
sustainability

Article

Thermodynamic Analysis and Comparison of Two
Small-Scale Solar Electrical Power
Generation Systems

Junfen Li , Hang Guo *, Qingpeng Meng, Yuting Wu, Fang Ye and Chongfang Ma

MOE Key Laboratory of Enhanced Heat Transfer and Energy Conservation, Beijing Key Laboratory of Heat
Transfer and Energy Conversion, College of Energy and Power Engineering, Beijing University of Technology,
Beijing 100124, China; lijunfen@emails.bjut.edu.cn (J.L.); mqp@emails.bjut.edu.cn (Q.M.);
wuyuting@bjut.edu.cn (Y.W.); yefang@bjut.edu.cn (F.Y.); machf@bjut.edu.cn (C.M.)
* Correspondence: hangguo@sohu.com

Received: 3 November 2020; Accepted: 4 December 2020; Published: 9 December 2020
����������
�������

Abstract: In this study, two schemes of solar electrical power generation are designed and compared
according to solar collection area minimization. The one comprises the parabolic trough collector,
dual-tank of molten salt heat storage, and Organic Rankine cycle. The other consists of photovoltaic
cell, polymer electrolyte membrane water electrolyzer, and polymer electrolyte membrane fuel
cell. The effects of irradiation value, environmental temperature, and energy storage type on
thermodynamic performance were investigated. The results indicated that the solar irradiation
value had a more obvious effect on the PV (photovoltaic) cell performance than environmental
temperature, and the PTC (parabolic trough concentrator) performance was improved with the
increases of solar irradiation value and environmental temperature. The environmental temperature
effect was negligible; however, the influence of irradiation value was obvious. Irradiation value had
a positive effect on the former system, whereas it demonstrated the opposite for the latter. The latter
system had much lower efficiency than the former, due to the low conversion efficiency between
hydrogen energy and electrical energy in the polymer electrolyte membrane water electrolyzer
and fuel cell. Stated thus, the latter system is appropriate for the power generation system with
non-energy storage, and the former system is promising in the power generation system with energy
storage.

Keywords: parabolic trough concentrator; Organic Rankine cycle; photovoltaic cells; polymer electrolyte
membrane; thermal storage; hydrogen storage

1. Introduction

Solar energy, as a clean and sustainable energy resource, is receiving increasing attention.
Low- and medium- temperature solar energy utilization still faces a great challenge and problem.
Solar energy is intermittent and susceptible to the weather; the effective way to solve this problem
is introducing energy storage, but the jury is out on which kind of energy storage method is the
best. At the present time, the available energy storage methods consist of thermal energy storage,
hydrogen energy storage, and electrical energy storage. The solar electrical power generation process
separately using these three energy storage methods can be described as Figure 1. For the Figure 1a,
the solar energy utilization system with thermal energy storage is also called a solar thermal power
generation system, in which solar energy is converted into thermal energy of heat transfer fluid in
order to drive the power generation cycle; in the meantime, the spare thermal energy is conserved
into the heat storage fluid when the irradiation is abundant, the heat transfer fluid and heat storage
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working fluid can be the same medium (the system is called direct heat storage system), or the different
working fluid (the system is called indirect heat storage system) [1]. The stored energy is discharged
and converted into power with heat and power conversion system when the solar irradiation is weak.
The common heat and power conversion systems are Rankine cycle system and Organic Rankine cycle
(ORC), and the ORC system is commonly used in the low- and medium- temperature solar utilization
system [2]. For the low- and medium- temperature solar energy utilization system with hydrogen
energy storage, as shown in Figure 1b, it usually includes a PV (photovoltaic) array, a water electrolyzer,
and a fuel cell [3], solar energy can be converted into electrical energy by PV effect, and the remaining
electrical energy, except for meeting the load, can be converted into hydrogen energy by the water
electrolyzer. When the electric energy that is generated by PV array is unable to meet the demand,
the fuel cell can convert hydrogen energy into electrical energy. In this research, the solar energy
utilization system with hydrogen energy storage is called a solar PV power system integrated with
hydrogen energy storage. For the third one, as shown in the Figure 1c, the solar energy is also directly
converted into electrical energy by the PV cell, while the spare electrical energy is converted into
chemical energy and stored in the battery [4]. When considering that the manufacture and processing
of the storage battery are unfriendly to the environment, and the storage battery has a relatively short
lifetime, therefore, the third one is not considered, only the former two systems are investigated and
compared in this paper.
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Figure 1. Technical routine of solar electrical energy generation system with three different energy
storage technology. (a) shows thermal energy storage; (b) shows hydrogen energy storage; (c) shows
storage battery.

