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e A novel ordered conversion system for
hydrogen and electricity cogeneration.
o The dissipated heat of EHPs could be
efficiently reutilized.

e The system exergy efficiency could be
improved to 28.49 %.

o Exergy efficiency was adjusted by pho-
tocatalytic temperature based on DNI.
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ARTICLE INFO ABSTRACT
Keywords: Efficient utilization of full-spectrum solar photons is significant for improving the efficiency of solar energy
Solar energy conversion and thus alleviating energy shortage. In this work, a novel concentrated ordered conversion system

Ordered conversion
Hydrogen-electricity cogeneration
Full-spectrum

based on a parabolic trough collector (PTC) that couples photocatalysis and Rankine cycle for hydrogen and
electricity cogeneration to more efficiently use the full-spectrum solar energy is proposed. Higher-energy photons
are absorbed by the photocatalytic layer for water splitting hydrogen production, and the remaining photons
with lower energy that cannot excite electron-hole pairs (EHPs) are transmitted to the photocatalytic layer and
converted into thermal energy to drive the Rankine cycle for electricity generation. Furthermore, the EHPs
dissipated heat and absorber tube radiation heat loss can be reutilized in the photocatalytic layer to preheat the
circulating water to increase the reaction temperature and solar evaporator inlet temperature to the designate
temperature of 140 °C. Solar photocatalysis model and thermodynamic model are developed to simulate and
analyze the system performance. Of the input solar energy, 10.34 % and 17.85 % are converted into hydrogen
and electricity by photocatalysis and Rankine cycle processes, respectively. The total exergy efficiency increases
from 23.51 % for the conventional PTC thermal power generation system to 28.49 % for the proposed system
under the design condition. Then, the effects of the photocatalyst bandgap and temperature on the system exergy
efficiency are analyzed, which indicates that when the photocatalyst bandgap increases, its operating
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temperature should be adjusted downward. The photocatalytic layer temperature is adjusted for corresponding
maximum system exergy efficiency under different direct nominal irradiation (DNI) conditions, and it can
maintain 140 °C of operation when DNI is greater than 240 W-m 2. This research provides a new approach to
improve the efficiency and flexibility of full-spectrum solar utilization.

Nomenclature Y reflectivity
8 limiting magnitude of T-S slope

A area, m? € emittance

c lightspeed, m-s~! n efficiency

c specific heat capacity, J-kg~*-°C™! m mass flow rate, kg-s~!

E energy, J M mass, kg

Ex exergy, J n/p concentrations of electron and hole

F generation and recombination rate of EHPs, s N solar concentration ratio

AG Gibbs free energy, J-mol? P power, W

h Planck constant, J-s Q heat, J

h specific enthalpy, kJ-kg ™! s specific entropy, kJ-kg1.°C~!

H enthalpy, kJ S entropy, kJ-°C™?

I the surface reaction current, A t probability of generating EHPs

k Boltzmann constant, J-K~* T temperature, °C

) AT temperature difference, °C

Subscripts v the potential energy of EHPs, V

abs the absorber tube in inlet

ave. the average value ise isentropic

¢ cutoff m mechanical

cat the catalyst layer mo motor

che chemical non-rad non-radiative recombination

cold cold tank out outlet

cons con‘sumption P pressure

d de51gr} ) Pp- pinch point

ele electricity rad radiative recombination

eva evaporator ref. reference point

ex exergy reh reheater

G generator relax relaxation

g gap sol solar

gla glass tube th thermal

hot hot tank T turbine

pyd hydroge.n W water

! state point PCW preheating the circulating water

Abbreviations PC-TPG photocatalysis-thermal power generation

CR conventional receiver PR proposed receiver

EHPs electron-hole pairs PTC parabolic trough collector

DNI direct nominal irradiation SM solar multiple

HPT high pressure turbine TES thermal energy storage

LPT low pressure turbine (C] ave?rage ph0n0{1 temperature, K . ‘ .

NPCW  non-preheating the circulating water u ratio related with degree of phonon dispersion, eV-K™
A wavelength, nm

Greek Symbols p absorptance

o transmissivity c Stefan-Boltzmann constant, W-m~2.K~*

B mass flow distribution ratio T time step, h

1. Introduction

The sustainable development of society is facing the energy shortage
problem, and energy transformation has become the primary common
global issue [1,2]. Among all the available energy sources, solar energy
is abundant, environmentally friendly, and can largely alleviate the tight
energy supply in the world and optimize the energy structure [3]. Light
utilization and thermal utilization are two main approaches for utilizing
solar energy [4]. Light utilization mainly refers to the conversion of
photons into electrons, after which they are directly utilized, e.g., in

solar cells and photochemistry. In contrast, thermal utilization refers to
the conversion of photons into electrons, which are converted into
thermal energy through electron-phonon scattering and phonon-pho-
non scattering, thus increasing the temperature of the system and finally
converting solar energy into thermal energy. According to the quality
and utilization method of thermal energy, it can be classified into
thermal power generation, thermochemistry, etc.

