering the SCO,-BC module de-
creases. Due to the efficiency of the TPV cell is greater than that of the
SCO2-BG, Pej sys increases with the increase of S. From Fig. 9(b), it shows
that the secondary energy efficiency #sec,sys increases with T. When S5 is
2.0m?, Nsec,sys increases from 56.53 % to 60.86 %; when S5 is 4.0 m?, Nsec,
sys increases from 57.16 % to 61.26 %. The equivalent electrical effi-
ciency 7el,sys sShows a trend from rising to decline, but the overall vari-
ation is very slight. When S, is 2.0 m?, Nel,sys is approximately between
51.60 % and 51.97 %, reaching a peak at T¢=1125 K; when S, is 4.0 m2,
Nlel,sys is approximately between 52.87 % and 52.98 %, reaching a peak at
Te¢=1075 K.

In conclusion, within the range of S=2.0-4.0 m? and Te=950-1125
K, when S1=0.01 m?, C=400, S;=4 m? and Te=1125 K, the secondary
energy efficiency is the highest (sec,sys=61.26 %). When S1=0.01 m?,
C=400, S,=4 m? and Te=1075 K, the equivalent electrical efficiency is
the highest (171 sys=52.98 %). Clearly, it is illustrated that S and Te can
be parameters for the system to adjust the ratio of electricity/hydrogen
production. The smaller S5 is and the higher Tg is, the higher the ratio of
hydrogen generation is. Furthermore, the S; and Tg have little syner-
gistic effect on the quality of hydrogen-electric energy, and 7e|sys is
above 51 %.

4.4. Effect of oxygen recovery on integrated system

In addition to producing hydrogen, the Cu-Cl cycle also produces an
equal oxygen. The oxygen-enriched combustion can be achieved if part
of this oxygen is mixed with the inlet air and passed into CC. The flame
temperature can be further enhanced, thereby affecting the output
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power of each module and the system efficiency. In engineering appli-
cations, the system device cannot always operate under the conditions of
rated solar radiation intensity (such as cloudy days or nights). It’s able to
maintain the high-efficiency operation of the system device by appro-
priately increasing the oxygen ratio (Rpz), which has engineering sig-
nificance. Therefore, the effect of oxygen recovery on the system with/
without solar input was discussed in this section.

The working conditions of $;=0.01 m?, $,=3.0 m?, and C=400 were
set to explore the effect of oxygen recovery. The calculation showed that
the oxygen production of the Cu-Cl cycle can adjust the Rpp within the
range of 0.21-0.35. In the absence of solar input, the CH4 content was
increased to make the total energy input consistent. As shown in Fig. 10
(a), when Rq; increases from 0.21 to 0.35, Tep, increases but Toye de-
creases. This is because the increase in Rpy can elevate the flame tem-
perature, thereby increasing the energy utilized by TPV module. In the
absence of solar preheating, Tep, is lower than that with solar preheating
under the same conditions, but Ty is higher. It reveals that less energy
can be efficiently utilized by the TPV module. The primary reason is the
lower temperature of inlet oxygen-enriched gas without solar preheat-
ing. As presented in Fig. 10(b), when Rgy increases, the TPV output
power increases from 7.91 kW to 9.86 kW (with solar input) and from
6.50 kW to 9.42 kW (without solar input), the trend is consistent with
Tem- The SCO2-BC output power decreases from 1.19 kW to 0.38 kW
(with solar input) and from 1.98 kW to 0.76 kW (without solar input)
with Rpy, and the decreasing trend gradually slows down. This is
because there is less inlet gas (the amount of TPV outlet flue gas also
decreases) and Toy; decreases simultaneously. It suggested that the
energy contained in the TPV outlet flue gas decreases, the energy
available for the SCO,-BC and Cu-Cl cycle decrease (as shown in Fig. 10
(). In addition, from Fig. 10(c), it shows that the total output power of
the integrated system increases from 8.36 kW to 9.80 kW (with solar
input) and from 7.71 kW to 9.71 kW (without solar input) with Rps. By
combining with Fig. 10(b) and (c), it shows that when there is no solar
input, the SCO,-BC output power and hydrogen power are higher than
those with solar input. This is because Ty is higher and there is more
inlet oxygen-enriched gas, so the flue gas entering the subsequent stages
contains more energy, and can be efficiently utilized. As shown in Fig. 10
(d), as Rp2 increases from 0.21 to 0.35, the secondary energy efficiency
Nsec,sys Of the system increases from 61.10 % to 61.94 % (with solar
input) and from 58.44 % to 61.89 % (without solar input), while the
equivalent electrical efficiency #ej sys increases from 52.55 % to 56.77 %
(with solar input) and from 49.52 % to 56.49 % (without solar input).
When Rgy increases to about 0.29-0.31 without solar input, the same
Nsec,sys can be achieved as that with solar input (Ro2=0.21). Further-
more, when it increases to about 0.25-0.27 without solar input, the
same 7je1,sys can be achieved as that with solar input (Ro2=0.21). It is
fully illustrated that adding oxygen recovery to the system can effec-
tively improve the system performance. When there is insufficient solar
energy input, the system device is able to operate continuously and
efficiently by appropriately increasing Rop.

