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Abstract: For developing an efficient solar cooling
technology, a novel coupled system comprising a
photovoltaic ( PV ) module and a van der Waals
heterostructure ( vdWH )-based thermionic refrigerator
(TIR) is established. With full consideration of internal
and external irreversibility, the theoretical model of the
coupled system is constructed, and mathematical expressions
for the key performance indicators are derived. On this
basis, the general properties of the coupled system are
investigated, and the voltage region permitting the system to
operate is determined. According to the calculations, the
maximum refrigerating capacity and the maximum coefficient
of performance (COP) are 75.88 W and 0. 49, respectively.
Furthermore, sensitivity analyses are conducted to derive the
regularity and magnitude of the impacts of critical
parameters on the overall performance of the coupled system,
including solar irradiance, effective Schottky barrier height,
inter-layer thermal resistance, external thermal resistance,
heat leakage thermal resistance and hot reservoir
temperature. The obtained outcomes may contribute to the
design and operation of practical coupled systems.
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0 Introduction

Currently, fossil fuels remain the major component
of global energy consumption, but the worldwide
problems of environmental pollution and energy shortages
are also becoming more prominent'' . Against this
backdrop, there is a burgeoning focus on renewable
energy sources such as solar energy, geothermal energy,
wind energy and wave energy, accelerating the
construction of a low-carbon energy structure .
Amongst them, solar energy has outstanding advantages
in terms of wide distribution, direct convertibility and
cleanliness, which makes it a potential candidate for

solving global energy problems "’

Received date: 2023-04-11

To make stable and efficient use of solar energy,
researchers  have  proposed various means  of
application'®’. Solar cooling is one of the promising
technologies that can tackle the growing demand for
cooling'”’. Depending on the technical route, it can be
divided into solar electric cooling and solar thermal
cooling technologies. The former uses solar-generated
electricity to power the refrigerator, while the latter
collects solar energy as a heat source and then applies it to
drive the refrigeration devices ™. Currently, solar
electric cooling technology has been extensively and
intensively investigated. For example, Dai et al. "
investigated the system performance of a solar cell-
powered thermoelectric cooler based on theories and
experiments and found that the system could effectively
keep the temperature in a refrigerator at 5-10 C. Cheng
et al. """ applied a solar-powered thermoelectric cooling
system to the thermal management of the building. The
system achieved a temperature difference of 16.2 C
during steady operation. Zhao et al. "' evaluated the
performance of a thermoelectric refrigerator powered by
dye-sensitized solar cells. The outcomes indicated that the
system’ s coefficient of performance ( COP ) under
optimal conditions was 0.8. Long et al. '™ designed a
solar cooling installation comprising a thermally
regenerative  electrochemical  refrigerator and a
photovoltaic ( PV ) module, in which the impact of
various factors on the system properties was analyzed.
Liao et al."" investigated the performance of a
thermoelectric cooling system driven by a PV module and
obtained an optimized system efficiency of 13. 9%.

A thermionic refrigerator ( TIR ) is a solid-state
refrigeration unit, originally conceived by Mahan'"”' in
the 1990s. Several investigations have demonstrated that
the theoretical efficiency of TIR is superior to that of
thermoelectric devices''™'"). However, its cooling at
room temperature is still challenging due to the limitations
of the electrode material!™"’. To fundamentally
overcome this limitation, numerous innovative thermionic
refrigeration technologies have gradually emerged. For
instance, Shakouri et al. ™ first proposed using a
heterostructure in the device to realize thermionic
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emission.  Although this method could effectively
diminish the work function, the cooling efficiency was
significantly hampered by the irreversible thermal
conductivity between two electrodes. Mahan et al. "
optimized the thermionic refrigerator based on a multi-
layer barrier structure and analyzed the performance in
detail. Fan et al. ™ constructed a SiGeC/Si superlattice
thermionic refrigerator with experimentally measured
cooling temperature differences of 2. 80 K and 6.90 K
obtained at 298. 15 K and 373. 15 K, respectively. With
advances in materials and systems, van der Waals
heterostructures ( vdWHs )  comprising multilayer
transition metal dichalcogenides (TMDs) were applied to
thermionic devices' ™. Wang et al. '* used the first
principle to investigate the properties of thermionic
devices composed of vdWHSs. Results indicated that the
system exhibited excellent cooling performance when the
temperature exceeded 450 K. Qiu et al. "™ designed and
numerically analyzed a theoretical model of a vdWHs
thermionic refrigerator, revealing the optimal operating
region for the entire apparatus. Liang et al. "*"’ established
a thermionic energy conversion device based on vdWHs.
When utilized as a refrigerator, the device achieved a
cooling efficiency of 21.94% of the Carnot efficiency
under ideal conditions. The vdWH has great potential in
the field of thermionic cooling, as it can effectively
exploit the low thermal conductivity of TMDs and
significantly improve the thermionic emission process of
the device, making efficient cooling of thermionic
refrigerators at low and medium temperatures
feasible' ™"