However, according to thermodynamic analysis, the quality of solar
photon energy differs at different wavelengths [5]. The high-energy
photons for photochemical [6] reactions or photovoltaics [7] have su-
perior efficiencies to thermal utilization. However, the light utilization
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Fig. 1. Schematic diagram of the proposed PC-TPG hybrid system.

efficiency is limited by the semiconductor bandgap [8]. For a given
semiconductor, there is a theoretical limiting efficiency due to the
imperfect matching between the photon energies in the full solar spec-
trum and the bandgap [9]. Although the thermal utilization process can
utilize solar energy across the full spectrum, the difference in the quality
of photons at different wavelengths is not accounted for, resulting in a
very large and irreversible loss of high-energy photons. Thus, a solar
ordered conversion system could be designed to improve the solar en-
ergy utilization efficiency by integrating light and thermal utilization
processes. In recent years, many researchers have focused on the full-
spectrum solar energy conversion system which can be divided into
two main categories: photovoltaic-thermal and photochemical-thermal.
Higher-energy photons are directly converted into electrical or chemical
energy, and lower-energy photons are converted into heat.

For photovoltaic-thermal system, photovoltaic layer and heat
collection layer usually tends to be tandem structures. One issue is that
higher temperature of heat collection layer can increase the recombi-
nation rate of electron-hole pairs (EHPs), which reduces the solar cell
efficiency. Thus, tandem structure of photovoltaic-thermal system
typically has lower collecting temperatures, and the lower temperature
heat utilization mainly involves the generation of clean water [10],
space heating [11], etc. Otherwise, spectral beam splitting technology in
photovoltaic-thermal system is a promising approach which allows for
the separation of electrical energy generation and heat collection [12]. It
can avoid the negative effects of higher temperatures on solar cells and
achieve full-spectrum solar conversion [13]. Furthermore, the higher
the heat collection temperature, the lower the irreversible losses in the
solar energy conversion process [14]. However, this technology will
generate dissipated heat through non-radiative recombination and
relaxation of EHPs which is transferred to cooling water and cannot be
reutilized by the photovoltaic-thermal system [15]. Besides, it often

requires expensive beam-splitting devices, which limits its value for
large-scale applications. Above all, it is of great significance to establish
a full-spectrum solar energy conversion system which has the functions
of spectral beam splitting, dissipated heat reutilized, and obtaining high
temperature heat energy simultaneously.

For photochemical-thermal system, it can directly utilize internally
generated photogenerated EHPs to drive chemical reactions [16]. The
dissipated heat from relaxation and non-radiative recombination of
EHPs can be transferred to the reactants to increase the reaction tem-
perature [17], which is different from photovoltaic-thermal system. At
this point, raising the system temperature no longer only has the nega-
tive impact on EHPs recombination, but also accelerates the chemical
reaction thermodynamics and increases the reaction rate. Film and
powder of catalyst are two main types of in photochemical reaction. In
powder based photochemical-thermal system, the photons which are not
absorbed by the catalyst tend to be refracted or absorbed by the re-
actants [18], thus lowering the heat collection temperature and photon
utilization efficiency. Generally, a photochemical film tends to have
better transmittance and a faster reaction rate than powder [19]. In
addition, photons with an energy lower than the bandgap can easily
transmitted through the photochemical layer and converted into ther-
mal energy. The thermal energy can be collected and utilized by a
thermoelectric device [20], thermochemical cycles [21] or a thermal
power generation system [22] according to the temperature.

In this work, firstly, based on the efficient full-spectrum utilization of
solar photons, a photocatalytic film with spectral beam splitting func-
tion is combined with the conventional parabolic trough collector (PTC).
Secondly, the dissipated heat generated by EHPs as well as the radiation
loss from the absorber tube are fully reutilized from the perspective of
thermal management. In detail, photocatalytic water splitting and the
steam Rankine cycle are coupled to develop a new photocatalysis-
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Fig. 2. Meteorological statistical data for 2023 with (a) annual DNI and

Table 1
Operational assumptions of the proposed system.
Parameters Value
Solar collector aperture area (m?) 329,495
Reflectivity of the parabolic trough mirror 0.93 [5]
Aperture width of the parabolic trough mirror
5.76
(m)
Length of the PC-TPG receiver (m) 4
Solar collector Diameter of the absorber tube (m) 0.07
Diameter of the photocatalyst tube (m) 0.115
Diameter of the glass tube (m) 0.15
Emittance of glass tube 0.89 [25]
Emittance of absorber tube 0.14
Absorptance of the absorber tube 0.96 [26]
Transmissivity of the glass tube 0.96 [25]
Temperature of hot/ cold tank (°C) ?243]/ 293
Heat storage Storage duration (h) 6
HTF specific heat capacity (J-kg~*-°C™1) 2319 [27]

Water splitting standard Gibbs energy (J-mol™') 237,130 [28]

Probability of EHP generated by incident photon 0.9 [9]
H,0 stﬂldard molar enthalpy of formation 285,800
(J-mol™)

Photocatalysis Hy/ O, standard molar enthalpy of formation 0
(J-mol™!)
H,0 standard molar entropy(J -mol K1) 70
H, standard molar entropy(J-mol 1.K™1) 131
0, standard molar entropy(J-mol 1K™ 1) 205
Inlet pressure of high-pressure turbine (kPa) 4000 [29]
Outlet pressure of high-pressure turbine (kPa) 1000 [29]

Outlet pressure of low-pressure turbine (kPa) 7.4

Pinch point temperature in solar evaporator (°C) 10 [30]
Pinch point temperature in condenser (°C) 5 [31]
Rankine cycle Pinch point temperature in semiconductor 5

surface (°C)

Isentropic efficiency of HPT/ LPT (%) 85 [29]
Isentropic efficiency of water pump (%) 75 [27]
Generator efficiency (%) 97 [32]
Mechanical efficiency (%) 98 [31]
Motor efficiency (%) 75 [27]

thermal power generation (PC-TPG) hybrid system for hydrogen and
electricity cogeneration. The photocatalytic layer acting as a natural
light splitter, a radiation shield and a heat source for preheating the
circulating water of Rankine cycle to the appropriate temperature. And
this temperature increases benefits both the photocatalysis and Rankine
cycle processes. Generally, the exergy efficiency of the proposed system
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increases compared to that of the conventional PTC thermal power
system, from 23.51 % to 28.49 %. Furthermore, the photocatalytic layer
temperature of the proposed system is adjusted for corresponding
maximum system exergy efficiency under different DNI conditions.
Finally, the annual performance of the system is analyzed, and the
annual average exergy efficiency reaches 27.67 %.

