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Global energy demand and climate concerns have accelerated photovoltaic (PV) deployment, 
yet excessive heat accumulation under high solar irradiance remains a critical barrier to 
efficiency. Elevated operating temperatures reduce electrical output by approximately 
0.5% per °C and accelerate long-term degradation. This study experimentally investigates 
the integration of Polyethylene Glycol 600 (PEG-600) as a phase change material (PCM) for 
passive thermal management of PV modules under dynamic electrical loading conditions. 
Two identical polycrystalline PV modules were tested side-by-side on a rooftop in Tehran, 
Iran, during peak summer irradiance (June 2024). One module (PV-Ref) operated without 
modification, while the other (PV-PCM) was thermally coupled to a rear-mounted 
aluminum container filled with PEG-600 (melting point: 17–22 °C). Both systems were 
subjected to variable resistive loads (1.5–150 Ω) to simulate real-world electrical demand 
fluctuations. Temperature, voltage, current, and irradiance were recorded at 10-minute 
intervals using calibrated sensors. The PV-PCM system maintained significantly lower 
operating temperatures, with a maximum temperature differential of 37.3 °C observed at 
1200 W/m² irradiance under 1.5 Ω load. This thermal regulation translated to an average 
electrical power improvement of 10.8% compared to the reference module, with peak gains 
reaching 15.2% during high-load conditions. The PCM effectively buffered temperature 
spikes during transient irradiance fluctuations. PEG-600-based passive cooling offers 
a practical, maintenance-free approach to enhance PV performance in high-radiation 
climates. However, validation through long-term field deployment and techno-economic 
analysis is required before large-scale adoption.
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INTRODUCTION
The accelerating global shift toward renewable 
energy has established photovoltaic (PV) tech-
nology as a critical pillar of sustainable electricity 
generation. However, a fundamental thermody-
namic limitation constrains PV module efficien-
cy: excessive heat accumulation under high solar 
irradiance. Empirical studies confirm that crystal-
line silicon PV cell efficiency decreases by approx-
imately 0.4–0.5% per °C above the Standard Test 
Conditions (STC) reference temperature of 25 °C 
(Sharaf et al., 2022; Deka et al., 2024). In high-ra-
diation climates such as Tehran, Iran this thermal 
penalty results in efficiency losses exceeding 20% 
and accelerates long-term material degradation 
(Jamil et al., 2021). Addressing this challenge is 
essential not only for maximizing energy yield 
but also for enhancing the economic viability and 
operational lifespan of PV installations in arid 
and semi-arid regions. Thermal management 
strategies for PV systems are broadly classified 
into active and passive cooling methods. Active 
approaches offer precise temperature control 
but incur significant parasitic energy consump-
tion, maintenance costs, and system complexity 
(Abd-Elrazik et al., 2020; Rajamony et al., 2025). 
Passive cooling techniques, by contrast, exploit 
natural heat dissipation mechanisms without 
external energy input, rendering them particu-
larly suitable for off-grid and building-integrated 
photovoltaic (BIPV) applications. Among passive 
strategies, the integration of Phase Change Mate-
rials (PCMs) has emerged as a promising solution 
due to their high latent heat storage capacity, 
which enables thermal buffering during transient 
irradiance fluctuations (Asefi et al., 2021; Sharaf 
et al., 2022). When a PCM undergoes phase 
transition (solid-to-liquid), it absorbs substantial 
thermal energy at a nearly isothermal tempera-
ture, thereby stabilizing PV operating conditions 
and mitigating efficiency losses.

