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A B S T R A C T

Photovoltaic (PV) technology has seen rapid development in hot and arid regions due to intense solar radiation. 
However, extreme weather conditions pose challenges for PV applications in terms of efficiency and lifespan. A 
new closed-loop hydronic cooling system for PV panels, designed for 24-h continuous operation, was developed 
to address these challenges. However, a circulation pump can consume a considerable amount of electricity due 
to 24-h continuous operation, resulting in substantial wastage. This study proposes a controlled intermittent flow 
(CIF) strategy for the pump to optimize operation hours and minimize energy consumption under favourable PV 
temperature conditions. A dynamic 3D simulation model was developed and validated to numerically analyse the 
performance metrics of the proposed PV cooling method with CIF. The yearly performance of PV panel cooling 
systems with continuous flow (CF) and CIF, as well as common PV panels, was comprehensively evaluated and 
compared. The results showed that the CIF strategy effectively reduces the pump’s operating hours and energy 
consumption while minimally impacting the system’s net electricity output. The CIF strategy is found to yield a 
significant enhancement in seasonal net power output, with a 0.57 % increase during winter and a 0.83 % in-
crease in summer compared to the CF system. Moreover, employing the CIF strategy with a setpoint of 35 ◦C 
results in a consistent 0.96 % rise in annual net power output across all months compared to the CF system, 
except for the lifespan, the CF is better. For Basra’s local climatic condition in Iraq, the CF and CIF closed-loop 
photovoltaic cooling systems show significant lifetime improvements of up to 34.3 % and 41 % over common PV 
panels, while for Hong Kong’s local climatic condition, the CIF system outperforms by 4.9 % and 22.2 % 
compared to CF system and common PV panel, respectively. The proposed closed-loop hydronic cooling method 
for PV panels with CIF exhibits the best performance among the three types of PV systems, making it particularly 
suitable for regions with hot and arid climates.

1. Introduction

Renewable energy sources are progressively becoming more popular 
nowadays due to concerns about the sustainability and pollution of 
common energy sources. The solar energy stands as one of the most 
freely available and reliable sources nowadays. One type of renewable 
and environmentally friendly energy is the usage of photovoltaic (PV) 
panels, which convert sunlight into electrical energy. The efficiency of 
PV systems is affected by a variety of factors such as solar cell temper-
ature, solar irradiation, ambient temperature, and weather conditions. 
In hot and dry environments, the solar cell surface temperature reaches 
about 125 ◦C [1], which not only reduces the efficiency of PV systems 

[2] but also subjects the PV panels to higher thermal stress, significantly 
shortening their lifespan [3–6]. As a result, a cooling system is required 
to maintain and lower the temperature of the PV system to enhance its 
lifespan and efficiency.

PV cooling technologies have been extensively researched by 
numerous studies to cool it down and enhance its performance. Several 
methods for cooling (active or passive) are described in the researched 
literature, including water cooling [7], air cooling [8], phase change 
material-based [9], heat pipe-based [10], and thermoelectric cooling 
[11]. The cooling techniques can be classified by the type of coolant 
fluid, the efficiency of heat transfer, temperature characteristics, and the 
intended application of the system (non-concentrated or concentrated) 
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[12]. Photovoltaic (PV) cooling systems utilizing water as a cooling 
medium offer several advantages. Firstly, water is an environmentally 
benign working fluid that does not contribute to contamination, and it 
possesses a high cooling capacity. Moreover, water is readily available 
and is commercially cost-effective. Kluth [13] investigated water as a 
cooling fluid to improve PV efficiency. In this study, two small-scale PV 
panel models were developed: one model operated without cooling, 
while the other was subjected to water cooling via a blower-assisted 
spray. It was discovered that PV panels using water cooling produce 
more energy than those without any cooling. Nevertheless, cooling via 
spraying water using a fan isn’t efficient because the water isn’t sprayed 
through the entire PV panels and hence some places of the panel are 
uncooled; additionally, this approach results in significant water loss.

In such contexts, utilizing a control flow approach in PV cooling 
systems can enhance pump operation, leading to improved energy effi-
ciency and reduced operational costs. Hadipour et al. [14] investigated 
the performance of water pulsed-spray and steady-spray cooling 
methods for PV modules. The results indicated that the pulsed-spray 
cooling technique utilized just about 10 % of the water utilized by the 
steady-spray technique. As a result of the significant reduction in water 
consumption, the PV system with pulsed-spray cooling had a 76 % lower 
levelized cost of energy than the PV panel with steady-flow cooling. A 
detailed study in Ref. [15] employed a dynamic optimisation technique 
to control and enhance the water flow rate utilized in the front water 
cooling of PV panels, aiming to minimize water usage while simulta-
neously maximizing electrical output. Their calculations revealed that 
with the appropriate flow rate, the average and peak temperatures of the 
water-cooling PV panel could be reduced by 54 % and 61 %, respec-
tively, when compared with a PV panel without any water-cooling 
mechanism. While pulsed spray cooling significantly reduces water 
wastage compared to continuous spray cooling, it remains impractical in 
hot, arid regions due to the need for continuous replenishment caused by 
high evaporation rates [13–15]. Moreover, this front surface cooling can 
obstruct incoming solar radiation, thereby decreasing the photovoltaic 
efficiency.

