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ABSTRACT 
 Evaporative cooling using hygroscopic composite 
hydrogels and radiative cooling are widely studied 
passive thermal management strategies for photovoltaic 
(PV) modules. This work explores a synergistic approach 
that integrates evaporative cooling through a 
hygroscopic hydrogel on the back side with radiative 
cooling on the front side of PV modules. A highly 
accurate heat and mass transfer model is developed and 
validated to simulate three configurations: radiative 
cooling only; evaporative cooling only on the back side; 
and the combined use of both techniques. Results 
demonstrate that the hybrid configuration achieves the 
best cooling performance, yielding an average 
temperature reduction of 3.2 °C and power generation 
efficiency (PCE) increase by 1.2%, which corresponds to 
a 500% and 26% relative improvement in PCE compared 
to the radiative-cooling-only and evaporative-cooling-
only cases, respectively. Notably, radiative cooling has 
only a minor influence on the hydrogel’s absorption and 
desorption dynamics, increasing nighttime water 
absorption by about 1%, while the enhanced radiation 
extends the duration of the positive temperature 
reduction effect by 10%. Radiative cooling can be 
considered as a supplementary method coupled with PV 
modules, where evaporative cooling serves as the 
primary passive cooling mechanism. 
Keywords: PV passive thermal management, 
evaporative cooling, radiative cooling, synergistic 
strategy  

Nonmenclature 

Abbreviations 
EVA Ethylene-Vinyl Acetate 
PTFE Polytetrafluoroethylene 
PV Photovoltaic 

Symbols 
A contact area (m2) 

wa water activity in salt solution 

C concentration (mol/m3) 
D diffusion coefficient (m2/s) 
δ thickness (m) 

h 
convective heat transfer coefficient 
(W/m2/K) 

J water vapor flux (mol/m2/s)) 

k permeability of hydrogel (m2) 

k' conductivity (W/m/K)  
P power (W/m2) 
 volume ratio (-) 

R universal gas constant 
σ Stefan Boltzmann constant 
T temperature (K) 
u wind speed (m/s)
ν poisson’s ratio of hydrogel (-) 
G hydrogel shear modulus (Pa) 

1. INTRODUCTION
The rapid deployment of photovoltaic (PV) 

technology has positioned it as a cornerstone of the 
global transition to renewable energy [1]. However, the 
PCE of silicon-based PV modules is highly sensitive to 
temperature, with a typical power conversion efficiency 
decrease of 0.3–0.5% per degree Celsius rise above the 
standard test condition of 25°C [2]. In practice, PV 
modules often operate at temperatures exceeding 50°C, 
and even above 75°C in hot climates, leading to 
significant energy losses [3]. Therefore, developing 
effective and economical thermal management 
strategies for PV modules is of great significance. 

PV thermal management methods can be classified 
into active and passive cooling, where passive cooling 
attracts attention with energy-free and low complexity 
[4]. Radiative cooling has emerged as one of passive 
cooling techniques, leveraging the transmission of 
thermal radiation through the atmospheric window (8–
13 μm) to outer space [5]. However, studies have shown 
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that the actual cooling effect is limited—typically less 
than 1°C under realistic outdoor conditions—due to the 
already high inherent emissivity of the glass 
encapsulation and the dominant role of convective heat 
transfer [6]. Even with ideal emissivity, the maximum 
temperature reduction is only about 1.8°C, making 
standalone radiative cooling economically unattractive 
for most commercial PV applications [7]. 

In contrast, evaporative cooling using hygroscopic 
hydrogels has demonstrated greater potential for 
immediate and substantial temperature reduction [8–
10]. By absorbing atmospheric moisture and releasing it 
through evaporation, hydrogels leverage the high latent 
heat of water to provide maximum temperature 
reduction over 10°C [8]. These temperature drops 
significantly exceeding those achieved by radiative 
methods, particularly during peak solar hours and in 
well-ventilated conditions [6,11].  

However, hydrogel-based evaporative cooling 
constrained by ambient humidity levels and the finite 
water reservoir, potentially leading to performance 
degradation in arid climates or over extended dry 
periods [12,13]. These limitations motivate the 
exploration of a synergistic hybrid cooling strategy. 
Radiative cooling functions continuously, day and night, 
while evaporative cooling provides intense, latent heat-
driven cooling that is particularly effective during 
daytime heating. The combination of radiation and 
evaporation could lead to a more stable and lower 
operating temperature throughout the diurnal cycle than 
either method could achieve alone. It should be noted 
the combined strategy mentioned here is different from 
existing studies [14,15], where hydrogel is set on the 
front side of PV module and achieves radiation cooling 
and evaporative cooling simultaneously. The strategy 
discussed in this paper refers to combined radiation 
cooling and evaporative cooling realized by the front 
glass of PV module and by the hydrogel on the back 
respectively.  