Recent advancements in PV-PCM research 
have explored nano-enhanced composites (Jam-
il et al., 2021; Kumar et al., 2021; Al Arni et al., 
2024), porous metal matrix integrations (Rad et 

al., 2021; Asefi et al., 2021; Rahimi et al., 2023), 
and hybrid nanofluid systems (Abd-Elrazik et al., 
2020; Rajamony et al., 2025) to overcome the 
inherently low thermal conductivity of organic 
PCMs. While these innovations demonstrate 
improved heat transfer rates under controlled 
laboratory conditions, their practical deploy-
ment remains constrained by high material 
costs, fabrication complexity, and uncertain 
long-term stability. Furthermore, the majority of 
existing studies evaluate PV-PCM performance 
under steady-state electrical loads, open-circuit 
conditions, or maximum power point tracking 
(MPPT) algorithms, often neglecting the dynam-
ic load variations characteristic of real-world 
grid-connected or standalone PV systems (Deka 
et al., 2024). This gap is particularly significant 
because electrical load fluctuations directly in-
fluence PV operating temperature, current-volt-
age characteristics, and thermal coupling with 
the PCM layer, yet their interaction with PCM 
thermal dynamics remains underexplored. The 
present study addresses these limitations by 
experimentally investigating the thermal and 
electrical performance of a PV-PCM system un-
der variable resistive loading conditions repre-
sentative of real-world operation. Polyethylene 
Glycol 600 (PEG-600), a commercially available 
organic PCM with a melting range of 17–22 °C, 
was selected for its thermal compatibility with 
PV operating temperatures, chemical stability, 
non-toxicity, and cost-effectiveness relative to 
advanced nano-composites (Sharaf et al., 2022). 
The experimental campaign was conducted on 
a rooftop in Tehran during peak summer irradi-
ance (June 2024), where two identical polycrys-
talline PV modules were tested side-by-side: one 
unmodified reference module (PV-Ref) and one 
thermally coupled to a rear-mounted aluminum 
container filled with PEG-600 (PV-PCM). Both 
systems were subjected to variable electrical 
loads ranging from 1.5 to 150 Ω using a resistor 
bank to simulate realistic operating conditions. 
Key thermal and electrical parameters were re-
corded at regular intervals to evaluate the cooling 
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effectiveness and its influence on power output. 
By integrating experimental thermal monitoring 
with electrical performance evaluation under 
dynamic loading conditions, this research aims 
to provide empirical evidence regarding the 
practical feasibility of PEG 600–based passive 
cooling for PV modules operating in hot climates. 
The findings contribute to the expanding body 
of PV PCM research by demonstrating how rel-
atively simple and cost effective organic PCMs 
can enhance real-world PV performance without 
relying on complex material modifications or 
nanostructures. In addition, the study provides 
insights into operational limitations and scal-
ability considerations of such systems, thereby 
informing future research on optimized PCM 
integration, long term durability assessment, and 
large scale PV thermal management strategies 
(Asefi et al., 2021; Deka et al., 2024).

MATERIALS AND METHODS 
Passive thermal regulation using Phase Change 
Materials (PCMs) has become a widely investi-
gated strategy for mitigating temperature-in-
duced efficiency losses in photovoltaic (PV) 
systems. A structured review of the literature 
reveals four major technical domains relevant to 
PV-PCM research: thermophysical optimization 
of PCM materials, integration and structural 
design strategies, experimentally observed ther-
mal–electrical performance outcomes, and com-
putational modeling frameworks. Synthesizing 
these domains helps clarify the theoretical basis 
of PV-PCM systems and enables identification 
of research gaps that limit reliable large-scale 
implementation.

Thermophysical properties and material 
selection play a central role in determining the 
effectiveness of PCM-assisted PV cooling. The 
thermal regulation capability of a PCM depends 
strongly on the compatibility between its melting 
temperature and the operational temperature 
range of photovoltaic modules. Organic PCMs 
such as paraffin waxes and polyethylene glycols 
(PEGs) are commonly used due to their chemical 