2. System description and operation
2.1. System description

According to the photon quality, photocatalysis and the steam
Rankine cycle are coupled to develop a new PC-TPG hybrid system with
full-spectrum solar utilization in this work, as shown in Fig. 1. The
system includes a photocatalysis (PC) process, a thermal energy storage
(TES) process, a steam Rankine cycle power generation process, vapor
separation and a hydrogen storage process.

First, solar radiation is directly concentrated by double-axis tracking
PTCs. Then, the concentrated solar radiation passes through the glass
tube and water layer in an orderly manner. Afterward, the radiation is
absorbed by the photocatalytic layer, in which EHPs can be excited by
solar photons and migrate to the surface of the photocatalyst for
hydrogen production in the water splitting redox reaction. Finally, solar
energy is converted into chemical energy and stored in chemical bonds.
During the solar energy conversion, dissipated heat losses cannot be
avoided. The non-radiative recombination and relaxation of EHPs are
the main sources of dissipated heat in photocatalysis, which can be
efficiently used to preheat feedwater through heat convection and reu-
tilized by the Rankine cycle power generation process. Moreover, the
increase in the feedwater temperature accelerates the water splitting
reaction rate. In this work, to ensure that the water preheated by the
photocatalytic layer can be re-pressurized by pump 2 (P2), the water
splitting is set to a liquid-phase reaction. Additionally, the remaining
photons with lower energy that cannot excite EHPs are transmitted
through the photocatalytic layer and converted into thermal energy in
the heat transfer fluid (HTF) in the absorber tube. A part of the high-
temperature HTF heated by the collector is stored in the hot tank of
the TES process, and the remaining part is input into the solar evapo-
rator to drive the Rankine cycle.

Preheated water (state 0) and non-preheated water (state 11) are
mixed, compressed by pump 1 (P1) and heated to a superheated vapor
by a solar evaporator (processes 2 — 6) in an orderly manner. Then, the
superheated vapor enters the high-pressure turbine (HPT), reheater,
low-pressure turbine (LPT) and condenser in turn (processes 6 — 10) to
produce power. Considering the pressure resistance of the glass tube, the
circulating water is not directly pressurized to the evaporation pressure
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Fig. 3. Schematic chart for the energy flow.

of the solar evaporator through pump 2 in the proposed system. To in-
crease the reaction temperature, improve the preheating effect and
avoid optical refractive loss caused by bubbles, the circulating water
needs to be pre-pressurized by P2 to increase the saturation temperature
and maintain the liquid-phase reaction. A hot water tank and water
supply tanks 1 and 2 are added to the proposed system. Therefore, the
heat from the photocatalytic layer can be fully utilized and well stored,
and the mass flow rate of the Rankine cycle can be stable.

2.2. System operation

In this work, the abundant solar energy in Ordos, Inner Mongolia,
China (E109.78°, N39.91°) is referenced. The data of full-year hourly
solar DNI is obtained from Meteonorm software, as shown in Fig. 2 (a).
The relative frequency distribution of the DNI data during the solar
irradiation time when DNI > 0 and the corresponding cumulative fre-
quency, are useful to select the DNI design point [23]. And the DNI
corresponding to 90 % of the cumulative frequency value is usually
considered to be the design point [24]. This method of selecting design
point is used in this work. Thus, the DNI design point is set at 850
W-m™2, as shown in Fig. 2 (b). The design operating parameters of the
system are shown in detail in Table 1.

3. Modeling

As shown in Fig. 3, the concentrated solar energy is the input energy
of the system, and the photocatalysis process involves overall water
splitting for hydrogen production, while the power generation process
involves the steam Rankine cycle. Solar photons are absorbed by the
photocatalysis process and heat collection process in turn. In this system,
photons whose energy is less than the bandgap are transmitted through
the photocatalytic layer. Generally, the full-spectrum solar photons can
be utilized more efficiently. Besides, the proposed system achieves
cogeneration of electricity, hydrogen and hot water. Following system
models can be divided into four main parts. For better modeling of each
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energy process, solar input model, photocatalytic model and thermo-
dynamic model are developed, as shown in Fig. 3. For better evaluating
system performance, system evaluation model is developed. The per-
formance of the catalyst is stable, and the quantum yield efficiency is set
to 1. In addition, the pressure and heat losses in pipes and connections
are neglected. The calculation flow chart for the system is shown in
Fig. 4.

3.1. Solar input model

The solar energy input for the system is

Py, = DNI-A, D

where DNI is direct normal irradiance; A. is solar collector aperture.
3.2. Solar photocatalytic model

The solar energy absorbed by the photocatalytic layer, which is
related to the cutoff wavelength, can be calculated based on the AM1.5G
spectrum:

Psol.cat = Acat'Ncat' / Esol (/1) dl'y'agla (2)
0

where Acat, Neat are the area and the concentration ratio of the catalyst
layer, respectively. Es is photon energy in specific wavelength, p. is the
cut-off wavelength of the catalyst, y is the reflectivity of the mirror and
g1, is the transmissivity of the glass tube.