The synthesis of previous research revealed that
investigations focusing on hybrid solar cooling systems
with the PV module and the vdWH thermionic refrigerator
are not available. Targeted investigation can simulate the
performance characteristics of this specific coupled system
and provide new insights into the development and
utilization of solar electric cooling systems.

Thus, to bridge this investigation gap, this work
integrates a vdWH thermionic refrigerator into a PV
module system that exploits the electricity generated by
the PV module for cooling production. A
comprehensive theoretical model of the proposed
system is established, and analytical formulas for the
refrigerating capacity and the COP are derived. On this
basis, the coupling properties and the cooling capacity
of the system are investigated. In addition, an
extensive parametric analysis is undertaken to evaluate
the impact of several critical parameters on the
installation’ s performance.

1 System Description

Figure 1 schematically portrays the proposed coupled
system, mainly consisting of a PV module and a vdWH
thermionic refrigerator.

When sunlight irradiates the PV module surface,

partial solar energy is converted into electricity and
employed directly to power the subordinate thermionic
refrigerator for cooling. In this coupled system, I, stands
for the current of the PV module; Ty, is the PV module’s
working temperature; Q. and Q, represent the heat
transfer at the cathode and the anode of the refrigerator,
respectively; J. and J, represent the thermionic current
densities emitted from the cathode and the anode
surfaces, respectively; O, is the heat transfer between the
graphene-TMD interfaces and within the TMD layers; T,
and T, are the temperatures of the anode and the cathode
of TIR, respectively; T, and T, are the hot reservoir
temperature and the cold reservoir temperature,
respectively. As a refrigeration device, T,>T,>T.>T,.

Sunlight

— PV module T

vdWH thermionic
refrigerator

Fig. 1 Schematic diagram of coupled system

In the following, the two subsystems and the
coupled system are depicted and mathematically analyzed
in turn. And the next sensible hypotheses are applied to
simplify the modeling intricacies.

1) The coupled system operates under steady-state
conditions'™" .

2) The incident wavelength of sunlight is fully
utilized"*" .

3) The PV module is regarded as a current source
parallel to the diode and dependent on irradiance' ™ .

4)The influence of lateral momentum non-
conservation on the thermionic refrigerator is neglected " .
1.1 PV module

As sunlight irradiates the PV module, new electron-
hole pairs are generated. Owing to the internal electric
field, electrons move from the P zone to the N zone
while holes are pushed towards the P zone, creating a
new potential difference. With the PV effect, a
continuous current flows through the circuit when the
external circuit is connected ™"’

Figure 2 depicts the equivalent circuit of the PV
module, where V,, denotes the PV module’ s output
voltage; Ip,, I, and I, are the output current, reverse
current and photocurrent of the PV module, respectively;
R, and R, stand for the intrinsic series resistance and
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shunt resistance, respectively.

I, <D 1(,1! H R, V.

Fig.2 Equivalent circuit of PV module

Depending on Ref. [35], the photocurrent I, is
obtained by

G

]ph = 7[[ph, ot T (T

. Tl (1)

where G indicates the solar irradiance; G, and T,
represent reference solar irradiance and temperature,
respectively; 1, . is the short-circuit current under the
reference conditions; u refers to the temperature
correlation coefficient.

The reverse saturation current /, can be expressed as

T\ E.
=1, (—) exp °"(i—i) . @
, T K,m T.»ef Ty,

ref

where g represents the charge of an electron; E, is the
energy gap of the silicon crystals; m is the diode ideality
factor; K, is the Boltzmann constant; I, is the reverse
saturation current at T ;.