Several research groups over the past several decades have explored low- and medium-
temperature solar thermal power generation systems. ORC can work at a lower pressure and
temperature than the conventional steam Rankine cycle, which makes its configuration simple and cost
low [5]. Several experimental and theoretical studies have examined ORC driven solar thermal power
generation systems. Ferrara et al. [6] investigated the effects of working fluid, expander configuration,
operation parameters on the system electrical efficiency, and obtained the optimal working fluid and
proper operation parameters. Rayegan et al. [7] investigated 115 Organic working fluids, and found that
11 working fluids were appropriate for low and medium temperature solar thermal power generation
system from the perspective of the thermal/exergy efficiency, net power output, and expansion ratio.
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Wang et al. [8] carried out the off-design thermodynamic performance on a solar ORC system that
was driven by a compound parabolic trough concentrator (CPC) and with thermal oil heat storage
system in a whole day, and the effects of environmental temperature and thermal oil flow rates in the
collector tube on power output and exergy efficiency were explored. Mcmahan and Andrew [9] applied
the rapid-screening model and finite-time thermodynamic analysis in designing and optimizing the
solar ORC system, and examined the control for heat storage systems and operational strategies.
Quoilin et al. [10] designed a 3 kW solar ORC system with a parabolic trough collector system and
optimized operation parameters of the system. From the viewpoint of maximum power output, CO2

emission and economic performance, Sonsaree et al. [11] analyzed low temperature solar energy
utilization with the ORC system, and compared and evaluated the performance of four different
configuration systems. Caldino-Herrera et al. [12] designed a small-scale low temperature ORC system
coupled to parabolic trough concentrator, in which therminol 55 was regarded as the heat transfer
and storage medium. The thermal efficiency and second law efficiency under a specific condition are
8.02% and 57.99%, respectively. Borunda et al. [13] proposed a direct feed-storage configuration that
was applied in the solar thermal Organic Rankine cycle system, which can realize the instant start of
ORC power generation system no matter how the solar irradiation is. The results show that the heat
storage volume when adopting the feed-storage configuration is much less than the system with a
conventional configuration, for the same heat storage hours. In this system, two auxiliary heaters are
added in order to keep the inlet temperature of thermal oil 170 ◦C. Chacartegui et al. [1] comparatively
investigated two heat storage layouts in a 50 MW parabolic trough plant that was integrated with
Organic Rankine cycle. One is the direct heat storage system with Hitec XL, the other is indirect heat
storage system with Hitec XL as heat storage fluid and thermal oil as heat transfer fluid. The results
showed that the system with direct heat storage layout required a smaller 26% storage tank than the
system with indirect heat storage layout. 61.90% of the concentrated solar thermal power generation
system adopted dual-tank molten salt heat storage type by 2017 [14]. Noting that, researches on
solar thermal ORC system focused on Organic working fluid selection, component configuration
optimization, operation parameters analysis, and optimization.

Although a PV cell has a higher photoelectric conversion efficiency than solar thermal power
generation system, a sole PV system is unable to realize the continuous power generation in a whole
day. The solar PV power system integrated with hydrogen energy storage was originally proposed
in order to solve the electricity storage for a PV cell by Rahman and Tam [15] in 1988. Lehman and
Chamberlin [16] established a 9.2 kW solar PV power generation system, in which the electrical
energy that was generated by the PV cell stacks was mainly employed to drive the air compressor,
and the excess electrical energy was used as the power source of the bipolar alkaline electrolyzer to
produce the hydrogen gas, and a proton exchange membrane fuel cell was a back up power when
the electrical power by the PV cell stacks cannot afford the user load. Torres et al. [17] simulated a
1 kW solar PV power system that was integrated with hydrogen energy storage for different locations
in Mexico. In this system, the battery was used for high irradiation periods (short-term storage),
and the hydrogen energy storage was applied in order to solve the long-term storage for the winter.
However, the model established processes are not given. El-Shater et al. [18] designed a 2.24 kW
solar PV power system, which comprised a isolated PV system, an electrolyzer, a proton exchange
membrane fuel cell stack, and a three-bar hydrogen gas storage tank. The change trends of the output
power of a year round PV system and the voltage versus current density for fuel cell were simulated
with Simulink. Arsalis et al. [19] established a PV based system with hydrogen storage for residential
applications, and analyzed the effect of capacities on the system thermal performance and economic
performance. Sensitivity analysis indicated the decrease of the PV and electrolyzer, the increase of the
lifetime can make the system more competitive. Jia et al. [20] reported a system consisting of PEMWE
(proton exchange membrane water electrolyzer) in series with solar PV, and the system 48 h average
solar to hydrogen efficiency can reach 30%, so the PV/PEMWE system seems to be cost effective.
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As far as the available literature is concerned, a low- and medium- temperature solar thermal
power generation system and solar PV power generation system that are integrated with hydrogen
energy storage are seldom compared. In this research, the solar thermal power generation system
comprises a parabolic trough concentrator, molten salt heat storage, and ORC system [21]. The solar
PV power generation system consists of a PV cell stack, a photon exchange membrane electrolyzer,
a hydrogen storage tank, and a photon exchange membrane fuel cell. The models of both systems
were built based upon the Matlab software, respectively. The solar irradiation value and ambient
temperature effects on the performance of these two systems were obtained. For convenient reading,
the former system is abbreviated for the STORC-MSHS (solar thermal Organic Rankine cycle with
molten salt heat storage) system, and the latter system is short for SPV-PEMWE (solar photovoltaic
cell with proton exchange membrane water electrolyzer) system.