The decay processes include relaxation, radiative recombination and
non-radiative recombination [33]. All these decay processes will result
in energy loss and electron potential energy loss based on the Shockley
model [9]. Only the EHPs that successfully migrate to the semiconductor
surface contribute to photocatalysis. In this work, the detailed balance
model proposed by Shockley is used. The carrier balance equation inside
the semiconductor is shown in Eq.(3):.

Fsol (Eg(Tcat) ) - Frad(Tcat) - Fnon-rad(Tcat) - Icat(Tcat)/q = O (3)

where Fso), Frag and Fpopraq Stand the generation rate of EHPs, the
radiative recombination rate, and the non-radiative recombination rate,
respectively. I.a is photocatalytic reaction current, Eg is the catalyst
band gap, T, is the catalyst surface temperature and q is the electronic
charge.

Temperature affects the bandgap of a semiconductor, which affects
its light absorption property; therefore, the four-parameter empirical
equation for the temperature dependence of the bandgap proposed by
Passler is adopted [34].

H
Eg(Teat) = Eg(0) —% [“ 1+ (2T®““) - 1} “

where O stands the average phonon temperature, & is the limiting
magnitude of temperature entropy slope which is set to 2.6, and y is the
ratio related with degree of phonon dispersion which is set to 3-10™*
eV-K L.

The generation rate of EHPs can be calculated:

e Eg(A
F; :Acat'tsol'Ncat' A ;1( )
0 C

di 5)

where 5 is the probability of EHPs generated by incident photon, h and
c are the Planck constant and light speed, respectively.

Electrons produced by high-energy photons relax to the bottom of
the conduction band, and the time scale ranges from 1 to 100 ps [35].
The electron energy is converted into the vibrational energy of lattice
atoms and finally converted into heat through electron-phonon in-
teractions [33]. The relaxation energy can be calculated by:
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e

Prejax1 = Acat’tsol'Ncat'
0

[Es(2) —Eg | dA ©)

The recombination types in a catalyst are mainly divided into radi-
ative and non-radiative recombination. In radiative recombination, en-
ergy is released in the form of light, which is mainly related to the
concentration of EHPs. Photoexcitation of carriers causes splitting of the
Fermi energy level and generates a potential difference V, which could
drive water splitting. Therefore, the radiative recombination rate can be
expressed:

TNso1*Psol Vcat Q>
—=F. e =z
no 'Po « Xp <chat

where Feq is the radiative recombination rate in thermal equilibrium. ng
and ps) are the electron and the hole concentration after photon exci-
tation, while ng and pg are the electron and the hole concentration in
thermal equilibrium, respectively, V4 is the potential energy of EHPs.

The radiative recombination rate in thermal equilibrium condition is
mainly related to the temperature and could be calculated:

Fraq = Feq' @)

he

e -1
Feq = 27AcaClear / (eﬂmm - 1) A74da ®
0

where t o is the probability of EHPs generated by the environment of
catalyst temperature, k is the Boltzmann constant.

EHPs are destroyed through non-radiative recombination, and en-
ergy is released in the form of heat. The non-radiative recombination
rate can be calculated by assuming the fraction coefficient f:

1 7f Vcatq)
Foon-rad = Feq—> 9
on-rad eq f exp (cha[ ( )
The non-radiative recombination energy can be calculated by:
Pron-rad = Fnon-rad 'Eg (10)

The relaxation and non-radiative recombination of EHPs and radia-
tion heat transfer from the absorber tube provide a steady heat flux to
the photocatalytic layer, which is used to increase the reaction tem-
perature. Thus, the Gibbs free energy for water splitting is changed, and
the oxygen and hydrogen temperatures are not the same as the initial
temperature. The Gibbs free energy can be calculated:
AG(Thw,ave) = M, (Thw,ave) + %/"02 (Thw\ave) 'ﬂnzo(Tll) 1)
where y; represents the chemical potential of component i, Thy, ave is the
average temperature of the water flowing through the catalytic layer,
which is set as the mean value of inlet and outlet temperatures, T1 is the
outlet temperature of P2.

The chemical potential of oxygen and hydrogen is calculated by:

Hi (Thw.ave) = [AHref,i +H; (Thw,ave) 'Hi(Tll) ]

12)
- Thw,ave [Asref,i + si (Thw,ave)'si(Tll) }

where AH,ef, AS;ef are the standard molar enthalpy of formation and
entropy, H, S are the enthalpy and entropy at specific temperature states,
respectively. i represents the component of oxygen and hydrogen.

The chemical potential of water is calculated by:
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/"Hzo(Tll ) = [AHref,Hzo +Hi(T11)'Hi (Tref) ] - Tll [AsrefHZO +Si(Tll )'Si (Tref) ]
(13)

In the water splitting reaction, the potential of the conduction band
edge should be more negative than the water reduction potential, while
the valence band edge should be more positive than the water oxidation
potential. Electronic energy greater than the potential difference of
water splitting will be released as heat energy through relaxation. The
relaxation energy in the process of surface reaction can be calculated by:

Teat 1000-AG

Preax = T A . Z NN . 1n02 1
e T TF T 2% 6.02x 108 as

Part of the circulating water flowing through the photocatalytic layer
will split into oxygen and hydrogen, and the mass flow rate of the
consumed water is:

I cat

Meons = 55 7000--6.02 x 105 < 18 1s)

The chemical energy output of the system is:

I,
AGes 16)

Pane = 506,02 x 105

3.3. Thermodynamic model

The remaining solar energy is absorbed on the surface of the absorber
tube and converted into thermal energy, which could be calculated by:

Psol,abs = (Psol‘y'agla - Psol.cat) ’agla'pabs (17)
The mass flow rate of HTF in the absorber tube is

P, sol,abs

— 18
Cp.HTF'(Tout - Ti )

MyTF,abs =

where ¢, oj is the specific heat capacity of HTF; T, and Ty are the HTF
temperatures at the inlet and outlet of the receiver, respectively.