The current-voltage characteristics of the PV module

can be expressed as"*

g( Vo, + 1, ,R,)
[P\ = n])lph - np[r{exp[M - 1 ’ <3)
b+ PV's

r, ref

where n, and n, are the amounts of cells connected in
series and parallel, respectively.

Thus, the output power of the PV module under
reference conditions Py, . is given by

PPV, wr = Vlpy = Viyn, I

p”ph

q(Vey + IyR,) }
Voen I — | =-1;. (4
pvit, '{exp[ mK, Toon. (4)

Considering the significant impact of variations in
working temperature on the PV module’ s performance,
the actual output power of the PV module P, is'*"

PP\‘ =PP\,mf[1 _a(TP\ _Tref>:|’ (5)

where o is the empirical rate of decline in the output

power, and o = [ 1.069 — 0.00469( T, — 273.15) ] %.
Meanwhile, the efficiency of the PV module 7,, can

be calculated as

™

6A

MNpy (6)

where A, is the surface area of the PV module.

1.2 TIR based on vdWHs

The efficient solid-state thermionic refrigerator based
on vdWHs is composed of graphene electrodes and multi-
layer TMDs. In the absence of the bias voltage, the hot
electrode of TIR has a larger potential energy, and
electrons flow more readily from the hot electrode to the
cold electrode. When a sufficiently large reverse voltage
is exerted on the cold electrode, its potential energy
increases, allowing electrons to flow from the cold
electrode to the hot electrode. The flow of electrons
removes heat from the cold electrode and thus cooling is
achieved.

Externally, TIR transfers heat between the electrodes
and their corresponding reservoirs. The heat released by
the graphene anode Q, and the heat absorbed by the

graphene cathode Q. can be respectively calculated as *
QH:KlAJ(Tl _TH>’ (7)
Q(; =K2A2(T(; - Tz) ) (8)

where K,, K,, A, and A, refer to the effective heat
transfer coefficients and areas between the anode and the
cathode with their corresponding external reservoirs,
respectively.

For graphene electrodes, the thermionic current
densities emitted from the anode and cathode surfaces
after applying the bias voltage V., are"””

qe + qVyy
J. =BTe (—7) 9
H B 1 €XP KT, (9)
: q¢
I =BTiexn( = ). (10)

where B8 =1.158X107°A/(cm®-K’) ; ¢ is the effective
Schottky barrier height. ¢ = ¢,E,/q, where E, is the
intrinsic Fermi level; ¢, is the Schottky barrier height at
zero bias.

Combining Egs. (9) and (10), the net current
density J is obtained by

]:]c _]H
qe

ZBTZeXp(—ﬁ) —BT‘?exp(- (11)

b2

qe + qVTm)
Kh T] '

The input power of TIR P, can be obtained as
Py = JVigAs, (12)

where A, denotes the effective area between electrodes.
The transport of electrons between electrodes causes
energy transfer, and the related heat can be given by >

Q= (@ + Vo +3KT,/9)A ) -
(¢ + VTTR + 3K1>T1/C])A3JH’ (13)

Oc = (¢ + 3K, T,/9)A ). = (¢ + 3K, T /q)A, ], (14)
where (), and (), represent the heat transfer at the anode

and the cathode due to the transport of electrons,
respectively.
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Besides, heat transfer (@, exists between the
graphene-TMD interfaces and within the TMD layers,
which depends mainly on the inter-layer thermal
resistance R,. According to Ref. [19], it can be written
as

QI:A3(T1 _TZ)/RI‘ (15)
For calculation convenience, Egs. (7) and (8) can also
be formulated in terms of thermal resistance as

Qw=A(T, - T,)/R,, (16)