2. System Description

In this section, a large collection of the symbols exit, so the nomenclature and subscripts are
provided in Table 1 and 2.

Table 1. Nomenclature

Variable Description Unit

Qe Required electricity energy per day J/day
cp Specific heat of molten salt at constant pressure J·kg−1K−1

m Total mass kg
T Temperature K
s Entropy J·kg−1K−1

h Enthalpy J·kg−1

η Isentropic efficiency -
x Parameter -
I Current A
V Voltage V
G Irradiation value W/m2

∆T Temperature differencel ◦C
∆G Solar irradiation value difference W/m2

A Area m2

E Potential V
σ Electrical conductivity S/m
λ Thermal conductivity J·m−1K−1

α Activity -
R Universal gas constant -
P Partial pressure Pa
j Current density A/cm2

δ Thickness m
q Gas generation rate mol/s
F Faraday constant -
r Internal resistance Ω

Gib Gibbs free energy J·mol−1

Figure 2 shows the schematic diagrams of these two solar utilization systems. For the
STORC-MSHS system, firstly, solar energy was converted into internal energy of molten salt by
the parabolic trough concentrator, and then molten salt exchanges heat with Organic fluid, finally the
vaporized and pressured Organic fluid enters the expander, and power is generated. When solar
irradiation was abundant, the residual energy was stored in the molten salt tank as thermal energy.
When solar energy is not sufficient for driving ORC, the molten salt heat storage system can effectively
ensure a continuous operation of the ORC system. For the SPV-PEMWE system, solar energy was
converted into electrical energy by the means of PV effect, the spare electrical energy is used as the
power input of the PEMWE, in which water is electrolyzed as hydrogen and oxygen gas, which realizes
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the conversion from the electrical energy to the hydrogen energy. When the PV cell was unable
to satisfy the electricity requirement of the user load, the stored hydrogen gas is converted into
electrical energy in the PEMFC (proton exchange membrane fuel cell) in order to keep the system
operating continuously.

Table 2. Subscripts

Symbol Description Symbol Description

H Hot tank C Cold tank
ref Reference m Molten salt
oc Open circuit sc Shortcut circuit
air Ambient air PV PV array
cm Per square centimeter cell Per cell
out Output rev Reversible

mem Membrane we Water electrolysis
s Saturation act Activity

an Anode side ca Cathode side
con Concentration ohmic Ohmic
FC Fuel cell liq Liquid state

Two systems are compared when the power output is 5 kW. For the STORC-MSHS system, Table 3
shows the main parameters for PTC (parabolic trough concentrator) and ORC (Organic Rankine cycle).

Table 3. Main parameters of the STORC-MSHS system.

PTC ORC

Aperture length (m) 5.77 Evaporation pressure (MPa) 1.2
Focal distance (m) 1.71 Superheating degree (K) 5
Absorber inner diameter (mm) 64 Condensation temperature (K) 316.15
Absorber outer diameter (mm) 70 Sub-cooling degree (K) 3
Glass envelop inner diameter (mm) 120 Expander isentropic efficiency (%) 70
Glass envelop outer diameter (mm) 125 Isentropic efficiency of the pump (%) 90
Pressure in annular space (Pa) <133.2 Mechanical efficiency (%) 90
- - Generator efficiency (%) 95

For the SPV-PEMWE system, Table 4 shows the main parameters for the PV cell, PEMWE,
and PEMFC.

Table 4. Main parameters of the SPV-PEMWE system.