A two-tank direct energy storage system is adopted, which is more
efficient than a thermocline system and has the advantages of a simple
structure and a high heat transfer efficiency [36,37]. The waste heat
from storage tanks is considered negligible due to their high storage
efficiency. In addition, the hot tank and cold tank temperatures are
assumed to remain constant at Tho and Teolq Over time to provide a
stable heat source for the system. The thermal energy stored in the TES
process is

Qes = (mHTF,abs — MyrFeva — mHTF.reh)'Cp,HTF'(Thot — Teola) X 3600 19

where mytr, eva is the HTF mass flow rate in solar evaporator; Thor and
Teolq are the HTF temperatures stored in hot and cold tank, which are
assumed to be equal to Toy and Tiy, respectively.

To ensure the stability of the power generation load of the system,
the mass flow rate of the HTF out of the hot tank should be constant in
unit time. The mass balance equation of the hot and cold tank are

d(M,
( dTOt) = MyrF abs — MHTF,eva — MHTF reh (20)
% = MyTF eva 1 MHUTF reh — TMHTF abs 21

where Myt and Mg are the mass of the HTF in the hot and cold tank,
respectively, and 7 is the unit time.
The energy balance equations for the TES process is

d(Qres)
dr

= Psol.abs - mHTF.abs'cp,HTF'(Thot - Tcold) - Pradl (22)

where Qrgs is the real thermal energy stored in the TES process.
The heat flux in the photocatalytic layer is used to preheat the
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circulating water and increase the reaction temperature. One function of
this heat flux is to increase the solar evaporator inlet temperature of the
Rankine cycle, thus improving the electricity efficiency, and the other
function is to reduce the Gibbs free energy of water splitting, thus
improving the hydrogen production efficiency. The heat flux in photo-
catalytic layer can be calculated by:

Precy = Pnon-rad +Prelaxl +Prelax2 +Prad1 _Pradz (23)

where P;,q7 is radiation heat loss of the absorber tube, P.,q2 is radiation
heat loss of the photocatalytic layer.

The thickness of the photocatalytic layer is negligible compared to
that of the glass layer located below the catalyst, so the emissivity of the
glass is assumed to be the overall emissivity of the catalyst and glass. The
radiation heat loss of the absorber tube is:

1 Aws (1 -
Praa1 = Aabs' |:_ + > (_ - 1) ] '0'(T'st - Tgat) (24

Eabs Acat Egla

where e,ps and ey are the emittance of the absorber tube and photo-

catalytic layer, respectively, o is the Stefan-Boltzmann constant, Ty is

the temperature of absorber tube, which is set 5 °C higher than Toy;.
The radiation heat loss of the photocatalytic layer is:

-1
Prag2 = Acar’ |:i +Aca‘ (L - 1> :| ‘0" (Tgat - Tfef) (25)

Egla Agla Egla

where Ay, is the area of the glass tube, g, is the emittance of the glass
tube, T,¢f is the temperature at the reference point.

The heat flux in the photocatalytic layer may not be sufficient to
convert water into steam due to the high latent heat of water vapor-
ization. Moreover, further increasing the steam pressure to meet the
demand of the turbine inlet pressure is difficult. Thus, the photocatalysis
reaction occurs in a liquid-phase environment. The energy balance
equations in the evaporator, reheater and photocatalytic layer can be
described by:

mHTF.abs'cp.HTF'(Thot - Tcold) = mw'(h6 - h3) + mw'(hB - h7) (26)
Precy = (1 7ﬂ)‘mw’(hcat‘out - hll) + Myyp1 ‘(hcat.out - href) (27)

where m,, is the mass flow rate of the water in Rankine cycle; mgyp1 is the
mass flow rate of the supply water from the tank of water supply 1; hs
and hg are are the enthalpy of the working fluid at the solar evaporator
outlet and inlet, respectively; hi; and hca, our are the enthalpy of the
working fluid at the pump 2 and photocatalytic layer outlet, respec-
tively. hrr is the enthalpy at the reference point.
The mass balance equation in photocatalytic layer can be described
by:
mxupl (Tamb) + msupz (Tamb) = Mcon + Mhw (28)
The system power output mainly consists of the HPT and LPT, and

the power consumption mainly includes pump 1 and pump 2. Thus, the
net power outputs for the systems can be expressed as

Pee = ZPT - ZPFP = Pypr + Prpr — Pp1 — Pp2 (29)

where Pypr is the high-pressure turbine power output, Pypy is the low-
pressure turbine power output, Pp; is the power consumed by pump 1,
Pps, is the power consumed by pump 2.

The hy is calculated by:

_ msupl 'href + (1 - ﬁ)'mw'hll - mcon’hcat,out - mhw'hcat,out + msup2'href
My

h,
(30)

When the heat load of the solar evaporator and reheater changes, the
mass flow rate of the water changes. Therefore, the isentropic efficiency
of the turbines and pumps in the system will be influenced. An empirical
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formula is used to correct the isentropic efficiency of the turbines and
pumps [38,39].