Motivated by this potential, we conduct a systematic 
numerical investigation to the combined cooling 
strategies. This study employs a comprehensive heat and 
mass coupling model to simulate and compare four 
specific PV module configurations: a standard base 
module, a module with only front-side radiative cooling, 
a module with only back-side evaporative cooling, and a 
hybrid module integrating both techniques. The primary 
objectives are to rigorously evaluate the individual and 
combined temperature reduction performance and to 
elucidate the heat dissipation pathways. The findings aim 

to provide critical insights and a robust theoretical 
foundation for the development of combined passive 
thermal management systems for photovoltaics. 

2. METHOD 

2.1 Theoretical model 

A theoretical thermal resistance model is established 
based on the energy balance of the five components in a 
PV module: glass, EVA1, solar cell, EVA2, and tedlar [16]. 
For the specific case of evaporative cooling, the model is 
extended to incorporate the heat and mass transfer 
processes associated with a hygroscopic hydrogel layer, 
as illustrated in Fig. 1. Heat transfer resistance between 
tedlar and hydrogel consists of resistance of conduction 

cond,ted-hydroR , which is calculated by Eq. (1), where δ ,k'  

and A  are thickness, conductivity and contact area 

respectively, and contact resistance con5R , which is 

considered as constant of 1×10-4 K/W. 

 ji
cond,i-j

i i j j

δδ
R = +

2k' A 2k' A
 (1) 

The radiative resistance to the ground rad,hydro_grdR  is 

calculated by Eq. (2), where hydroε  is the emissivity of 

hydrogel with value of 0.9. Temperature of ground grdT  

is equal to the ambient temperature ambT . 

 rad,hydro-grd 2 2
hydro hydro grd hydro grd

1
R =

ε σA(T +T )(T +T )
 (2) 

The convective resistance to the ambient air is 
calculated by Eq. (3), where u  being the wind speed. 

 
conv,hydro-amb

conv,hydro-amb

conv,hydro-amb

1
R =

h A

h =2.8+3.0u

 (3) 

For mass transfer, the vapor concentration 
difference is the driving force (Eq. (4)). The mass 
transfer resistance of the hydrogel itself is defined as Eq. 

Fig. 1 Heat and mass transfer resistance diagram of 
model 
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(5), where the diffusion coefficient lD  within the 

hydrogel is calculated by Eq. (6) [17]. 

 w sat PV sat amb
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The vapor evaporates from the hydrogel surface to 
the ambient is considered as a series connection which 

follows Eq. (7) and the resistance of the PTFE m,PTFER  

and the resistance of the air boundary layer m,airR  are 

calculated by Eq. (8). 

  H amb 1 ambH
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f v

eff=D =D
δ δ δ δ

C -C C -CC -C
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2.2 Model validation 

The predictive capability for temperature was 
validated against experimental data from a field test [8]. 
A representative temperature profile for a single day is 
shown in Fig. 2. The validation results demonstrate high 
accuracy, with the Root Mean Square Error (RMSE) and 
Mean Relative Error (MRE) for the PV module 
temperature being 0.98°C and 1.8%, respectively, for the 
case with the cooler, and 0.81°C and 1.4% for the case 
without the cooler. These low error values confirm that 
the model is sufficiently accurate for subsequent 
simulations. 

3. RESULTS AND DISSCUSSION 

3.1 Comparison of cooling performance 

Fig. 3 presents the temperature profiles and cooling 
performance of a PV module under four distinct 
configurations: a conventional PV module without 
cooling system (“w/o cooler”), a module equipped solely 
with radiative cooling (“w/ rad”), one with evaporative 
cooling only (“w/ evap”), and a module incorporating a 
hybrid cooling system combining both radiative and 
evaporative methods (“w/ hybrid”). 

As illustrated in Fig. 3(a), the baseline module 
without cooling exhibits the highest operating 
temperatures, reaching approximately 62°C during peak 
hours. The integration of radiative cooling alone leads to 
a marginal average temperature reduction of 0.7°C (Fig. 
3b), suggesting limited cooling capacity under the given 
environmental conditions. This observation aligns with 
findings reported in the literature [6], indicating that 
radiative cooling may not substantially lower 
temperatures when applied in isolation. In contrast, the 
evaporative cooling configuration demonstrated a more 
pronounced cooling effect, reducing the module 
temperature by an average of 2.5°C. This translated to a 
PV efficiency relative increase of 0.96%, which is 4.34 
times greater than the 0.2% efficiency gain achieved by 
radiative cooling alone. 