Q(::Az(Tc _Tz)/Rc’ (17)
where R, is the thermal resistance between the anode and
the hot reservoir; R, is the thermal resistance between the

cathode and the cold reservoir.
Combining Egs. (13) —(17), the energy balance
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Voloo [ 1 = a(Tpy = T.) ] = VA,
|:,3T;exp(— Kq]—‘;) —gTiexp(— W{;;]VT“‘) } (24)
Table 1 Default parameters used in coupled system
Parameter Value Parameter Value
Ty /K 3450 || T, /K 260"
©/V 0.05*" || T, /K 3003
G/(W/m?) 800 R, /(K-m*/W) 50.15x107" 1%
T.,/K 300 R, /(K-m’/W) 10702
G../(W/m’) 1000 | R./(K-m*>/W) 10°°
Lyt /A 9.43 R, /(K-m*/W) 1.1x1073[*
I /A 1.18x1077 || n, 60
w/(A/K) 3x107° || n, 1
E, /eV L2 m 1.23

equations of the two electrodes at the steady state are

A(T, =Ty /Ry = (¢ + Vy + 3K, T,/q)A ] -
(o + Vig + 3K1>T1/q)A3JH _A3(T1 -T,)/R,, (18)

Az( TC - Tz)/RC = (QD + 3KhTz/q)A3]c -
(¢ +3K,T,/q)AJ,, — A, (T, = T,)/R,. (19)

1.3 Solar-driven thermionic refrigeration system
Considering heat leakage between the cold reservoir

and the hot reservoir, i.e. Q, = A,(T, - T.)/R,_, the

refrigerating capacity of the device is given by

Q,=A(T.-T,)/R, —A(T, - T.)/R,, (20)

where A, and R, are the heat transfer area and thermal
resistance between the cold reservoir and the hot
reservoir, respectively.

As we set ), =0, the critical voltage value V, , for

the cooling rate being zero can be obtained, which can be
given by

KT,
=——1In
\ q
A?ﬂTl(QD + 3K»,T1/9)€XP[Q¢(T1 - T2>/(K1;T1T2>]

ABT(¢ +3K,T/q) = (Q, + Q)explgp/ (K T,) ]

Since the power required for TIR at the bottom of
the system is entirely supplied by the PV module, the
coupling condition of the system is

P, =P

Vo, 0, =

. (21)

PV TIR* ( 22 )

The COP denoted by C,, of the system is calculated
as
0. Az(Tc _Tz)/Rc _A4(TH _TC)/RL

C = =
” PPV VP\‘]P\ [1 - a(TP\ - Tref)]

(23)

Furthermore , according to Eqs. (5), (11), (12)
and (22), the relationship between V,, and V., satisfies

2 Model Validation

Relevant experimental reports on this coupled system
are not yet available, but previous studies have
individually assessed the PV module. Thus, the PV
module is verified in contrast to the experimental results
in the existing literature. Figure 3 (a) compares the
modeling results with the experimental results from
practical Suniva PV modules'*’. The relevant data are
measured at a temperature of 298.15 K and a solar
irradiance of 800 W - m®. Evidently, the trend of the
present model ’ s I,,-V,, curve is consistent with the
practical PV module, and the data between them are in
good agreement. Moreover, according to experimental
data from Sachenko et al. "', the 7,,-T,, curve of the
current PV model is validated and compared. The
experiment employs a solar radiation simulator to produce
an irradiance of 1 000 W - m” with the AM (air mass)
1.5 G spectrum. A VPF-100 cryostat is placed in the
experimental setup to guarantee temperature stability
within the measurement temperature range. As can be
observed in Fig.3(b), the efficiency of each PV module
decreases monotonically as the working temperature
grows, and the modeling results agree well with the
experimental results.

To more specifically contrast the experimental results
with the modeling results, the average relative error

1 <&
formula Er = z ‘ <Xmml,1 - X(-xp,i)/ch'P i ‘ X 100% is
n iz ’

introduced, where X and X, ,, represent the
experimental value and the simulated value,
respectively ', The results indicate that the average
relative errors are 3.63% ( Fig.3 (a)) and 1.75%
( Fig.3 (b)), respectively. The great consistency
between the model and experimental results demonstrates

that the established model is valid and dependable.

exp.i
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Fig.3 Model validation: (a) comparison of Ipy-Vpy relationship between modeling results and experimental results from Ref. [41];

(b) comparison of npy-Tpy relationship between modeling results and experimental results from Ref. [ 42 ]

3 Generic Performance Features

To elucidate the coupling characteristics of the
proposed system, its generic performance features in the
standard state are fully investigated and evaluated. The
parameters required to numerically solve the coupled
system are listed in Table 1, and the associated solution
flow is illustrated in Fig. 4.