4 3 2
st _ 9 0176 <ﬂ> +2.443 (ﬂ> ~ 21812 (ﬁ)
MisTd M4 My ma

(31
+1.0535 <ﬂ> +0.701
mg

o oaa(yy) o () soss()
——=—-044(—) +047| ] +045(—)+0.52 (32)
’/Iis‘P,d <Vd Vd Vd

where 7;s, T, ¢ and 7;5, p, q are the turbine and pump designate isentropic
efficiency, respectively; 75, T and 7, p are the turbine and pump real
isentropic efficiency; m/ mq is the steam mass flow ratio comparing with
the designate condition; V/ Vjq is the volume flow ratio comparing with
the designate condition.

3.4. System evaluation model

The chemical energy conversion efficiency is used to evaluate the
photocatalytic hydrogen production performance, which is expressed as:

P, che
= 33
Tche Psol ( )

The electricity efficiency is used to evaluate the Rankine cycle power
generation performance, which is expressed as:
P, ele
P, sol

Nele = (34)
Since hot water can be produced from the photocatalytic layer, the
exergy efficiency is used to evaluate the hot water.

Exthw

Nexhw = Exsol (35)

And the system total exergy efficiency is:
’/Iex,sys = Nche + Mele + Mex hw (36)

The reference point is taken as 298.15 K, 101.325 kPa, and the
exergy of the state point i is:

Ex; = m;- [hl - href — Tres (si - sref) ] (37)
3.5. Validation of the calculation model

To verify the reliability of the model used in this study, the photo-
catalysis case in Ref. [40] as well as Ref. [41] and the Rankine cycle case
in Ref. [27] are chosen as research case studies. The solar photocatalytic
model and Rankine cycle model verification results are shown in Fig. 5
(a) and Fig. 5 (b), respectively. The results agree well with those in the
literature.

4. Results and discussion

In this section, the efficiencies of solar photon utilization through
photocatalysis and the Rankine cycle are compared. Then, the optical
and heat losses in the proposed receiver (PR) and conventional receiver
(CR) are analyzed. The system efficiency is also studied with and
without preheating of the circulating water by the heat flux of the
photocatalytic layer. Additionally, the energy flow under the design
conditions is addressed. Finally, a strategy for full-condition operation of
the system is developed, and the system performance on typical days
and throughout the year is investigated.

4.1. Performance of the solar conversion process

The solar photon utilization efficiencies of photocatalytic water
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splitting for hydrogen production in the bandgap and the steam Rankine
cycle in the proposed system are shown in Fig. 6. For solar energy, from
the perspective of engineering thermodynamics, the solar photon energy
differs in quality at different wavelengths. For the Rankine cycle, all
photons are converted into thermal energy, and the cycle efficiency is
independent of the photon energy at a specific wavelength. Therefore,
the cycle efficiency is constant over the entire wavelength range and is
30.17 % in the proposed system. For the photocatalytic water splitting
reaction, the energy barrier of water splitting limits the utilization of the

(a)

Glass tube
Ty, myWater layer

0, 7
I

solar spectrum as well as photons with different energies. In addition,
the number of effective EHPs is limited by recombination and relaxa-
tion. This leads to the need to operate the water splitting reaction, which
has an energy barrier of 1.23 eV, at an overpotential of 1.55 eV, as
shown in Fig. 6. The photocatalytic reaction efficiency ranges from 0 to
19.05 % higher than that of the Rankine cycle when the photocatalyst
bandgap is in the range of 1.55 to 3.45 eV. In contrast, the solar photon
utilization efficiency of photocatalysis is less than that of the Rankine
cycle when the photocatalyst bandgap is greater than 3.45 eV because
the photon energy above the Gibbs free energy barrier is dissipated as
heat, which is the main source of thermalization loss. Nevertheless, the
stored energy of the reaction remains constant [40]. The greater the
photon energy is, the greater the relaxation loss from the photocatalytic
reaction. Accordingly, although the Rankine cycle can utilize full-
spectrum photons, the selection of appropriate photocatalysts can
enhance the full-spectrum utilization efficiency to achieve the incorpo-
ration of the photocatalysis process and Rankine cycle.

Both the PR and the CR are displayed in Fig. 7. PR1 has three layers
of glass, which are used to support the photocatalyst, act as a reaction
chamber, and reduce the radiative thermal loss in order from inside to
outside. In contrast, PR2 has no glass layer for thermal insulation, and
the outer glass layer radiatively transfers heat to the environment and is
assumed to be at the same temperature as the reaction temperature.

The optical and heat losses of the receivers are compared, which
mainly include the glass tube optical loss, absorber tube radiation heat
loss and photocatalytic layer radiation heat loss, as shown in Fig. 7.
Fig. 8 shows that the heat loss of the absorber tube in PR1 and PR2,
which ranges from 5.46 % to 6.77 %, slightly increases with increasing
photocatalytic layer temperature but is always lower than that of CR
(6.90 %), indicating that the photocatalytic layer plays a role similar to
that of a radiation shield layer [25], thus reducing the radiation heat loss
of the absorber tube. Furthermore, the heat loss of the absorber tube in

(®)

Glass tube
Water layer

|| Tre[ msuil . H,0

T cat, out m.hw

l

Fig. 9. Schematic diagram of two cycle process with (a) preheating the circulating water (PCW), and (b) non-preheating the circulating water (NPCW) by the heat

flux of the photocatalytic layer.
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PR1 and PR2 could be reutilized in the photocatalytic layer to preheat
the circling water of the Rankine cycle. However, a higher temperature
can increase the heat loss of the photocatalytic layer. The influence of
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temperature on the heat loss of the photocatalytic layer is more pro-
nounced at higher temperatures and even reaches 13.08 % and 18.51 %
for PR1 and PR2, respectively. Although PR1 can reduce the heat loss
compared to PR2, the increase in the number of glass layers will result in
more optical losses. Therefore, the equilibrium point for the photo-
catalytic layer temperature is 155 °C, at which the total energy losses of
PR1 and PR2 are the same. Compared with PR1, PR2 has relatively high
efficiency at temperatures below 160 °C. Overall, although the results
indicate that both PR1 and PR2 bring about more optical and heat losses
than CR, the efficiency gains from the addition of the photocatalytic
layer outweigh the energy losses caused by PR1 and PR2, as shown in the
next analysis. Considering the total loss of the receiver and commercial
costs, PR2 is adopted and used in the proposed system and subsequent
calculations.