Notably, the hybrid cooling configuration achieves 
the most favorable thermal performance, with an 
average temperature reduction of 3.2°C. This result 
highlights a distinct synergistic effect between the 
radiative and evaporative cooling mechanisms. The 

Fig. 2 Temperature profile of single day validation 

Fig. 3 (a): Temperature profile four configurations; (b): Cooling effects of three different configurations 
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combined approach not only enhances the 
instantaneous cooling effect but also prolongs the 
cooling duration—extending from 472 minutes with 
evaporative cooling alone to 520 minutes in the hybrid 
case. This extension is attributed to the complementary 
nature of the two methods: evaporative cooling provides 
immediate and potent heat removal, while radiative 
cooling contributes to sustained temperature regulation, 
particularly during periods of low evaporative efficiency. 
Quantitatively, this synergy translated into a remarkable 
500% greater efficiency increase compared to radiative 
cooling alone, and a further 26% improvement over 
evaporative cooling by itself.  

3.2 Comparison of energy distribution 

Fig. 4 characterizes the cooling energy and 
synergistic effects achieved by integrating radiative and 
evaporative cooling. Fig. 4(a) illustrates the distribution 
of cooling energy at 12 p.m. across four system 
configurations. It is evident that the incorporation of 
hydrogel introduces a significant portion of cooling 
energy, comparable in magnitude to the radiative 
cooling contribution from the front surface. When the 
emissivity of the glass cover is increased to 1, a moderate 
enhancement in radiative cooling energy is observed in 
both the radiative cooling-only (w/ rad) and hybrid (w/ 
hybrid) configurations. Fig. 4(b) presents a temporal 
comparison of the contributions from radiative and 
evaporative cooling. While evaporative cooling exhibits a 
higher peak power from a static perspective, its 
sustainability from a dynamic point is limited. Initially, 
radiative cooling dominates because the module 
temperature is insufficient to trigger rapid water 
desorption. As the temperature rises, however, the high 
enthalpy of vaporization causes evaporative cooling to 
surpass radiative cooling for a significant period. 
Eventually, as the water content within the hydrogel 
diminishes, radiative cooling begins to prevail again.  

Fig. 4(c) examines the combined energy 
contribution of radiative and evaporative cooling against 
the performance of individual cooling configurations 
over time. Obviously, the combined cooling energy from 
both mechanisms is generally lower than the sum of their 
individual contributions when operated separately. This 
discrepancy becomes more pronounced as evaporative 
cooling begins to dominate, leading to an increasing 
negative value. In the later stages of the cooling process, 
because of water-saving effect, the hybrid system 
continues to provide evaporative cooling after the 
standalone evaporative system has dehydrated and 
ceased to function, causing the difference to turn 
positive. This phenomenon can be attributed to a 
synergistic interaction: the presence of radiative cooling 
moderates the rate of evaporative energy release, 
thereby slowing the depletion of water content and 
extending the effective cooling duration. Such an 
interaction not only enhances its overall energy 
efficiency under dynamic conditions but also prolongs 
the operational lifespan of the cooling system with a 
shorter duration of complete dehydration, which has 
great impact on mechanical performance of hydrogel. 
Thus, radiative cooling could be a valuable supplement 
to PV modules, working in concert with evaporative 
cooling as the primary mechanism to ensure sustained 
passive cooling. 

4. CONCLUSIONS 
This study provides an in-depth investigation into 

the synergistic strategy of combined radiative and 
evaporative cooling for PV thermal management using a 
validated numerical model. The two mechanisms play 
complementary roles: evaporative cooling delivers 
immediate and potent heat removal, while radiative 
cooling ensures sustained temperature regulation. The 
hybrid configuration achieved the average temperature 
reduction of 3.2°C, yielding a 500% greater efficiency 
increase compared to radiative cooling alone and a 

Fig. 4 (a): Energy distribution at 12 p.m.; (b): Energy point at different moment in a single day; (c): 
Comparison of hybrid and single configurations.  
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further 26% improvement over evaporative cooling. 
Furthermore, the hybrid system extended the cooling 
duration by 10%, as the radiative cooling component 
moderated the evaporation rate, thereby conserving 
water content and prolonging the operational period. 
These findings quantify the cooling potential of the 
synergy, establishing the feasibility of using radiative 
cooling as a supplement that sustains evaporative 
cooling as the primary passive mechanism. 
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