PV Cell PEMWE PEMFC

Standard shortcut current
density (A)

10 Cell temperature (K) 353.15 Cell temperature (K) 333.15

Standard open circuit voltage
(V)

18 Anode exchange current density
(A/cm2)

10−7 Hydrogen pressure (atm) 3

Maximum power density
(W)

8.3 Cathode exchange current density
(A/cm2)

10−3 Air pressure (atm) 3

Maximum voltage (V) 14.2 Activation area (cm2) 25 Standard ambient pressure (kPa) 101.325

Filling factor 0.75 General gas constant 8.314 Cell area (cm2) 25

Current density per square
centimeter (A/cm2)

0.24 Faraday constant 96,485 Internal resistant (Ω) 0.19

Open circuit voltage (V) 0.6 Anode charge transfer coefficient 0.5 Conversion efficiency (%) 0.5

Standard temperature (K) 298.15 Cathode charge transfer coefficient 0.5 Amplification constant 0.085

- - Anode partial pressure (Pa) 101,325 Exchange current density (A/cm2) 10−6.912

- - Cathode partial pressure (Pa) 101,325 Limiting current density (A/cm2) 1.4

- - Membrane activity 1 Gibbs free energy (kJ/mol) 228.17

- - Membrane thickness (mm) 1.78 × 10−4 Mass transport constant 1.1

- - Electrolyzer utilization efficiency 0.85 Hydrogen utilization coefficient 0.85
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Figure 2. Diagram of two kinds of solar electrical power generation systems.

3. Model Establishing

3.1. STORC-MSHS System Modelling

In the STORC-MSHS system, the model of the PTC, molten salt heat storage tanks, and ORC are
built, respectively. Forristal [22] estalished a bidimensional model of PTC collector tube, which can
predict the outlet temperature and heat loss of the collector tube. The heat transfer process from heat
transfer fluid in the absorber to the air can be divided into five parts. They are forced convective heat
transfer of the heat transfer fluid, conductive heat transfer of the absorber wall, natural convective
heat transfer of the annulus, conductive heat transfer of the glass envelope wall, and convective and
radiative heat transfer at the outer of the collector tube. The required collector tube length and heat
loss can be obtained by modeling the PTC collector tube when the inlet temperature of the heat transfer
liquid is known.

For dual molten salt tanks, the cold tank temperature is set as 200 ◦C. When the heat loss of pipe
line between cold tank and the inlet of collector tube is negligible, the inlet temperature of collector
tube can be considered to be the cold tank temperature. This hypothesis is applicable for the hot tank
and outlet temperature of the collector tube. When appropriate insulation measurement is applied in
dual molten salt heat tanks, the temperature drops of two tanks can be controlled below 40 ◦C in one
month, which indicates the temperature drops for dual tanks in a specific day is lower than 1.5 ◦C,
the heat loss of dual tanks can be compensated by the valley-time electricity energy.

The consumed electricity energy per day can be calculated, as follows:

Qe = cpHmH∆TH + cpCmC∆TC (1)

where, mH is molten salt total mass in the hot tank, cpH is the specific heat capacity at a constant
pressure of molten salt in the hot tank, ∆TH is the temperature drop of the hot tank in one day, mC is
the total mass of molten salt in the cold tank, cpC is the specific heat capacity at a constant pressure for
the cold tank, and ∆TC is the temperature drop for the cold tank in one day.

ORC system conventionally includes four main components: evaporator, expander, condenser,
and Organic working fluid pump. It is difficult to establish each component model, but the energy
flow can be obtained through the state point, like evaporation temperature, condensation temperature,
and so on. In this part, the evaporation and condensation temperatures are 120 ◦C and 43 ◦C,
respectively. Selecting an appropriate working fluid is vital for ORC system, R123 is chosen as the
working fluid, because it has a stable and satisfactory performance at the setting temperature, and it is
also much cheaper and more friendly to the environment than most of the Organic working fluids.

Figure 3 shows the T-s diagram of R123; it also exhibits four processes in ORC system: compression,
heat absorption, expansion, and heat rejection processes. There are some assumptions when calculating
the value of each state point: (1) pressure drops in the evaporator and condenser are negligible;
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(2) pressure drops of the pipelines are zero; and, (3) enthalpy drop in the expander is converted into
the shaft work completely.
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Figure 3. T-s diagram of R123.

The outlet enthalpy value of the expander h4 is calculated according to the following equation:

h4 = h3 − ηexp (h3 − h4s) (2)

where, h3 is the outlet enthalpy value of the evaporator, ηexp is the isentropic efficiency of the expander,
and h4s is the isentropic outlet enthalpy of the expander.

The outlet enthalpy value of the working fluid pump can be computed , as follows:

h2 = h1 +
h2s − h1

ηpump
(3)

where, h1 is the inlet enthalpy value of the condenser, ηpump is the isentropic efficiency of the working
fluid pump, and h2s is the isentropic outlet enthalpy value of the working fluid pump.