stability, non-corrosive nature, and relatively high 
latent heat storage capacity (Jamil et al., 2021; 
Kumar et al., 2021). Nevertheless, their inher-
ently low thermal conductivity (approximately 
0.2−0.3 W/mK) restricts heat diffusion and may 
slow down the phase transition process during 
rapid increases in solar irradiance. To address this 
limitation, recent studies have investigated con-
ductivity enhancement through nano-additives 
and composite structures (Alikhan et al., 2023; 
Jamil et al., 2021; Kumar et al., 2021; Rajamony 
et al., 2025; Al-Arni et al., 2024). These modifi-
cations can accelerate heat absorption, promote 
more uniform temperature distribution across 
the PV surface, and enhance the utilization of 
latent heat storage. Biochar-based PCM compos-
ites have also been proposed as lower-cost and 
environmentally sustainable alternatives (Abd 
Elrazik et al., 2020). Despite these advances, the 
long-term thermal stability of simple organic 
PCMs such as polyethylene glycol under high UV 
and arid outdoor conditions remains insufficient-
ly documented, particularly in climates similar to 
the Middle East.

Beyond material selection, the structural 
integration of PCMs within PV modules signifi-
cantly influences thermal performance. Several 
integration techniques have been proposed, 
including direct attachment of PCM layers to the 
rear surface of PV modules, macro-encapsulation 
in metallic or polymeric containers, and the use 
of structured matrices designed to distribute 
heat more uniformly (Rad et al., 2021; Rahimi et 
al., 2023). Hybrid thermal management configu-
rations have also been explored to enhance heat 
transfer efficiency. Studies integrating porous 
metal media, aluminum shavings, or finned heat 
sinks with PCMs have shown improved thermal 
dissipation by combining latent heat storage with 
conductive and convective heat transfer mech-
anisms (Tariq et al., 2024). In addition, regional 
climatic conditions play a crucial role in system 
effectiveness (Zhao et al., 2019; Ziari and Neza-
mi, 2020). However, many existing integration 
designs rely on complex structures that may in-
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crease system cost and limit practical scalability.
The primary objective of integrating PCMs 

into PV systems is to mitigate the negative 
temperature coefficient of photovoltaic cells. 
For crystalline silicon modules, electrical effi-
ciency typically decreases by approximately 
0.4−0.5% for every 1°C increase above the refer-
ence temperature of 25°C. By absorbing excess 
thermal energy during the phase transition 
process, PCMs can delay temperature buildup 
and maintain more stable operating conditions. 
Several experimental studies have confirmed 
the effectiveness of this approach (Sharaf et al., 
2022; Yu et al., 2021; Abdullah et al., 2022; Salimi 
Gargari et al., 2025). Alongside experimental 
studies, computational modeling and numerical 
simulations have been widely used to analyze 
and optimize PV-PCM systems before physical 
implementation.  Computational Fluid Dynamics 
(CFD) models allow researchers to investigate 
the effects of PCM thickness, encapsulation 
geometry, and heat transfer mechanisms on PV 
temperature distribution (Bhakre et al., 2023; 
Abdelrazik et al., 2023; Al Karboly et al., 2025). 
These studies indicate that optimized PCM layer 
thickness and structural porosity can significant-
ly reduce PV module temperature and improve 
heat dissipation efficiency. Nevertheless, many 
numerical investigations rely on simplified as-
sumptions such as uniform solar irradiance and 
steady-state thermal conditions, which may limit 
their ability to represent real outdoor operating 
environments where irradiance and electrical 

loads fluctuate continuously.
Although considerable progress has been 

made in material development, integration strat-
egies, and thermal modeling, several important 
research gaps remain. First, limited experimen-
tal evidence exists regarding the stability and 
performance of simple PEG-based PCMs under 
prolonged outdoor exposure in high-irradiance 
semi-arid climates. Second, the majority of ex-
perimental investigations evaluate PV-PCM sys-
tems under steady-state or open-circuit electrical 
conditions, neglecting the dynamic interaction 
between thermal regulation and variable elec-
trical loading. Third, many studies report perfor-
mance improvements descriptively without de-
tailed evaluation of experimental uncertainties 
or practical deployment considerations (Safavi 
and Shojaeebagheinee, 2019; Jeddi Farzane et al., 
2017). Addressing these limitations, the present 
study experimentally investigates the thermal 
and electrical performance of a PEG 600–based 
PV-PCM system under real outdoor conditions 
and variable resistive loads. The objective is to 
provide empirical evidence regarding tempera-
ture reduction and electrical efficiency enhance-
ment while contributing practical insights into 
the feasibility of implementing PCM-based pas-
sive cooling strategies for photovoltaic systems 
in warm climates. Table 1 provides a structured 
summary of key studies reviewed in this section, 
highlighting PCM types, integration methods, 
performance metrics, and research gaps ad-
dressed by each investigation.