Aiming to achieve a water-saving and efficient PV cooling system in 
hot arid regions, a novel closed-loop hydronic cooling of PV panels with 
a controlled intermittent flow (CIF) strategy was proposed in this study 
to regulate the PV overheating issue with a minimising amount of water 
and pump power consumption. Utilizing designated temperature 
thresholds, enhancing panel efficacy, and adapting to varying environ-
mental conditions are key strategies employed in this approach, leading 
to decreased maintenance requirements and the promotion of sustain-
able resource utilization. Ultimately, these measures serve to enhance 
system performance and cost-effectiveness.

This study proposes an automated system for controlling water flow 
rates in hot arid regions like Iraq using a closed-loop PV cooling system. 
Controlled intermittent flow (CIF) is an energy-saving solution, allowing 
pump switching. 3D simulations are used to investigate CIF character-
istics and the effects of cooling CIF and continuous flow (CF) on total and 
net electrical power output. By using this model, it is possible to 
determine the optimal timing to commence cooling of the PV panels. 
The validation of the model has been verified with experimental data 
measured on the June 2, 2024 at the University of Nottingham, UK. This 
study has been selected to examine the effects of CIF on the performance 
of PV modules in this investigation. The primary emphasis is placed on 
comparing and evaluating the efficiency of the PV module and net 
output power with and without a cooling system. The second objective 
of this study is to assess the impact of different weather conditions on 
CIF output parameters, such as pump working hours and net power, 
across various seasons and climate conditions. The remaining parts of 
this paper are divided into the following sections. The next section 
provides a comprehensive system overview, encompassing the PV 
design and the experimental configuration employed for the validation 
of the numerical simulation method. The following section elaborates on 
the PV model’s methodology, which includes the governing equations 

and the numerical procedures implemented. Subsequently, the principal 
findings and discussions pertaining to this research are presented. The 
final section articulates the conclusions drawn and their broader im-
plications. The study discovered that the CIF technique decreases pump 
working hours and energy consumption while increasing seasonal net 
power output by 0.57 % in winter and 0.83 % in summer, compared to 
the CF system. The closed-loop hydronic cooling for PV panels with CIF 
is demonstrated to be the most effective and optimal for hot and dry 
climates.

2. System description

2.1. PV cooling system

The common photovoltaic (PV) panels comprise a transparent glass 
layer, solar cells, and two layers of EVA with a protective backing layer. 
Compared to a common PV module, the proposed closed-loop hydronic 
cooling of a PV system comprises a PV panel of several layers, a storage 
tank, water channels and a pump for circulation as illustrated in Fig. 1. 
The PV panel comprises transparent glass, monocrystalline silicon cells, 
an aluminium absorber plate as well as water tubes mounted beneath 
the aluminium layer. The effective area of the PV panel for collecting 
solar radiation is 1.475 × 0.67 m2 and the cell area is 0.848 m2. The PV 
module consists of 36 individuals of cells and a packing factor of 0.858 
with 15 % conversion efficiency. In this study, a 150 L water storage 
tank is used, creating a full closed-loop with a PV module and the pump 
connected via copper tubes. Due to the high environmental temperature 
and strong solar irradiation in hot regions, the proposed solar PV panel 
design eliminates any insulating layer from the tubes and water tank on 
purpose. This allows heating energy to be released, avoiding the water 
from attaining a high temperature and thereby affecting PV efficiency. 
Furthermore, the lack of insulation increases heat loss during nocturnal 
discharge, providing adequate cooling of the working fluid. This is 
beneficial for efficiently cooling the solar cells throughout the daytime.

On this structure, the bottom side of the PV module is fitted by two 
manifolds with eight pipes, which allow water to flow inside to heat and 
cool the panel during the night and daytime, accordingly. The tube and 
manifold have diameters of 15 mm and 22 mm, respectively. The water 
tube configuration offers that each solar cell row has a minimum of one 
water tube underneath it, which allows for efficient cooling. Detailed 
data about the dimensions, thermophysical specifications and spectral 
properties of the different layers that comprise the PV module can be 
obtained from Table 1.

2.2. Experimental setting and procedure

This section provides details on the experimental configuration for 
the study. The experimental arrangement was carefully designed to 
minimize water loss. The study was carried out in June 2024, during the 
summer period in Nottingham, UK, at the University of Nottingham 
(52.95◦ N and 1.16◦ E). The system operated for several days with a 
controlled water flow rate of 1.6 L/min for all measurement cases. The 
measurement period extended all daytime on June 2nd, 2024, focusing 
exclusively on sunny days without heavy clouds. Temperature data were 
recorded with a sequential resolution of 10 s. To assess and analyse the 
experimental data, average values were determined for 3-h intervals 
with a time step of 1 min.