3.2. SPV-PEMWE System Modeling

Table 4 shows the PV main parameters, and its V-I performance at real irradiation value and
environmental temperature was obtained according to the reference [23], in which the V-I equation of
the PV cell was simplified to the equation, as follows.

I = Isc

(
1 − x1,re f

(
e

V
x2,re f Voc − 1

))
(4)

Two intermediate parameters, x1,re f , x2,re f are introduced in the above Equation (4), and they can
be calculated as follows.

x1,re f =

(
Vm,re f

Voc,re f
− 1

)
1

ln
(

1 − Im,re f
Isc,re f

) (5)

x2,re f =

(
1 −

Im,re f

Isc,re f

)
e

(
−

Vm,re f
x1,re f ·Voc,re f

)
(6)
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The main performance parameters at standard operation condition were obtained from the PV cell
supplier, including shortcut circuit current Isc,re f , open circuit voltage Voc,re f , and the corresponding
current Im,re f and voltage Vm,re f at the maximum power point.

The real temperature of PV cell can be calculated, as follows:

TPV = Tair + 0.03GPV (7)

where, Tair is the environmental temperature (◦C) and GPV is the real irradiation value.
The real shortcut circuit current can be determined by the following equation:

Isc =
GPV

Gre f
(1 + 0.0025∆TPV) Isc,re f (8)

where, ∆TPV is the difference between the real PV cell temperature (◦C) and the reference PV cell
temperature. For the PV cell, the reference PV cell temperature is 25 ◦C, and the reference solar
irradiation value GPV is set as 1000 W/m2.

The real open circuit voltage can be calculated, as follows:

Voc = (1 − 0.00288∆TPV) (1 − ln (1 + 0.5∆GPV))Voc,re f (9)

where, ∆GPV is the difference between the real irradiation value and the reference irradiation value.
The maximum power output of a single PV cell can be obtained; in the meantime,

the corresponding current and voltage at the maximum power output also can be calculated.
The current and voltage at the maximum power point and maximum power output of a single

PV cell are calculated by the following equations, FPV is the filling factor.

Im =
GPV
Gre f

(1 + 0.0025∆TPV) Im,re f (10)

Vm = Vm,re f · (1 − 0.00288∆TPV) (1 − ln (1 + 0.5∆GPV)) (11)

PPV,m = ImVmFPV (12)

When the maximum power output of a single PV cell is provided. The required PV cell area (cm2)
can also be determined by the following equation.

APV =
Isc

Icm

Voc

Vcell

Pout

PPV,max
(13)

The photoelectric conversion efficiency of SPV-PEMWE system without a hydrogen energy storage
system is defined, as follows.

ηPV = 104 Pout

GPV APV
(14)

PEMWE can be modeled according to the reference [24], and the reversible potential is calculated,
as follows:

E0,rev = 1.229 − 0.9 × 10−3 (Twe − 298.15) (15)

where Twe is the water electrolyzer temperature (K).
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The electrical conductivity of polymer electrolyte membrane can be obtained, as follows:

σmem = (0.005139λmem − 0.00326) e1268·( 1
303−

1
Twe ) (16)

where if αmem < 1, λmem is calculated as 0.043 + 17.81αmem − 39.85α2
mem + α3

mem, otherwise, λmem is
calculated as 14 + 1.4 (αmem − 1).

PEMWE overpotential includes concentration overpotential, activation overpotential, and ohmic
overpotential. They can be calculated, as follows, respectively.

Concentration overpotential is calculated, as follows.

Vcon =
RTwe

2F
ln

(
PH2 P0.5

O2

Ps,H2O

)
(17)

Activation overpotential is calculated, as follows.

Vact = Vact,an + Vact,ca =
RTwe

2αanF
a sinh

(
jwe

2jo,an

)
+

RTwe

2αcaF
a sinh

(
jwe

2jo,ca

)
(18)

Ohmic overpotential and total overpotential are calculated, as follows.

Vohmic =
104δmem jwe

σmem
(19)

Ewe = Eo,rev + Vcon + Vact + Vohmic (20)

The hydrogen gas generation rate of the PEMWE can be described as the following equation.

qH2 =
iwe

2F
(21)

Additionally, the oxygen gas generation rate of the PEMWE is calculated, as follows.

qO2 =
0.5iwe

2F
. (22)

The required deionized water per PEMWE cell is determined while using the following equation:

qH2O =
qH2

ηwe
(23)

where ηwe is the utilization efficiency of PEMWE cell.
PEMFC is a device that can convert hydrogen gas into electrical energy, and the model in this

paper is established according to experimental data [25].
Hydrogen partial pressure and oxygen partial pressure can be calculated, as follows.