4.5. Exergy analysis

The effect of typical parameters on the exergy destruction of system
key components was investigated in this section, and typical working
conditions are selected. Based on the equations in Table 6, the exergy
efficiency and exergy destruction factor of different modules were
calculated as shown in Figs. 11 and 12, respectively. The exergy effi-
ciency of tube receiver module (7, ;) maintains 39.46 %, and the
exergy destruction factor (¢pg;) maintains 11.68 %, so they are not
shown in the figures.

For the purpose of discussing the effect of S, on integrated system,
the parameters were set as: $1=0.01 m?2, C=400, T¢=1125 K, and
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Rp2=0.21. As shown in Fig. 11, when Sy increases from 0.5 m? to 4.0 mz,
the exergy efficiency of TPV module (7, pys) increases from 50.61 % to
58.84 %, and the exergy destruction factor (¢rpy,) increases slightly
from 28.29 % to 29.18 %. This is because a greater Sy means a lower the
average temperature in CC, and the exergy value per unit flue gas energy

14

decreases, that is, the denominator for calculating TPV exergy efficiency
decreases. Meanwhile, the increase in TPV power generation capacity
also enhances the exergy destruction of the TPV module. Besides, the
exergy efficiency of SCO,-BC module (774 5co,) increases from 76.41 % to

84.00 %, and the exergy destruction factor (¢gco,) decreases from 4.36
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% to 1.05 %. This is the result of the reduction in Ty and the power
generation capacity of SCO2-BC module. Furthermore, the exergy effi-
ciency of Cu-Cl module (¢ ¢y is reduced from 73.11 % to 71.50 %,
and the exergy destruction factor (¢¢,_¢) is reduced from 7.15 % to
6.35 %. This is because the increase in Sy leads to decrease both in Toun
and Tourp- As aresult, hydrogen production, power consumption, and the
amount of hot water required for hydrogen production all decrease.
Consequently, as Sy increases, 7 cy ¢ and ¢c, ¢ decrease. It shows
appropriately increasing S; is beneficial to reducing exergy destruction.

The parameters of S;=0.01 m?, Sy=3.0 m?, C=400 and Rpy=0.21
were set to discuss the influence of turbine inlet temperature (T¢) on
integrated system. Fig. 12 shows that increasing Te from 950 K to 1125 K
does not affect TPV module, 7, 1py, is maintained for 57.97 %, and @rpy,
is maintained for 29.20 %. Besides, 7o 5co, increases from 76.20 % to
82.76 %, and ¢gco, is reduced from 2.59 % to 1.34 %. The reason is that
the increase in Tg contributes to a rise in Toy2 While Ty remains
constant, and it further causes the reduction in power generation, thus
the exergy efficiency increases and the exergy destruction factor de-
creases. Furthermore, 7, ¢,_¢ increases slightly from 68.89 % to 71.75
%, and ¢¢,_¢ increases from 3.97 % to 6.45 %. This is because although
the increase in Toyo increases the denominator of the exergy efficiency
of the Cu-Cl module, the hydrogen production, the power consumption
and the amount of hot water required for hydrogen production also
increase accordingly. As a result, 7y ¢y and @g,_¢ increase with Te.

In general, within the range of Sy=2.0-4.0 m? and Te=950-1125 K,
S5=4.0 m? and Te=1125 K are the most beneficial conditions for
reducing the exergy destruction factor of the overall system. 7o 5o, iS
the highest, followed by 7y ¢y—c1 @nd 7ex pys, and the receiver module
has the lowest exergy efficiency. For the entire system, ¢qpy, is the
largest (about 30 %), followed by ¢, (11.68 %) and ¢¢,_¢ (4-7 %),
while @gco, is the smallest (1-3 %). Consequently, the system perfor-
mance can be improved by focusing on optimizing the TPV and the
receiver modules.