In Fig. 2, the system is primarily composed of a PV module, a flow-
meter, a 50 L tank, a pump for circulation water, a maximum power 
point tracking (MPPT) controller, voltage and current sensors, an AC 
power source, a 12-V storage battery, a pyranometer, platinum resis-
tance, various thermocouples, a valve, thermometer shelter and 
switches. Moreover, a DataTaker recorded and stored values with a 5-s 
time resolution step from 13:15 to 16:15. The PV collector was posi-
tioned at an inclined angle of 45◦ towards the country’s southern section 
to receive the maximum solar irradiation as shown in Fig. 2, and the flow 
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rate has been adjusted to 0.027 kg/s. A platinum resistance thermometer 
was situated inside the shelter to monitor the temperature of ambient. In 
order to track the outlet-inlet water temperature, two additional ther-
mocouples were mounted at the manifold collector’s outlet and inlet. 
Ten thermocouples were placed on the rear of the PV module to measure 
panel and copper pipe temperatures, while two other thermocouples 
were installed in the circulating tank to monitor water temperature. The 
data logger recorded all measured data at a 10-s interval.

3. Simulation method for the closed-loop PV cooling system

3.1. Governing equations

The basic mathematical model equations for the closed-loop hy-
dronic cooling of the PV panel have been developed to examine its 
performance within dynamic conditions. The development considers the 
energy inflow and outflow rates across various layers of the PV module. 
The temperature of module layers and water storage tanks is calculated 
using a COMSOL Multiphysics simulation model. Heat transfer equa-
tions are generated for each layer using the basic energy equation, 
allowing for detailed analysis. The momentum, mass balance, and 
thermal equations are numerically solved utilizing the finite element 
approach established in the COMSOL. The governing equations for fluid 
flow in 3D form can be expressed in Eqs. (1)–(3):

The conservation of energy for the fluid flow can be described below 

[16]: 

ρCp
∂T
∂t

+ ρCpu⋅∇T = ∇⋅(k∇T) + .Q (1) 

where Cp and ρ are the specific heat capacity of fluid (kJ⋅kg− 1⋅K− 1) and 
density (kg⋅m− 3), accordingly; t describes the time (s) while T denotes 
the temperature of fluid (K); k and u represent the fluid conductivity 
(W⋅m− 1⋅K− 1) and velocity (m⋅s− 1), respectively. Q̇ quantifies the energy 
generation rate occurring within system (W⋅m− 3).

The conservation of momentum, taking into account the influence of 
gravity, could have been computed using the following formula: 

ρ ∂u
∂t

+ ρu ⋅∇(u)= − ∇p+∇ ⋅ τ − ρβ
(
T − Tref

)
g (2) 

where p and β denote the fluid pressure (Pa) and coefficient of thermal 
expansion (K− 1), respectively. τ describes the vector of stress tensor 
(kg⋅m− 1⋅s− 1).

The conservation of mass is given by: 

∂ρ
∂t

=∇⋅(ρu) (3) 

The energy equations are applied to all layers of PV module and heat 
storage tank. The glass surface of the PV module experiences both 
convection and radiation. The PV module’s upper and bottom sides have 
equivalent convection heat transfer coefficients, which are dictated by 
wind speed. The internal heating source part in the energy conservation 
equation for the glass and cells is computed using Eqs. (4) and (5) [40], 
respectively. In addition, before reaching the PV cell, the energy strikes 
the PV module and goes through the glass and EVA layer. The quantity 
of energy that reaches the cells is determined by the absorptivity and 
transmissivity of the layers above it, as well as the incidence angle. 
Therefore, the cell’s zero transmissivity resulted in no heat generation in 
the layers underneath it.

The thermal energy source in the glass layer can be expressed as 
below: 

Q̇g =
αgG
δg

(4) 

The thermal energy source in the PV layer is calculated as below: 

Fig. 1. The schematic structure of the closed-loop hydronic cooling system for the PV panel.

Table 1 
Design specifications for each layer of PV module.

Properties Glass 
(Top 
cover)

PV cells 
(Silicon)

EVA Aluminium 
plate

Copper 
tubes

Density (kg/m³) 3000 600 1200 917 8933
Thermal 

conductivity 
(W/m•K)

1.05 149 0.15 238 401

Heat capacity J/ 
(kg•K)

750 700 1250 917 385

Thickness (mm) 3 3.5 0.4 0.4 0.74
Transmissivity 0.9 – – – –
Absorptivity 0.038 0.925 0.925 – –
Emissivity 0.88 0.95 – – –
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Q̇PV =
(τα)PVG − ξPelec

δPV
(5) 

where δg and δPV represent the thickness of glass cover layer and PV 
layer, respectively; G and ξ are solar irradiation on the top surface of PV 
module (W/m2) and packing factor; Pelec is electrical energy (W/m2) 
[17]. 