Input system
parameters
| Calculate P and |
!
T >
} Yes
| Calculate V., T,and T, |

TIR? 1

l

| Calculate O and COP |

|
g
lYes

| Output Q. and COP |

{

End

:

Fig. 4 Flow chart for solving the coupled system

Figure 5 depicts the curves of P, and V  of TIR as
a function of V,,. In Fig. 5, Py, .. and V, are the
maximum input power and its corresponding PV module
voltage, respectively; V. 0, is the TIR voltage when the
refrigerating capacity is zero; V, and V represent the
lower and upper voltages permitted to operate the coupled
system. It can be observed that both P,,, and V., increase
and then decrease as V,, grows. There is an optimal
voltage V that allows P, and V. to achieve their
maximum values. In fact, V., is proportional to P,
and P, is tightly associated with the working voltage of
the PV module. When V,, is lower than the critical value
V,, the working current of the PV module rises as Vi,
grows, leading to an increase in input power. As V,
exceeds V, , the operating current of the PV model
decreases because the positive bias voltage at the PN

junction approaches the photogenerated electric potential ,
leading to a reduction in P,;. In addition, based on
Eq. (21), the voltage V, , at Q, =0 can be obtained, as

well as the corresponding lower limit V,, and upper limit
V,, of V,, permitted to operate the coupled system. Thus,
the operating voltage range of the system should be
located in [V, , V] for cooling purposes.

160 0.06
PTIR max /.
135
10.05
S ks
% 110 :
10.04
85
- Vu.gr
60 - ——0.03
0 10V, 20 30V, ¥, 40

Fig. 5 Curves of Py and Vi, versus Viy

Furthermore , Fig. 6 illustrates the effect of V,, on O,
and C,, of the coupled system. In Fig. 6, O, . and
Cop. ma are the maximum values of Q, and C,; V, is the
operating working voltage corresponding to @, .. and
Cop. mx+ Clearly, both O, and C,, first rise and then fall
with increasing V,, within the permitted operating voltage
range. At V,,=32.49 V, Q, reaches its maximum value
O, o 0f 75.88 W, and C,, achieves its maximum value
Cop. max Of 0.49. Tt can be noticed that the voltages that
make @, and C,, reach their maximum values are

identical.
150 0.6

—0 v
_C ('nv‘m‘\\ 105

7 :r v a 0
10 Y 20 30 Vo V40
VoV

Fig.6  Curves of Q, and C versus Vpy
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4 Results and Discussion

According to the above model, the performance of the
coupled system is profoundly affected by various
parameters, mainly including solar irradiance G, effective
Schottky barrier height ¢, inter-layer thermal resistance R,,
external thermal resistance R, heat leakage thermal
resistance R, , and hot reservoir temperature 7. Thus,
integrated sensitivity assessments are performed to explore
how they affect the whole performance. Moreover, the
parameters in Table 1 are considered to be the default
parameters of the coupled system unless specifically
indicated.

4.1 Effects of solar irradiance

As an essential parameter of the coupled system, the
variation in solar irradiance G affects the overall amount
of solar energy entering the system, and therefore its
impact on the properties needs to be evaluated. Figure 7

presents the integrated influences of G and V,, on the

/W
1000

900
800

700

GI(W/m?)

600

500

100 15 20 25 30 35 40

refrigerating capacity Q, and C,,. It can be seen that
when G holds constant, Q, and C,, both initially increase
and then decrease as V,, increases, and when V., remains
constant, the coupled system’s performance is
considerably improved with increasing G. This is
consistent with the physical significance of G. A larger G
represents more energy entering the mixed unit, which
means that more electrical energy is applied to drive the
thermionic refrigerator for cooling. Thus, the capacity of
the coupled system is enhanced. Additionally, it is
notable that Q. is more sensitive to variations of G
compared to C,,. For example, when G rises from
700 W/m* to 1 000 W/m® at V,,=32.49 V, Q. increases
from 61. 12 W to 97. 65 W, while C, only increases from
0.45 to 0.49. In general, the enhancement of G is salutary
to the coupled system’s integral capabilities. G is
intimately linked to parameters such as latitude, weather
and season, and numerous innovative technologies have
been investigated to obtain more incident solar energy'*’.