4.6. Comparison of systems with different configurations

For the purpose of exploring the rationality and superiority of the
proposed system, it was compared with two other different configura-
tions: (1) reference system 1 (Ref Sys 1), a power generation system
based on TPV and SCO2-BC; (2) reference system 2 (Ref Sys 2), a
hydrogen-electricity cogeneration system based on SCO»-BC and Cu-Cl
cycle. The typical operating conditions of $;=0.01 m?%, $»=4.0 m?
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C=400 and Rp2=0.21 were selected to explore the effect of turbine inlet
temperature (Ts) on the three systems. Electricity/hydrogen production
and system efficiency of the three systems were explored, the results are
shown in Fig. 13.

From Fig. 13(a), it is presented that the total output power of the
proposed system increases with Tg and the hydrogen power of Cu-Cl
module gradually increases from 1.66 kW to 3.16 kW. On the con-
trary, the electrical power of TPV module is reduced slightly from 7.81
kW to 7.47 kW, and that of SCO5-BC module is reduced from 1.39 kW to
1.01 kW. It is worth noting that since the Cu-Cl cycle consumes elec-
tricity to produce Hy, the electrical power consumed by the Cu-Cl cycle
must be subtracted when calculating the overall output power of the
system. Therefore, the electrical power of TPV module which is shown in
Fig. 13(a) is the values after subtracting the electrical power consump-
tion of Cu-Cl module. Although the electrical power of TPV module is
not affected by Tg, the power consumption of Cu-Cl module increases
with Hy production. As a result, if all the electricity is supplied by the
TPV module, the final power output of TPV module will decrease. As
shown in Fig. 13(b), when Tg rises, the total output power of the Ref Sys
1 is reduced. Meanwhile, the electrical power of TPV module is main-
tained for 8.19 kW, and that of the SCO2-BC module decreases slightly,
which is consistent with the electrical power of each module in the
proposed system (without considering the electrical power consumption
of Cu-Cl module). As presented in Fig. 13(c), when Tg increases, the total
output power of the Ref Sys 2 increases, and the hydrogen power of Cu-
Cl module gradually increases from 3.88 kW to 4.59 kW. Meanwhile, the
electrical power from SCO»-BC module remains almost unchanged
(within the range of 5.93-5.99 kW). This is because the electrical power
consumption of Cu-Cl module is supplied by SCO2-BC module.
Comparing the three systems, it indicates that the total electrical power
of the proposed system and Ref Sys 1 is consistent and higher than that of
Ref Sys 2, while the hydrogen power of Ref Sys 2 is the highest, and Ref
Sys 1 does not produce Hj. As shown in Fig. 13(d), within T range of
950-1125 K, the secondary energy efficiency #secsys and equivalent
electrical efficiency #ej sys of the proposed system are higher than the two
reference systems (since Ref Sys 1 does not produce hydrogen, its #sec,sys
and 71 sys curves coincide). As T rises, the 7sec,sys of Ref Sys 1 decreases
from 50.42 % to 48.42 %; the #sec,sys of Ref Sys 2 increases from 51.70 %
to 55.36 %, and the 7|sys increases from 41.50 % to 43.28 %. This is
because that Ref Sys 1 lacks the Cu-Cl module, so that does not effi-
ciently utilize the energy in the medium and low temperature sections;
Ref Sys 2 lacks the TPV module, so that does not efficiently utilize the
energy in the high temperature section. The results strongly suggest the
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Fig. 13. Electricity/Hydrogen power of different configuration systems: (a) the proposed system, (b) Ref Sys 1, (c) Ref Sys 2; and (d) comparison of system efficiency.

Table 12
Comparison results with previous study of the hydrogen production/hydrogen-
electricity cogeneration system.

Input Products and proportions Secondary
energy energy
efficiency
Zhang [30] Solar Hydrogen (89.43 %) and 28.91 %
energy electricity (10.57 %)
Abbaspour Solar Hydrogen (46.16 %), electricity ~ 17.48 %
[59] energy (32.86 %) and superheated
steam (20.97 %)
Fang [60] Solar Hydrogen (100 %) 55.11 %
energy and
fuel
Proposed Solar Hydrogen (27.15 %) and 61.26 %
system energy and electricity (72.85 %)
fuel

rationality of the proposed system’s configuration, which efficiently and
cascade utilizes the photo and thermal energy in each energy quality,
realizing efficient hydrogen-electricity cogeneration.