Pelec =Gτgηref
[
1 − βref

(
TPV − Tref

)]
(6) 

where τg and TPV represent the glass cover transmissivity and the PV 
plate temperature, respectively. ƞref describes the PV cell’s referenced 
efficiency at a reference temperature Tref, and βref is the thermal coeffi-
cient of PV cell, which is equal to 0.0045/K [18]. The effective 
transmissivity-absorptivity for PV layer is described as follows [19]: 

(τα)PV =
τgαPV

1 − (1 − αPV)rg
(7) 

where rg and αPV denote the glass layer reflectivity and PV cell’s ab-
sorptivity, respectively.

Regarding the similar system specification [20], it has been calcu-
lated that 0.5 W/m2 of pump power is required. Consequently, the net 
power production from the proposed PV module system is expressed as 
below: 

Pnet =Pelec − Ppump (8) 

3.2. Numerical procedure

The numerical procedure adopted in this work is illustrated in the 
flowchart shown in Fig. 3. Computing techniques often use iterative 

schemes to produce simulated results. These iterations commonly get 
carried out over time and need particular criteria to figure out conver-
gence. The current numerical simulation establishes the convergence 
criteria at a relative tolerance of 10− 4, or 0.01 %, which is substantially 
within the reasonable range. For instance, the PV layer’s internal heat 
source term is calculated using an iterative technique. The initial round 
of iteration assumes a PV efficiency of 15 %, and the governing equa-
tions are solved to calculate the average PV layer temperature. This 
increased average temperature is then used in Eq. (6) to compute the 
photoelectric efficiency of conversion. According to the estimated effi-
ciency, the term of heat generation in the PV layer is altered for the 
subsequent iteration. The operation is continued until the difference in 
average PV temperature between iterations is less than 0.01 %. COMSOL 
Multiphysics, a commercial package using the finite element method 
(FEM), is applied to solve heat transfer and fluid flow problems. The 
partial differential equations (PDEs) are transformed into algebraic 
equations through discretization to solve them. The model’s equations 
are entirely nonlinear and fully coupled. As a result, these equations are 
solved at the same time until the convergence conditions are achieved - 
the residuals for all variables.

Whenever the temperature distribution is determined, the PV effi-
ciency, power output, and other necessary calculations are performed. 
The cooling energy for the PV module during nighttime can be deter-
mined by the change in thermal energy of water flow, which is written 
below [21,22]: 

Eth =
ṁCp,w(Tin − Tout)

Ap
(9) 

where Eth is the heat transfer or cooling energy absorbed by the water 

Fig. 2. Experimental set-up of closed-loop hydronic cooling of PV panel.

H. Dirawi et al.                                                                                                                                                                                                                                  Renewable Energy 239 (2025) 122185 

4 



within copper tubes during the testing or simulation periods (W/m2). Ap 
is the panel area (m2), while ṁ is the water flow rate (kg/s) inside the 
manifold. Tin and Tout are the inlet and outlet water temperatures, 
respectively.

3.3. Boundary conditions

A 3D time-dependent numerical model has been developed in this 
simulation using the COMSOL programme to calculate the cooling and 

electrical performance of PV module and heat storage tank. To address 
the general governing equations described in previous Section 3.1
related to the various layers of PV panel, storage tank and water tubes, 
the boundary condition for each element within the whole unit have 
been set as below [23,24]. 

1. At the upper surface of the glass cover, the radiation heat transfer is 
calculated by:

Program starts

Read the ambient data Read the PV system 
properties

Calculating other system 
parameters

Solve energy balance equations 
of PV layers and water tank at 

t=0

Convergence?

Yes

NoTPV >TCIF

Trigger water pump

Yes

Water pump stop 

No

If t ≥ tmax

Yes

No

t = t + t 

Save results Program ends

Tassumed=Tcalculated

Fig. 3. Flowchart of the simulation procedure.
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qsky,g = εgkB

(
T4

sky − T4
g

)
(10) 

where εg is the glass cover emissivity, Tg represents the temperature of 
the glass cover. kB denotes Stefan Boltzmann constant, equal to 5.67 ×
10− 8 (W m− 2 K− 4) and Tsky denotes the temperature of sky, which is 
related to the temperature of ambient (Ta) [25]: 

Tsky =0.0522T1.5
a (11) 

2. At the exterior boundary surfaces, convective heat transfer:

qa,g = ha(Ta − Text) (12) 

where Text represents the temperature of exterior (outer) surfaces to 
ambient such as glass, tubes, aluminium absorber plate and water tank. 
Ha is the exterior convective heat transfer coefficient, and it is given 
based on the wind velocity (ua) as described in Ref. [26]: 

ha =2.8 + 3.0ua (13) 

3. The edges of PV module are assumed to be adiabatic:

∂Ts

∂n
= 0 (14) 

where n indicates the normal distance of the surface along the x, y, or z 
axes, accordingly. In addition, the water leaving the PV panel manifold 
is directed into the storage tank, whilst the water from this tank sub-
sequently circulates back into the manifold of PV panel as inlet.