PH2 =
0.5Po,H2

e
1.653 iFC

T1.334
FC

− Ps,H2O (24)

PO2 =
Pair

e
4.192 iFC

T1.334
FC

− Ps,H2O (25)
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For the PEMFC, the ohmic potential loss, the activation overpotential, the concentration potential
loss, and the Nernst potential loss can be calculated, as follows:

Vohmic = −ir (26)

Vact = −RTFC

2αF
ln
(

i
io

)
(27)

where, r is the internal resistance, α is conversion factor, and io = 10−6.192. α1, k, iL are amplification
constant, mass transport constant, and limiting current density, respectively. If 1 − i/iL > 0, Vcon can
be calculated as α1ik ln (1 − i/iL); otherwise, Vcon is 0.

The output voltage of the PEMFC is the sum of the ohmic potential loss, the activation
overpotential, the concentration potential loss, and the Nernst potential loss.

Eout = Enernst + Vact + Vohmic + Vcon (28)

Enernst =

Gibliq − RTFC ln
(

Ps,H2O

PH2 P0.5
O2

)
2F

(29)

If the output power Pout of 5 kW is completely generated by the PEMFC, then the hydrogen gas
consumption rate per second can be calculated, as follows.

QH2,FC =

Pout
Vout

2F
ηH2,FC (30)

The overall efficiency of the SPV-PEMWE system can be developed in the following equation,
when the solar irradiation is not enough.

ηhs =
ηPVqH2

QH2,FC
(31)

3.3. Model Validation

The model validation of STORC-MSHS system has been carried on in our previous paper [21].
Each component of the SPV-PEMWE system was validated, respectively. The PV model was built
according to the reference [23]. The results of this model at different solar irradiation values and
experimental temperatures were validated through the experimental data from the manufacturer,
and they are within error permissibility. The agreement between the experimental data and calculation
result is given as Figure 4, when the solar irradiation value is 800 W/m2 and environmental temperature
is 25 ◦C.

The PEMWE and PEMFC model were established based on the generally accepted equations,
which have been adopted by many theoretical and numerical researches. Figure 5 shows
the experimental data [26] and calculation result for the PEMWE system, depicting a good agreement
between the calculation result and experimental result. The PEMFC verification result is shown in
Figure 6, and the experimental data is from the reference [27]. The theoretical result can predict the
PEMFC performance in the low- and medium- current density, and it has an acceptable bias between
the calculation result and experimental data when the current density is high.
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Figure 5. Verification result for PEMWE system.
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Figure 6. Verification result for PEMFC system.

4. Results and Discussion

Environmental temperature and solar irradiation value are the two main factors influencing
the system performance. It is necessary to investigate the impact of environmental temperature and
irradiation value.
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4.1. Irradiation Value and Environmental Temperature Effect on the PV Cell Performance

For the SPV-PEMWE system, environmental temperature and irradiation value primarily
influence PV cell performance. Therefore, the impacts of environmental temperature and irradiation
value on PV cell V-I performance, power output, and PV array area were investigated, and the results
are shown in Figures 7–10. Firstly,the cell voltage of PV cell decreases slowly, and then drops quickly
with the cell current. The higher the irradiation value, the higher short circuit current. When comparing
Figure 7 with Figure 8, it was easily found that irradiation had a more obvious impact on V-I
performance of PV cell than environmental temperature, and the V-I performance was more sensitive
to the change of the irradiation value. Figure 9 shows the maximum power output per PV cell
and the required PV cell area change with irradiation value. The maximum power output per PV
cell increased with the increase of irradiation value when the electrical power output was constant.
The required PV cell numbers should decrease, thus the required PV cell area decreases. However,
the required PV cell area increases slightly when the irradiation value is 700 W/m2, which is caused by
the extreme increase of shortcut circuit current, and then the required PV cell area decreases with the
irradiation value. Figure 10 shows the influence of environmental temperature on the maximum power
output per PV cell and the required PV cell area; the maximum power output per PV cell is almost
unchangeable, only a trivial decline. Environmental temperature increase led to the increase of the PV
cell temperature, which was negative for the PV cell electrical power generation, and the maximum
power output per PV cell decreased. The required PV cell area shows an interesting tendency when
the environmental temperature increases. The required PV cell area decreases with the increase of
environmental temperature. This phenomenon is formed by the interaction between the shortcut
circuit current and open circuit voltage.
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Figure 7. Irradiation effect on V-I performance of PV cell when environmental temperature is 25 ◦C.
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Figure 8. Environmental temperature effect on V-I performance of PV cell when irradiation value is
800 W/m2.
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Figure 9. Solar irradiation effect on maximum power output per cell and required PV cell area when
environmental temperature is 25 ◦C.
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Figure 10. Environmental temperature effect on maximum power output per cell and required PV cell
area when irradiation value is 800 W/m2.