4.2. Effect of the photocatalyst bandgap and temperature

The heat flux within the photocatalyst, which is closely related to the
bandgap and surface temperature, mainly arises from relaxation and
non-radiative recombination of EHPs as well as radiation heat loss from
the absorber tube. The heat flux is used to preheat the water. In this
work, the two cases of whether preheated water is used for the Rankine
cycle are compared, as shown in Fig. 9. The effects of the photocatalyst
bandgap and temperature on the system efficiency are analyzed, as
shown in Fig. 10.

Fig. 10 (a) illustrates that the hydrogen production efficiency in-
creases with increasing photocatalyst temperature, from 10 % at 50 °C
to 10.65 % at 200 °C, with a bandgap of 2.23 eV. This result indicates
that the beneficial effect of increasing the temperature on the chemical
reaction and spectral absorption of the catalyst exceeds the negative
effect on EHP recombination. Furthermore, the improvement ratio of the
hydrogen production efficiency decreases with increasing bandgap, with
values of 0.83 % at 2.0 eV and 0.24 % at 3.0 eV when the temperature
increases from 50 °C to 200 °C.

According to Fig. 10 (b), the electricity efficiency of the CPC process
is always superior to that of the CNPC process since the extremely high
inlet temperature of the solar evaporator improves the Rankine cycle
efficiency. In both processes, the electricity efficiency improves with
increasing bandgap, as more solar energy is injected into the Rankine
cycle. Additionally, the electricity efficiency of the CPC process peaks
when the photocatalyst temperature increases and the bandgap is
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Fig. 13. Off-design condition operational simulation strategy for the proposed system.
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greater than 1.7 eV. Furthermore, as the bandgap widens, the peak
temperature moves to lower temperatures, reaching 165 °C at 2.0 eV
and 90 °C at 3.2 eV. The main reason is that when the heat flux in the
photocatalytic layer is sufficient to completely preheat the circulating
water, the electricity efficiency improves with increasing evaporator
inlet temperature. When the heat is insufficient, the continuous increase
in temperature increases the radiation heat loss from the photocatalytic
layer, leading to more radiation heat loss, as shown in Fig. 8. Therefore,
the heat that can be reutilized by the Rankine cycle decreases, and the
electricity efficiency decreases.

As shown in Fig. 10 (b) and Fig. 10 (c), the peak electricity efficiency
is achieved when the photocatalyst is exactly completely preheating the
circulating water. Eventually, the CPC process harvests more electricity
and achieves greater exergy efficiency than the CNPC process. Addi-
tionally, the system exergy efficiency with PR2 is consistently greater
than that with CR (23.51 %) for bandgaps below 2.9 eV, as shown in
Fig. 10 (d). Otherwise, the improvement in efficiency from chemical
reactions is lower than the energy loss from added catalytic and glass
layers.

Considering the efficiency of commercially available hydrogen pro-
duction, a solar-to-hydrogen efficiency of 10 % is adopted as the
designated condition [42], corresponding to 2.23 eV. Based on the

12

overall energy balance, a higher utilization of heat dissipated from the
photocatalytic layer to preheat the circulating water means a reduced
HTF mass flow rate, and the high cost of solar field installation can thus
be minimized. In addition, an appropriate temperature for the photo-
catalytic layer is necessary for reducing the heat loss and increasing the
system exergy efficiency. As shown in Fig. 10 (d), the optimal photo-
catalyst temperature of 140 °C with a bandgap of 2.23 eV is adopted as
the designated operating parameters.

4.3. Performance of the proposed system

The energy flow of the proposed system under the design conditions
is shown in Fig. 11. The total solar energy input is 280.07 MW. After an
optical loss of 37.18 MW via the mirror and glass tube, 71.14 MW passes
through the photocatalytic layer, and the remaining 171.75 MW passes
through the absorber tube. The main energy losses of the system are heat
loss, optical loss and EHP loss. The total heat loss of the system is 14.32
MW, which mainly includes the condenser heat loss, photocatalytic
layer radiation heat loss, absorber tube collection heat loss and product
cooling heat loss of 113 MW, 27 MW, 8.59 MW and 0.68 MW, respec-
tively. The EHP loss includes excitation loss and non-radiative recom-
bination, with a total value of 7.66 MW. Furthermore, the absorber tube
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radiation heat loss of 17.17 MW and heat dissipated in the photo-
catalytic layer of 9.23 MW are transferred to the water, after the pho-
tocatalytic radiation heat loss. Therefore, liquid circulating water from
the outlet of P2 with an energy of 8.31 MW is preheated to 28.21 MW,
and 5.62 MW is stored as hot water. Additionally, 50 MW and 28.95 MW
of the input solar energy are converted into electricity and hydrogen by
the Rankine cycle and photocatalysis, with efficiencies of 10.34 % and
17.85 %, respectively. Ultimately, the total exergy efficiency of the
proposed system could be increased to 28.49 % under the design con-
ditions compared to that of the conventional PTC thermal power system
whose total exergy efficiency is mainly around 20 % [43,44]. Besides,
the proposed system simultaneously achieves cogeneration of elec-
tricity, hydrogen and hot water.