3.4. Degradation rates and failure time models

The degradation rate model represents a mathematical function that 
determines how stress variables affect performance degradation. The 
modified model by Ref. [27] could be implemented for estimating out-
door degradation. Individual rate models were combined to create a 
comprehensive rate of degradation model, as outlined below: 

KT =AN ⋅ (1+ kH)(1+ kP)(1+ kTm) − 1 (15) 

where KT (year− 1) denotes the total degradation rate, while AN (year− 2) 
is the constant utilized for normalizing the physical quantity. The 
degradation rate of hydrolysis, thermomechanical process and photo-
degradation are described by kH, kTm and kP (year− 1), respectively. The 
degradation rates due to specific processes were evaluated with respect 
to environmental stress as below: 

kH =Ah ⋅ RHn⋅exp
(

−
Eah

kBTmod

)

(16) 

kP =Ap ⋅ UVX(1+RHn)⋅exp
(

−
Eap

kBTmod

)

(17) 

kTm =At ⋅ CN ⋅ (273.15 + ΔT)θ⋅exp
(

−
Eat

kBTmax

)

(18) 

where Ah (year− 1), Ap (m2⋅kWh− 1) and At (◦C− 1cycle− 1) are the pre- 
exponential constant associated with hydrolysis, photodegradation as 
well as thermomechanical processes, respectively. Eah, Eap and Eat (eV) 
represent the activation energies of power degradation. Tmod (K) de-
scribes the mean PV panel temperature, X and n describe the model 
factors that show the impact of UV solar irradiation dosage 
(kW⋅a− 1⋅m− 2) and the relative humidity rate on the power degradations. 
ΔT=(Tmax-Tmin) represents the temperature variation, Tmax and Tmin 
represent the temperature of the PV maximum and minimum, CN is the 

cycling rates, (cycles⋅year− 1).
The degradation rate evaluation is used to estimate the lifetime of PV 

panel, with the failure time (tf) described as follows [28]: 

tf =
Γ

KT⋅(|ln(0.2)|)μ− 1 (19) 

where μ is the shape factor and Γ denotes the factor associated with the 
materials. The extracted factors used to evaluate the annual degradation 
rate and lifespan are shown in Table 2.

3.5. Mesh analysis

The equations, boundary and initial conditions have been integrated 
and solved using the finite elements analysis software COMSOL Multi-
physics, and the fine mesh is chosen after taking grid independence 
testing. To verify the independence of the mesh, simulations were car-
ried out with different numbers of elements (193,705, 476,569, 
544,407, and 621,810) on the PV Module results. The findings, as 
depicted in Fig. 4, showed a small difference, thus validating the mesh 
independence. This mesh independence study was conducted over two 
days in July (the 16th and 17th) to observe variations under different 
times and weather conditions. Hence, a grid comprising 544,407 ele-
ments was employed in the simulation conducted for the parametric 
study. Fig. 5 depicts the meshing of the computational domain for the PV 
module system, utilizing the provided physics-controlled meshing 
features.

4. Results and discussion

The thermal and electrical performance of the proposed PV system 
over 24 h was numerically investigated according to mathematical 
modellings in comparison with a common PV panel. In addition, the 
influence of several key factors such as control flow on PV performance 
was analysed. The weather data for the simulation were sourced via 
standard meteorological year data for Basra in Iraq and used for the 
parametric evaluation process. This data was obtained from the Ener-
gyPlus™ weather data website [29].

4.1. Validation of the simulation using experimental data

The build mathematical model accuracy verified using comparing it 
to experimental data gathered before it is used to estimate the perfor-
mance of the closed-loop PV system for different scenarios. In the pre-
sent study, the Mean Relative Error (MRE) was employed to assess the 
precision of the model concerning specific essential variables. The 
equation of MRE was utilized to measure the disparity between the 
simulation outcomes and the experimental data for the purpose of 
evaluating the accuracy of the model [30]: 

MRE=
1
N
∑i=N

i=1

⃒
⃒
⃒
⃒
Xexp − Xsim

Xexp

⃒
⃒
⃒
⃒
i
*100% (20) 

where Xexp refers to the experimental findings, while Xsim denotes the 
outcomes of the simulation.

As previously stated, experimental data collected on June 2, 2024, is 
employed to verify the accuracy of the mathematical model. The com-
parison between simulated and experimental values is illustrated in 
Fig. 6(a), (b) and (c). Fig. 6(a) shows the simulated and experimental 
results for the inlet and outlet water manifold temperatures. The results 
reveal a strong agreement between simulated and experimental data 
over the testing period. The MRE of these inlet and outlet temperatures 
in the manifold were 3.1 % and 2.2 % respectively. Fig. 6(b) demon-
strates that the experimental and simulated temperatures in the water 
tank were highly consistent. The measured and predicted temperatures 
of the water tank over the testing period had a MRE of 5.7 %.
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In addition, from Fig. 6(c), the experimental electrical output is 
slightly higher than the simulated result in the beginning and final 
testing stages. The MRE value of electrical outpower was only 6.8 %. 
This discrepancy between the experimental setup and the simulation 
results can be explained by variations in the initial boundary conditions 
and the thermal inertia of the frame and insulation of the PV module 
components [5,31]. The unknown initial temperatures of the experi-
mental components greatly influenced the initial simulation outcomes, 
particularly in cases involving transient behaviour.