¢
1000 g = 050
\
900 0.40
800
< 0.30
5 700
S 0.20
600
.
500 0.10
400 0
1015 20 25 30 35 40

VIV
(b)

Fig. 7 Combined effects of G and Vpy on (a) Q,; (b) Cyp

4.2 Effects of effective Schottky barrier height
Effective Schottky barrier height ¢ characterizes the
lowest energy needed for electrons to escape from the
surface of the TIR electrode. Figure 8 illustrates the
combined influences of ¢ and V,, on Q, and C,,. It can
be observed that the coupled system performance is
sensitive to ¢. When ¢ decreases from 0. 06 to 0. 03 at

o)W
0.07

85
68
0.06
51
>
5 0.05
34
|
0.04 17
0.03 0

(@)

Ve =30.00 V, Q. increases from 50.21 W to 74.25 W,
and C,, increases from 0. 33 to 0.49. This is because the
reduction in ¢ makes electrons easier to escape from the
TIR electrodes, leading to a higher electron emission
current density, and this means that the energy flux of
electron emission is significantly enhanced.

C

op

10 15 20 25 30 35 40
VoV
®)

Fig. 8 Combined effects of ¢ and Vpy on (a) Q,; (b) Cop
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Meanwhile, for a fixed ¢, Q, and C,, always
increase and then decrease as V,, grows. Choosing
materials with a lower ¢ tends to make the system
perform better, and the pursuit of emitting materials with
a lower ¢ has been a topical issue in the realm of
thermionic emission over recent years.

4.3 Effects of inter-layer thermal resistance

The inter-layer thermal resistance R, is a critical
parameter in determining the property of TIR, which
further influences the overall capability of the system.
Figure 9 illustrates the performance characteristics of the
proposed system within a range of R,. It can be noticed
that as R, increases, both Q  and Cg, . first rise
sharply and then remain almost constant. When R, is
low, the system’ s performance is very sensitive to
variations in R,. For example, as R, enlarges from 4 X
10° K-m*/W to 2x107° K-m*/W, Q. i increases from
39.09 W to 210.91 W and C,, . grows from 0.25 to
1. 58. The potential mechanism for this phenomenon can
be explained as follows. For solid-state thermionic
devices, the primary disadvantage is that the heat transfer
caused by lattice vibrations in the semiconductor potential
barrier layers results in a loss of cooling capacity. The
lower the inter-layer thermal resistance is, the greater the
loss will be. When R, increases sufficiently, this heat
transfer is significantly inhibited and the influence on
cooling performance becomes weaker. From the analysis
above, R, is the critical parameter that has a significant
impact on system performance and its value needs to be
enlarged within reasonable limits. The number of TMD
layers and the inherent thermal conductivity of the TMDs
are the major factors in determining R,. To strengthen the
cooling capacity, vdWHs with the reasonable thickness
and low cross-sectional thermal conductivity are required
in the designs.

350 3

ol —Com
’ Cop, max

2501

OP, max

&
S
(

0 . . . 0
10 10+ 10 10° 102
RJ(K-m¥/W)

Fig.9 Curves of Q

and Cop. . versus R,

r,max

4.4 Effects of external thermal resistance

As can be seen from Eqs. (18) and (19) that
external thermal resistance R, is tightly related to the
coupled system performance, and the impact of its
variation on performance needs to be investigated. For
the convenience of discussion, it can be noted that R, =
R. = R;. Figure 10 presents the Q, . and C, . of the

coupled system at different R;. Obviously, both QO

T, max

and C, . decrease monotonically as R increases. This
is because the increase in R, weakens the heat transfer
between the graphene electrode and the external reservoir
and therefore deteriorates the performance of the coupled
system. When R, = 1.5x10° K-m’/W, Q, . and
Cop. mix are 48. 71 W and 0. 31, respectively. When R, —
0,i.e., KA =KA, > o, T, =T,, T, = T,, the
irreversible heat transfer between the thermionic
refrigerator and the outside is ignored, and Q, .. and
Cop mx Can rise to about 179.92 W and 1.15,
respectively. By comparing the non-ideal and ideal cases,
it is clear that the influence of R on the properties of the
coupled system is significant. Consequently, R, ought to
be as low as feasible, otherwise, the capacity of the
system will be reduced.