Table 1: Summary of key studies on PCM-integrated PV systems

Reference
PCM Type & 

Melting Point

Integration 

Method
Key Performance Metrics Research Gap Addressed

Alikhan et al. 

(2023)

Nano-en-

hanced paraffin 

(28–32°C)

Back-surface 

lamination with 

graphene

ΔT = 15°C; 

η increase = 8.2%

Enhanced thermal conductivi-

ty; lab-scale only

Jamil et al. 

(2021)

PEG compos-

ite with CNTs 

(25–30°C)

Aluminum con-

tainer with fins

ΔT = 18°C; 

power gain = 9.5%

Steady-state conditions;

 no dynamic load testing

Kumar et al. 

(2021)

Organic PCM 

blend (30–35°C)

Direct 

attachment

ΔT = 12°C; efficiency im-

provement = 6.8%
Limited field validation
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Rajamony et al. 

(2025)

Multi-layer PCM 

(22–38°C)

Honeycomb 

structure

ΔT = 20°C; voltage stability 

improved

Complex fabrication; 

cost not evaluated

Al Arni et al. 

(2024)

Paraffin with 

metal oxides 

(27–33°C)

Macro-

encapsulation
ΔT = 14°C; η increase = 7.4%

Short-term testing 

(< 3 days)

Abd-Elrazik et 

al. (2020)

Biochar-based 

composite 

(29–34°C)

Porous metal 

matrix

ΔT = 16°C; sustainable 

material
UV degradation not assessed

Tariq et al. 

(2024)

Paraffin + alu-

minum shavings 

(28–32°C)

Hybrid container 

with natural 

convection

ΔT = 19°C; power 

gain = 10.2%

Controlled environment; no 

arid climate data

Rad et al. (2021)
Organic PCM 

(30–35°C)

Back-surface 

with heat sink

ΔT = 13°C; efficiency 

gain = 7.1%
Steady electrical load only

Rahimi et al. 

(2023)

PEG-based com-

posite (26–31°C)
Finned enclosure

ΔT = 17°C; thermal buffering 

confirmed

No Joule heating 

consideration

Zhao et al. 

(2019)

Paraffin 

(28–30°C)

Copper foam 

integration
ΔT = 21°C; η increase = 11.3% High cost; lab-scale

Ziari & Nezami 

(2020)

Climate-op-

timized PCM 

(28–35°C)

Tailored for 

Tehran climate
Annual efficiency gain = 8.5%

Simulation-based; no experi-

mental validation

Sharaf et al. 

(2022)

Organic PCM 

(27–32°C)

Direct 

lamination
ΔT = 15°C; power gain = 8.9% No variable load analysis

Yu et al. (2021)
PEG composite 

(25–30°C)

Aluminum 

container

ΔT = 16°C; seasonal 

performance evaluated

Winter/summer only; no 

spring/autumn data

Bhakre et al. 

(2023)

CFD simulation 

(various PCMs)

Numerical 

optimization

Predicted ΔT = 23°C; η 

increase = 12%
No experimental validation

Abdelrazik et al. 

(2023)

CFD model (par-

affin, 28–32°C)

Thickness 

optimization

Predicted ΔT = 19°C; optimal 

thickness = 3 cm
Simulation only

Al-Karboly et al. 

(2025)

CFD (nano-en-

hanced PCM)

Porosity 

optimization

Predicted ΔT = 22°C; η 

increase = 13.5%
No field testing

Abdullah et al. 