4.2. Seasonal analysis of the controlled intermittent flow (CIF) in the 
closed-loop hydronic cooling of PV panel

The simulated results of the proposed closed-loop hydronic cooling 
of PV panel with controlled intermittent flow (CIF), continuous flow 
(CF), and common PV (Com) are compared and analysed in this section, 
using a set PV temperature value (TCIF) of 35 ◦C for CIF during both 
daytime and nighttime in winter and summer. To figure out the char-
acteristics of the proposed PV system, hourly heat patterns have been 
investigated. Fig. 7 demonstrates the PV panel’s hourly rate of heat 
transfer and ambient temperature during five consecutive days across 
winter (January 16th to 20th) and summer (July 16th to 20th). As 
illustrated in Fig. 7(a) and (b), both pump working hours and TPV of the 
common and proposed systems (CIF and CF) in winter and summer, 
respectively. It can be observed that the proposed system with CIF 
reduced temperature fluctuation compared to common PV, as well as 
decreased pump consumption by reducing the pump’s operating hours 
when TCIF equals 35 ◦C, especially in winter compared to summer. In 
fact, the closed-loop PV system can maintain the TPV below 36 ◦C in 
winter and 60 ◦C in summer.

On the other hand, Fig. 8 compares the daily total net output power 
of the three systems. Interestingly, the net output power difference be-
tween the CIF system and the other two systems is larger in winter. The 
seasonal Pnet enhancement for the CIF system is predicted to be 0.57 % 
and 0.83 % for winter and summer, respectively compared to the CF 
system. The net power enhancement in winter is the biggest, mainly due 
to the lower pump working hours and TPV.

4.3. Annual analysis of the controlled intermittent flow (CIF) in the 
closed-loop hydronic cooling of PV panel

4.3.1. Effect on PV performance
The effects of the proposed systems over a whole year are 

Table 2 
Parameter values utilized in degradation rates and lifetime models [28].

Factor Ah Ap At Eah Eap Eat n X ϴ Γ μ

year− 1 m2⋅kWh− 1 ◦C− 1cycle− 1 eV eV eV

Values 4.34 × 107 43.95 2.45 0.83 0.51 0.46 1.72 0.63 1.8 1.2 0.3
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investigated in Fig. 9 by changing the system from CF to CIF with TCIF =

25 ◦C, 35 ◦C and 45 ◦C and compared to common PV. It can be seen from 
Fig. 9(a) that the TPV is lower year-round with CF. The pump working 
hours are the lowest during winter and nighttime, which leads to 
decreased operating time in the CIF system compared to the CF system. 
The monthly total of Pnet of the proposed systems with CIF, CF, and 
common PV is presented in Fig. 9(b). In overall months, the monthly 
total of Pnet increases with the use of the CIF system with TCIF = 35 ◦C by 
0.96 % compared to the CF system due to the reduced pump con-
sumption power resulting from decreased working hours, as noted in 
Fig. 9(a).

Furthermore, the water tank temperature at peak times is lower 
when the set point temperature (TCIF) is higher because this reduces the 

water circulation in the PV system, which helps maintain a lower water 
tank temperature, as shown in Fig. 10(a). This can lead to a decrease in 
the maximum TPV and provide a better temperature when needed ac-
cording to the TCIF value. Moreover, this results in reduced pump 
operating hours, as illustrated in Fig. 10(b). Hence, the pump operating 
time should be optimized according to the preferred or required PV 
operating temperature.

Finally, seasonal adjustments to set temperatures can significantly 
improve system performance and energy efficiency. Lower set PV tem-
peratures (like TCIF = 25 ◦C) are recommended during winter months 
(November, December, and January) to maximise net power, enabling 
the system to operate more effectively under cooler conditions as shown 
in Fig. 9(b). Conversely, higher set temperatures (e.g., TCIF = 35 ◦C) are 
more effective for power saving during warmer months, such as May 
through October. This adjustable controlled cooling strategy ensures 
optimal CIF system performance throughout the year, promoting effi-
cient cooling technique and reducing pump working hours.

4.4. Effect of climate conditions

In this section, we analyse the differences in performance, degrada-
tion rates, and lifetime estimates across various locations, Basra in Iraq 
(30.55◦ N, 47.67◦ E), Nottingham in UK (52.95◦ N, 1.16◦ W) and Hong 
Kong in China (22.25◦ N, 113.85◦ E). These urban areas are located in 
the Hot-Dry, Cold-Humid, and Warm-Humid climate zones, 
respectively.

4.4.1. Effect on performance
Fig. 11 compares the annual total of Pnet for the CIF system at a set 

point of TCIF = 35 ◦C with the CF system and the common PV system 
across the three previously mentioned locations. In all locations, 
regardless of climate zone, the annual total of Pnet is higher for the CIF 
system than for the other systems. This increase is particularly notable in 
regions with elevated ambient temperatures, such as Hong Kong in 
China and Basra in Iraq.