The system performance under different solar energy inputs ranging
from 0 to 1000 W-m ™2 is analyzed, and the photocatalytic layer tem-
perature under different DNI values for corresponding maximum system
exergy efficiency is investigated. Fig. 12 (a) illustrates that when the DNI
is lower than 100 W-m 2, the system exergy efficiency sharply decreases
to 0. The main reason is that the absorber tube stops working when the
amount of collected heat is less than the radiation heat loss, leading to
the heat flux in the photocatalytic layer not being sufficient to increase
the water to the designated temperatures. Moreover, when the DNI
ranges from 100 W-m ™2 to 240 W-m 2, the system still does not operate
at the design temperature because of the insufficient heat flux from EHP
relaxation and recombination in the photocatalytic layer. However, the
proposed system can maintain the temperature and has the corre-
sponding maximum system exergy efficiency when the DNI is greater
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than 240 W-m 2. Additionally, Fig. 12 (b) shows the system electricity,
hydrogen generation and exergy efficiency performance when system
has the corresponding maximum exergy system efficiency under each
DNI. As the DNI increases, the percentage of radiation heat loss from the
system decreases, leading to a relatively stable system exergy efficiency
within 25.80 % to 28.87 % when the DNI is greater than 400 W-m 2.

Considering the changes in real solar energy input conditions and
based on the system performance shown in Fig. 12, an off-design con-
dition operational simulation strategy is proposed, as shown in Fig. 13,
and the corresponding system performance is further investigated.

For the proposed system, based on the hourly meteorological con-
ditions, four typical days (21st of March, 22nd of June, 22nd of
September and 23rd of December) are selected. The detailed system
performance is shown in Fig. 14. Fig. 14 (a) indicates that surplus
thermal energy could be stored by the TES process and released to
maintain the operational temperature of the Rankine cycle when the
DNI deviates from the design conditions, which could improve the sta-
bility and running time. However, since the solar multiple is set to 1, the
TES process has a limited heat storage capacity during typical days and
only maintains the system under the design conditions for an average
duration of 2.5 h. Moreover, an average surplus of 101.51 tons of hot
water is stored, as shown in Fig. 14 (b).

The annual performance of the system is shown in Fig. 15 (a). The
highest monthly electricity generation and hydrogen generation are
7.72 GWh-eq and 11.62 GWh, respectively, in April. However, the
highest monthly system exergy efficiency of 28.51 % occurs in
December, mainly due to the better turbine operational stability. Fig. 15
(b) shows the system electricity generation statistical distribution and
mean power output in the solar and TES periods. The highest mean
electricity generation occurs in December and March for the solar period
and TES period, respectively. Overall, the solar ordered conversion
system can achieve cogeneration of electricity, hydrogen and hot water,
with annual average efficiencies of 10.32 %, 16.88 % and 0.47 %,
respectively. In addition, the proposed system that couples photo-
catalysis with Rankine cycle processes can achieve a higher annual
exergy efficiency of 27.67 % compared with the conventional solar
Rankine cycle under off-design conditions.

5. Conclusion

In this work, a hybrid hydrogen and electricity cogeneration system
driven by concentrated solar energy is proposed, which can utilize the
full spectrum of solar energy in an orderly manner. The incorporation of
photocatalysis for hydrogen production and the Rankine cycle could
theoretically enhance the solar photon utilization efficiency when the
photocatalyst bandgap is in the range of 1.55 to 3.45 eV. In addition, the
photocatalytic layer in the PR plays a role similar to that of a radiation
shield, reducing the radiation heat loss of the absorber tube from 6.90 %
to 5.46 %. Furthermore, the dissipated heat of the EHPs and radiation
heat loss of the absorber tube could be reutilized in the photocatalytic
layer to preheat the circulating water to increase the hydrogen pro-
duction efficiency (from 10 % to 10.34 %) and electricity generation
efficiency (from 15.73 % to 17.85 %) under the design conditions. In
addition, 28.95 MW, 50 MW and 5.62 MW of the input 280.07 MW of
solar energy could be stored during the photocatalysis and Rankine cycle
processes in the form of hydrogen, electricity and hot water, respec-
tively. Generally, the total exergy efficiency of the proposed system
could be increased compared to that of the conventional PTC thermal
power system, from 23.51 % to 28.49 %. Then, the photocatalytic layer
temperature of the proposed system is adjusted for the corresponding
maximum exergy efficiency according to the variation in the DNI. The
proposed system can maintain the designated temperature when the DNI
is greater than 240 W-m~2, When the DNI ranges from 100 W-m~2 to
240 W-m ™2, the photocatalytic layer temperature needs to be adjusted to
achieve the corresponding maximum system exergy efficiency. Finally,
the system annual average exergy efficiency is 27.67 % under off-design
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conditions.

To further improve the simulation accuracy of the system proposed
in this work, experiments will be conducted and the key parameters in
the model will be corrected based on the experimental results. Accord-
ing to the work, fabricating excellent photocatalytic film with good
transmittance and quantum efficiency, building receivers which
conclude photocatalytic layer and heat collection tube, and conducting
experiments under real sunlight will be the key points for achieving full-
spectrum solar energy utilization in the future.
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