200 1.5

1. max

150 T Copmax

/W
OP, max

=1, max’

@)
C

0 1x10% 2x10% 3x10%
R/(K-m*/W)

Fig. 10  Curves of Q and Cop ,,, versus Ry

T, max

4.5 Effects of heat leakage thermal resistance

It can be noticed from Eq. (20) that the heat
leakage thermal resistance R, has a great influence on
cooling capacity, but has rarely been discussed in prior
investigations. Figure 11 demonstrates the properties of
the coupled system at various values of R, .

100 05
80 | 104
R 103 3
40t 02~
20t — Qe 011

T “OP, max
0 L 1 L L O
105 104 107 102 107 10°
R /(K-m*W)

Fig. 11  Curves of Q

and Cop ,,, versus Ry

r, max

With increasing R,, both Q =~ and C, . first
increase rapidly and then remain virtually invariant. As R
increases from 2x10” K-m*>/W to 1x10™ K+-m>/W,
O, .. improves from 26.63 W to 75.13 W, and C, ..
rises from 0. 17 to 0.48. As R, increases from 1x10~° K-
m?’/Wto 1 K-m’/W, Q. elevates from 75.13 W to
76.04 W and C;, .. grows from 0. 48 to 0. 49. It can be
observed that when R, is low, its variation has a dramatic

impact on the system performance. The existence of heat



Performance Evaluation of a Photovoltaic Module-Driven van der Waals Heterostructure-Based

Thermionic Refrigerator 153

leakage between external heat reservoirs often leads to a
waste of heat, which further significantly deteriorates
system performance. In conclusion, for the practical
system, enhanced insulation measures between external
heat reservoirs are necessary.
4.6 Effects of hot reservoir temperature

To demonstrate the impact of the hot reservoir
temperature on the coupled system performance, T}, is
varied from 290 K to 310 K. As indicated in Fig. 12,
both Q, .. and C,, .. decrease monotonically as T
increases. To be specific, as T, rises from 290 K to
310 K, Q, .. diminishes from 120.62 W to 28.54 W,
and C, ,,, diminishes from 0. 81 to 0. 18. This is due to
the growth in T, being accompanied by a decline in the
temperature span 7, —7,, which reduces the impetus for
external heat transfer. The results demonstrate that
increasing T, always has a positive influence on the
properties of systems, and a lower T}, is an effective route
to improve overall cooling capacity.
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100 |-
g ;
280 105 2
Qi &y
60
103
40t
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7,/K

Fig. 12 Curves of Q and Cop  ,,, versus Ty

r, max

5 Conclusions

A novel coupled system of a vdWH-based
thermionic refrigerator driven by a PV module is
developed. Considering the irreversible losses of the
system, mathematical expressions for the refrigerating
capacity and COP of the coupled system are derived. The
general properties of the system are analyzed, and the
findings indicate that the maximum refrigerating capacity
and the maximum COP are 75.88 W and 0.49,
respectively. Besides, the voltage range allowing the
coupled system to operate is obtained. Subsequently,
detailed parametric investigations are undertaken to
evaluate the impact of various work situations and
designed factors on the performance of the coupled
system. The outcomes illustrate that increasing solar
irradiance, inter-layer thermal resistance and heat leakage
thermal resistance improve the properties of the coupled
system, while rising external thermal resistance and hot
reservoir temperature degrade the system performance.
The study outcomes may facilitate the establishment and
operation of such a novel coupled system.

Furthermore, this paper focuses on the establishment

of a numerical model of the novel solar cooling coupled
system and theoretically investigates its performance
characteristics at a steady state. One point to note is that
the theoretical model inevitably has slight errors with the
actual system due to necessary simplifications of the real
physical processes, assumptions made during the
construction of the model, and the difficulty of reflecting
the current state of the technology in the calculations. A
more comprehensive theoretical model and an associated
experimental system need to be developed in future
research to facilitate the practical application of coupled
systems. And, its performance potential and application
value can be further explored in conjunction with
environmental effects and economic analysis.
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