In Iraq, the CIF system exhibits a 0.96 % improvement over the CF 
system and a 2.23 % enhancement over the common PV system. In Hong 
Kong, the CIF system shows a relatively slight improvement of 2.07 % 
over the CF system, while the Pnet value of the CIF system exceeds that of 
the common PV system by 1.07 %. Conversely, in regions with cold and 
humid climates like the UK, the CF PV module may perform worse than 
the common PV system. Specifically, the overall annual Pnet in the UK 
decreases by 1.95 % when using the CF system compared to the common 
PV system. However, with the CIF system, there is a 0.67 % improve-
ment over the common PV system and a 2.69 % increase compared to 
the CF system. This is due to the shorter duration of pump operation in 
cold climates, which leads to reduced pump power consumption when 
the PV module temperature is lower than the set point (TCIF).

4.4.2. Effect on degradation rate and lifespan
This study employs degradation rates to forecast the lifetime of a 

particular PV module. equations (15)–(19) are used to calculate the 
Mono-cSi 150 W PV module’s total degradation rates and failure time. 
The model offered in Ref. [27] is applied for calculating the average 
yearly degradation rates for different PV panels, with the different 
climate changes in Iraq, UK and China. The acquired factors are taken 
from Ref. [27] and the calculated climate variables for three different 
climates are derived from the area of measurement and PV parameters 
(Table 3).

The observed data were contrasted with results from models 
expecting degradation rates in a neighbouring location near Basra, 
which showed consistent findings as outlined in these cited studies [27,
28,32]. The proposed CIF closed-loop hydronic cooling of PV panel has a 
lower maximum operating temperature, which is up to 8.75 ◦C lower in 
Iraq compared to the common system. This reduction in temperature 
decreases the degradation rate and increases the PV module’s lifetime, 
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as illustrated in Fig. 12. It was found that both CF and CIF systems have a 
considerable improvement in lifetime of up to 34.3 % and 41 % over 
common PV (Com) systems, respectively as seen in Fig. 12(b). Moreover, 
the CIF system shows a significant improvement compared to the other 
two systems, with enhancements of 4.9 % and 22.2 % over the CF and 
common PV systems, respectively. These data imply that employing the 
proposed CF or CIF in this system improves heat management, poten-
tially increasing PV panel efficiency and lifespan. In contrast, findings in 
the UK indicate that CF cooling systems are expected to have a longer 
lifespan compared to other PV systems. However, a drawback of CF 
systems is their high pump operating hours, leading to a decrease in net 
power production. Consequently, it may be beneficial to optimize the 
working hours of CIF systems to coincide with the hottest months/time 
and locations, thereby reducing the maximum temperature of PV sys-
tems. This adjustment is considered crucial in mitigating the degrada-
tion rates and increasing the lifespan of PV systems.

These findings indicate that the implementation of the proposed CIF 
cooling system within photovoltaic (PV) systems has the potential to 
markedly enhance thermal regulation in regions characterized by 

elevated temperatures and aridity. This methodology may facilitate 
improved water conservation and a diminished degradation rate, ulti-
mately culminating in a prolonged operational lifespan for the system. 
Previous research [33] indicates that the application of spray water 
cooling in Al Sharjah typically results in an annual degradation rate of 
approximately 1.214 % over a lifespan of 19.8 years, which is compar-
atively greater than that associated with the proposed CIF system. 
Ahmad et al. [34] conducted an empirical investigation that revealed 
the utilization of water mist or fog to cool the underside of a PV panel led 
to a reduction in degradation rates by 0.8 % annually, thereby extending 
the operational lifespan of the panel to 30 years. While their results 
highlight the potential of enhanced cooling strategies, the excessive 
water consumption, high maintenance requirement, and significant 
evaporation loss of such open-loop systems limit their practicality in hot 
and arid regions. In this context, the CIF system, with its efficiency and 
minimal water usage, might be a more sustainable choice for these areas.

4.4.3. Application potential
In this section, we examine the practical consequences of the CIF 
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Table 3 
The measured annual environmental variables and PV panel data for the three 
locations are used to determine degradation rates and lifespan.

City, Country PV 
Modules

Tmod Tmax Tmin RH UV dose

◦C ◦C ◦C % kWh/a/ 
m2

Basra, Iraq Com 31.88 65.78 4.1 61.5 96.7
CF 30.6 58.5 7.1 61.5 96.7
CIF 30.47 57 5.7 61.5 96.7

Nottingham, UK Com 11.99 33.9 − 2 78 55
CF 11.75 31 0.53 78 55
CIF 11.75 31.9 − 0.3 78 55

Hong Kong, 
China

Com 25.1 48 10.5 75 90.75
CF 25.05 43 11.2 75 90.75
CIF 24.89 41.3 10.8 75 90.75
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system’s 0.96 % reduction in pump energy use. CIF decreases energy 
consumption by pump and inefficiency in operation in large-scale solar 
PV systems, resulting in increased system performance and energy 
savings. Over long durations of operation, this decrease can result in 
cumulative energy savings of around 3 kWh per year per unit, contrib-
uting to cost reductions, particularly in large-scale or energy-intensive 
applications. After a preliminary calculation, the payback period for 
the CIF system is estimated to be approximately 6–7 years. While it 
slightly increases the initial system cost, it maintains strong economic 
performance, comparable to that of common PV systems.