4.2. Irradiation and Environmental Temperature Effect on the PTC and MSHS Performance

For the STORC-MSHS system, the environmental temperature can both impact the PTC and MSHS
performance. However, the irradiation value mainly impacts the PTC performance. If the ORC system
adopts the air-cooling way to decrease the working fluid temperature, then environmental temperature
also has an obvious influence on the ORC system performance. In this study, the water-cooling method
was adopted, so the influence of environmental temperature on the ORC system can be ignored.

4.2.1. Solar Irradiation and Environmental Temperature Effect on the PTC Performance

An important and intuitive indicator for PTC performance is the outlet temperature of PTC
collector tube. The effects of irradiation value and environmental temperature on the outlet temperature
were investigated when the molten salt mass flow rate was 2.0 kg/s and the inlet temperature of
the collector tube was 200 ◦C. The required collector tube length is 23 m when the environmental
temperature is 25 ◦C and irradiation value is 800 W/m2. Thus, the following results were obtained
based on 23 m collector tube. Figure 11 shows the effects of irradiation value on the outlet
temperature of PTC collector tube and PTC efficiency. With the increase of irradiation, the collector
tube outlet temperature and PTC efficiency both increase. The outlet temperature of collector tube
increases almost linearly, and the increase rate of PTC efficiency slows down. Figure 12 shows
the environmental temperature effect on the outlet temperature of PTC collector tube and PTC
efficiency. The environmental temperature effect was neglectable when compared with the irradiation
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effect. At the constant irradiation value, when environmental temperature varied from 10 ◦C to
40 ◦C, the outlet temperature change was less than 1 ◦C, and the PTC efficiency change was also
weak. Therefore, the irradiation value played a more important role in the PTC performance than
environmental temperature.
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Figure 11. Irradiation value effect on outlet temperature and PTC efficiency.
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Figure 12. Environmental temperature effect on the outlet temperature and PTC efficiency.

4.2.2. Environmental Temperature Effect on the MSHS Performance

The heat losses of dual molten salt tanks also change when the environmental temperature
changes. Table 5 provides the parameters of the molten salt tank and insulation layer. The heat losses
of molten salt tank at different temperatures can be obtained with the variation of environmental
temperature, results were presented in Figure 13. With the increase of molten salt temperature, the heat
loss of molten salt tank increases linearly. The correlation between molten salt temperature and the
heat loss of molten salt tank can be fitted with the calculation data, and the heat loss of molten salt
tank is easily calculated according to molten salt temperature and the correlation (as Equation (32),
where environmental temperature is 25 ◦C). The heat loss trend of molten salt is shown in Figure 14,
when the environmental temperature increases from 15 ◦C to 45 ◦C. It is obvious that the heat
loss of molten salt tank drops greatly when environmental temperature increases. The increase of
environmental temperature reduced the temperature difference between the outer surface of molten
salt tank and the atmosphere; therefore, the radiative heat transfer process was weakened and heat
loss decreased.

Qloss = 10.8139 · Tms − 287.3203 (32)
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Table 5. Configuration parameters of molten salt tank and insulation layer parameters

Tank height (m) 1.9 Thickness of insulation layer (m) 0. 35
Inner diameter (m) 2.8 Thermal conductivity (W·m−1·k−1) 0.2116
Outer diameter (m) 2.816 Emissivity of insulation layer 0.95
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Figure 13. Heat loss of molten salt tank changes with molten salt temperature as environmental
temperature is 25 ◦C.
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Figure 14. Effect of environmental temperature on heat loss of molten salt tank when solar irradiation
is 800 W/m2.

4.3. Energy Storage Type Effect on the System Performance

These two systems adopt two energy storage types: thermal and hydrogen energy storage.
Thus, it is necessary to investigate energy storage type’s effect on the system’s performance.
When nominal electrical power generations of two system were both 5 kW, the energy storage
performances were compared. The baseline values of irradiation value and environmental temperature
are 800 W/m2 and 25 ◦C, respectively. It should be noted that the irradiation value refers to the direct
normal irradiation value for the STORC-MSHS system, and the irradiation value refers to the total
irradiation value for the SPV-PEMWE system in the model establishing process.

For the STORC-MSHS system, the total heat loss rate of dual tanks of molten salt was 4.35 kW.
The temperature of the hot tank declined almost 1 ◦C in two hours, which was unable to lead to
the electrical power generation decrease. Thus, the system electricity generation efficiency using
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molten salt heat storage was mainly influenced by the ORC efficiency. ORC efficiency can reach 10.7%,
according to the setting parameters of ORC system presented in Table 3.