In addition, compared with the hydrogen production/hydrogen-
electricity cogeneration systems that have been reported, the proposed
system still shows many advantages. The comparison results are shown
in Table 12. Zhang et al. [30] proposed a solar thermo-electrochemical
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water-splitting system for producing hydrogen and electricity. It consists
of a solar tower with thermal energy storage (TES) device, a four-step
Cu-Cl cycle, a SCO2-BC and two ORCs. Abbaspour et al. [59] proposed
a novel integrated system for hydrogen, electricity and superheated
steam production, which combines a solar tower with TES, SCO»-BC,
Cu-Cl cycle and a heat recovery steam generator. Fang et al. [60] pro-
posed a hydrogen production system that combines a trough collector,
SOEC, methane steam reforming and Rankine cycle for complementary
utilization of methane and full-spectrum solar energy. Compared with
these systems, the system proposed in this paper has a higher efficiency
and is capable of achieving hydrogen-electricity cogeneration. The
system proposed by Zhang and Abbaspour has 100 % solar energy input,
their energy loss is relatively large for tower concentrating method.
Fang’s system can only produce hydrogen, while Abbaspour’s system
can generate hydrogen, electricity and superheated steam simulta-
neously. However, the proposed system is not completely green.
Furthermore, both the systems of Zhang and Abbaspour adopt TES
modules to deal with the instability of solar energy, while the proposed
system does not have an energy storage device.

In this study, the system model was established separately by
different tools and then coupled, the completeness and unity need to be
improved. When facing practical engineering applications, it is neces-
sary to further refine the model and consider environmental factors, and
the system design for applications needs to be further optimized. In
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future research, the combustion chamber model will be improved, and
the chemical mechanism during fuel combustion will be considered for a
more detailed temperature distribution. Based on the existing model, it
should be continuously optimized the details and further consider heat
dissipation, pressure drop, etc. to make it more practical. In addition, the
system application design will be optimized, considering the configu-
ration of energy storage devices, and evaluate the energy conservation
and emission reduction capabilities of the system, so as to provide better
guidance for the development and application of solar high-efficiency
hydrogen/electricity cogeneration technology. The combination with
renewable energy sources such as biomass and wind energy will also
become one of the future development directions of this research.

5. Conclusions

This study proposes solar-gas assisted hydrogen-electricity cogene-
ration system based on photo-thermal energy cascade conversion. The
parametrical thermodynamic analysis on the electricity/hydrogen pro-
duction efficiency and the system irreversible loss are conducted, and
the superiority of the proposed system is discussed. The main conclu-
sions are as follows:

For TPV module, the output power and efficiency of TPV cell both
increase with the concentration ratio (C) and receiver area (S;) for more
solar energy input, but it is essential to comprehensively consider safety,
economy and efficiency in selecting the appropriate combination of
them. Besides, a larger TPV area (S2) means the greater the TPV output
power, while the input energy of the subsequent modules is reduced.

For proposed system, the increase of C, So, turbine inlet temperature
(Ts) and oxygen ratio (Rog) all have positive effects on the system
operation, and C, Sy and Tg can be parameters to adjust the ratio of
electricity/hydrogen production. Both the secondary energy efficiency
and the equivalent electrical efficiency increase with So. The secondary
energy efficiency (ysecsys) increases accordingly with the turbine inlet
temperature (T¢), and the equivalent electrical efficiency (7e1,sys) reaches
a peak when Tg is in the range of 975-1025 K. In actual engineering
applications, when solar energy input is insufficient (such as cloudy days
or nights), the system device can be operated continuously by appro-
priately increasing Ro». Increasing Roa to about 0.29-0.31, the same 7,
sys can be achieved as that with solar input (Rp2=0.21); and increasing
Ro2 to about 0.25-0.27, the same 7esys can be achieved as that with
solar input (Rp2=0.21).
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Exergy analysis indicates that the exergy efficiency of SCO»-BC is the
highest, followed by Cu-Cl cycle and TPV module, while the exergy ef-
ficiency of receiver module is the lowest. Besides, the exergy destruction
factor of TPV module is the largest (about 30 %), followed by receiver
module (11.58 %) and Cu-Cl cycle (4-7 %), while that of SCO5-BC is the
smallest (1-3 %). Thus, focusing on optimizing TPV and receiver mod-
ules can effectively improve the system performance.

With comprehensive optimized conditions of the proposed system,
Nlsec,sys can reach 61.26 %, and 7|, sys can reach 52.98 %. Compared with
different reference systems, the proposed system shows advantages in
both #sec,sys and 7eysys. This illustrates the rationality of the proposed
system configuration, which can efficiently achieve photo-thermal en-
ergy cascade conversion, and is of great significance for the application
of efficient and stable hydrogen production from solar energy.
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Appendix

According to thermal balance, the calculation processes of the solar-heat cascade hydrogen-power cogeneration system with complementary solar
energy and natural gas is shown in Fig. Al.
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Fig. Al. Flow chart of thermal-balance calculation.
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