Furthermore, by reducing energy demand, the CIF system reduces 
the environmental load by lowering carbon emissions, which helps to 
achieve sustainability goals. The suggested CIF system not only im-
proves energy efficiency, but also offers significant water savings, 
particularly in arid regions where water scarcity is critical. Its closed- 
loop design is more sustainable than traditional open-loop systems, 
which experience significant evaporation losses. The CIF system offers 
significant water savings, making it ideal for hot and arid regions facing 
water scarcity. It circulates only 150 L of water, compared to approxi-
mately 189 L/h or about 551,880 L/year for an open-loop cooling sys-
tem [35]. This represents an annual water savings of over 99.97 %, 
highlighting the environmental benefits of adopting a CIF system over 
traditional open-loop systems. Furthermore, the CIF system decreases 
the danger of long-term damage by minimising mechanical stress, 
making it a durable and cost-effective solution for varying operational 
conditions.

5. Conclusions

In this research, a closed-loop hydronic controlled intermittent flow 
(CIF) and continuous flow (CF) cooling for a PV system is proposed with 
controlled flow conditions to optimize both power production and cold 
energy harvesting. The primary operational concept involves utilizing 
the PV panel as a cooling surface during nighttime, allowing cold energy 
to be harvested by circulating water beneath it in a closed-loop circuit. 
During the day, the stored cold water is pumped into the water channel 
to cool the PV system. A 3D transient thermal model was developed and 
COMSOL simulations were used to assess the net generated power of the 
proposed PV system. The conclusions drawn from the simulation results 
are as follows. 

1. The proposed PV cooling system with CIF lowers seasonal fluctuation 
in temperature and pump power demand by reducing running hours, 
particularly in the winter. Compared to common PV, this proposed 
system can keep PV temperature below 36 ◦C in winter and 60 ◦C in 
summer at TCIF = 35 ◦C.

2. The predicted seasonal net power enhancement for the CIF system is 
0.57 % and 0.83 % for winter and summer, respectively, compared to 
the CF system.

3. The monthly total of net power in Iraq consistently rises by 0.96 % 
throughout all months when employing the CIF system with TCIF =

35 ◦C in contrast to the CF method. This rise is related to the lower 
power consumption of the pump, which occurs as a result of reduced 
duration of operation.

4. It has been found that both CF and CIF systems for Iraq have a 
considerable improvement in lifetime of up to 34.3 % and 41 % over 
common PV system, respectively. Furthermore, in Hong Kong, the 
CIF system demonstrates a notable improvement, outperforming the 
CF and common PV systems by 4.9 % and 22.2 %, respectively.

The simulation results offer important insights regarding the opera-
tional performance of the proposed PV CIF system, highlighting its ad-
vantages in reducing pump power demand and increasing net power 
output. Furthermore, the effect of the CIF set PV temperature value on 
the pump working hours related to PV temperature was also elucidated, 
providing crucial design considerations for future developments in this 
field. A limitation of this study is that the CIF system has not yet been 
tested in Iraq, nor has the measured data been validated using simula-
tion models. In the future, we will conduct experimental validation in 
Iraq and apply the proposed CIF system to large-scale PV systems.
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Nomenclature

A area, m2

Cp specific heat capacity, J⋅kg− 1⋅K− 1

d diameter, m
E energy, W⋅m− 2

Ea activation energy, eV
g acceleration of gravity, m⋅s− 2

G solar radiance, W⋅m− 2

h heat transfer coefficient, W⋅m− 2⋅K− 1

k degradation rates, year− 1 or thermal conductivity, W⋅m− 1⋅K− 1

kB the Stefan Boltzmann factor, W⋅m− 2⋅K− 4

L litre, L
ṁ mass flow rate, kg⋅s− 1

P Power, W⋅m− 2

PV photovoltaic
Q̇ energy generation rate, W⋅m− 3

t time, s
tf failure time, years
T temperature, K
u wind or fluid velocity, m⋅s− 1

Greek symbols
τ stress tensor, kg⋅m− 1⋅s− 1 or transmissivity, –
(τα) transmittance–absorptance, –
α absorptivity
δ layer thickness, m
β thermal expansion constant, K− 1

ε emissivity, –
ρ density, kg⋅m− 3

ξ packing factor, –
η efficiency, –

Abbreviations
ΔT the temperature variance, K
a annual
CF continuous flow
CIF controlled intermittent flow
Com common PV
exp experimental data
EVA Ethylene Vinyl Acetate
in inlet
out outlet
p panel
rad solar radiation
sim simulation data

subscript
a ambient
g glass
fc cross-sectional flow
elec electrical
ref reference
w water
wt water tank
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