For the SPV-PEMWE system, the solar irradiation value was set as 800 W/m2, and the
environmental temperature was 25 ◦C. The hydrogen gas generation rate was 0.0036 mol/s, when all of
the electricity generated by PV array was transferred into hydrogen energy. When the power output of
the PEMFC system was set as 5 kW, the hydrogen gas consumption should be 0.0461 mol/s. Therefore,
the system efficiency using hydrogen energy storage is 7.8%, which is 37.3% lower than the system
with molten salt heat storage.

The system performance is investigated when the electricity generation completely depends
on the heat storage system. Based on the results that are presented above, the irradiation value
primarily affects the top cycle performance (PTC and PV array performance), and the environmental
temperature has an obvious influence on the other systems. Figure 15 shows the effect of environmental
temperature on the system electricity performance. The electrical efficiency of the system with
molten salt heat storage is constant, and the efficiency of the system with hydrogen energy storage
is much lower. The latter efficiency presents a downward and fluctuation trend in general. For the
system with molten salt heat storage, the heat loss of the molten salt tanks changes little with the
environmental temperature, and the ORC system efficiency keeps constant when environmental
temperature increases, due to adopting a water cooling system. For the system with hydrogen energy
storage, when environmental temperature increases, the current of per water electrolyzer cell increases,
which leads to the increase of the hydrogen gas generation rate per cell. Environmental temperature
increases also lead to the decrease of the parallel cell number, thus decreasing the hydrogen gas
generation amount. Both reasons result in the fluctuant efficiency of the SPV-PEMWE system with
hydrogen energy storage.
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Figure 15. Effect of environmental temperature on electrical efficiency with energy storage.

4.4. Solar Irradiation Impact on System Efficiency

In Sections 4.1 and 4.2, the results indicate that the solar irradiation value has an obvious effect on
the top cycle (PV array and PTC) efficiency, thus in this part, only the solar irradiation value on the
electrical efficiency of the whole system with an energy storage system was investigated. The variation
tendency of electrical efficiency while using an energy storage system with irradiation value is shown in
Figure 16. For the STORC-MSHS system, when the solar irradiation value increases, the PTC efficiency
increases, and ORC system efficiency is immune to the irradiation value. Thus the system electrical
efficiency increases with solar irradiation value increases. For the SPV-PEMWE system, when the
solar irradiation value increases, the required PV cell area increases first and then decreases, and the
maximum required PV cell area occurs when the solar irradiation value is 700 W/m2. Both solar
irradiation value and the required PV cell area increases lead to SPV-PEMFC system electrical efficiency
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decreases. When the solar irradiation value continues to mount up, the required PV cell area decrease
has a more obvious influence than the solar irradiation value increase on the system electrical efficiency,
so the system electrical efficiency increases with the solar irradiation value. The overall electrical
efficiencies of both systems increase with solar irradiation value, and the STORC-MSHS system has a
much higher efficiency than the SPV-PEMWE system; the main cause is the low conversion efficiency
between electrical energy and hydrogen energy.
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Figure 16. System electric efficiency comparison of two systems at different irradiation values.

5. Conclusions

The mathematic models of the 5 kW STORC-MSHS system and SPV-PEMWE system were
established, while electric efficiencies with energy storage and without energy storage system were
calculated and compared at different solar irradiation values and environmental temperatures.
The effects of two energy storage types, thermal energy storage and hydrogen storage, on the system
performance were investigated. The main conclusions from this work are presented, as follows:

(1). The study on irradiation value and environmental temperature impacts on the PV array
performance states clearly that, with the increase of irradiation value, the PV array performance as
well as maximum power output per cell increases, while the required PV array area declines. As the
environmental temperature increases, the required PV array area is almost unchangeable.

(2). The augmentations of environmental temperature and irradiation value are beneficial for the
PTC performance. When the irradiation value boosts up, the heat absorption of molten salt in the
collector tube increases, as well as the outlet temperature increases. When environmental temperature
increases, the heat loss of the collector tube decreases, and, thereby, the outlet temperature increases.

(3). For the given condition, the relationship between the molten salt temperature of heat storage
tank and heat loss of the tank at different environmental temperatures is obtained. The result shows
that theheat loss of the tank increases linearly with the increase of molten salt temperature. The higher
the environmental temperature, the less the tank heat loss.

(4). Even though the solar PV power generation system has a higher power generation efficiency
in comparison with the STORC-MSHS system, the solar PV power generation system is unable for
realizing the continuous operation. If the hydrogen energy storage is introduced into the solar PV
power generation system, then the problem can be solved. The SPV-PEMWE system has a much
lower power generation efficiency than the STORC-MSHS system due to the low conversion efficiency
between hydrogen energy and electric energy.
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