(2022)

Paraffin with fins 

(29–34°C)

Finned

 back-surface

ΔT = 18°C; energy yield 

increased by 9.8%
Short-term field test (2 days)

Salimi Gargari et 

al. (2025)

Organic PCM 

(28–33°C)

Insulation-opti-

mized container

ΔT = 17°C; power 

gain = 10.1%

No dynamic load or UV expo-

sure analysis

Present Study
PEG-600 

(20–25°C)

Aluminum 

container, 

back-surface

ΔT = 37.3°C; power 

increase = 10.8%

First field study of unmodified 

PEG-600 under dynamic loads 

in arid climate (Tehran); ad-

dresses UV stability, Joule heat-

ing, and real-world variability
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Note: ΔT = temperature reduction; η = electri-
cal efficiency; CNTs = carbon nanotubes; CFD = 
computational fluid dynamics.
This section describes the experimental meth-
odology employed to evaluate the thermal and 
electrical performance of a PEG-600-based PV-
PCM system under real outdoor conditions. The 
methodology encompasses material selection 
and characterization, system design and fab-
rication, instrumentation setup, experimental 
procedures, and performance evaluation met-
rics. All experiments were conducted in Tehran, 

Iran, during November under variable solar ir-
radiance and ambient temperature conditions.

Research Framework 
This experimental study follows a structured 
four-phase workflow: (1) material characteriza-
tion and preparation, (2) system fabrication and 
integration, (3) outdoor field testing under re-
al-world conditions, and (4) comparative ther-
mal and electrical performance analysis. The 
research framework is illustrated in (Fig. 1).

Figure 1: Research framework of the PV-PCM experimental study

Phase Change Material
The selection of an appropriate PCM for PV ther-
mal management requires consideration of: (i) 
melting point within the PV operating range 
(20–40°C), (ii) high latent heat capacity for en-
ergy storage, (iii) adequate thermal conductivi-
ty, (iv) chemical stability under UV exposure, (v) 
non-toxicity, and (vi) cost-effectiveness for scal-

able applications. PEG-600 was selected based 
on its favorable thermophysical properties (Tab. 
2), commercial availability, and ease of integra-
tion. Unlike nano-enhanced or composite PCMs 
reported in prior studies (Jamil et al., 2021; 
Alikhan et al., 2023), unmodified PEG-600 was 
used to evaluate baseline performance under 
field conditions without additives. 086455

Property Value Unit

Chemical formula H(OCH2CH2)ₙOH –

Melting point 20–25 °C

Table 2: Thermophysical properties of PEG-600
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Latent heat of fusion 146 kJ/kg

Density (liquid, 25°C) 1,126 kg/m³

Thermal conductivity 0.189 W/m·K

Specific heat capacity 2.2 kJ/kg·K

Photovoltaic Module
A polycrystalline silicon PV panel (40 W rated 
power) was used as the test module. Electrical 
specifications are provided in Tab. 3. The pan-

el’s temperature coefficient (–0.45%/°C) indi-
cates that efficiency decreases by approximate-
ly 0.45% for every 1°C rise above standard test 
conditions (STC: 25°C, 1000 W/m²).

Table 3: Electrical specifications of the PV module

Parameter Value Unit

Rated power (PMPP) 40 W

Open-circuit voltage (V_OC) 21.5 V

Short-circuit current (I_SC) 2.51 A

Voltage at MPP (V_MPP) 17.5 V

Current at MPP (I_MPP) 2.29 A

Temperature coefficient (power) –0.45 %/°C

Panel type Polycrystalline –

Dimensions (L × W × H) 680 × 550 × 30 mm

Weight 3.5 kg

Instrumentation and Measurement System
Temperature measurements were conducted 
using a TPM-10 digital thermometer (±0.5°C ac-
curacy, 0.1°C resolution). Electrical parameters 
were monitored with:
Voltage: 0.56-inch LED digital voltmeter (0–100 
V range, ±0.1 V accuracy)
Current: 4-digit digital ammeter (0–10 A range, 
±0.01 A accuracy)

Electrical load configuration: A resistive load 
bank consisting of ten wire-wound resistors (10 
W, 150 Ω each) was used to simulate variable 
electrical demand. Initial tests used a single re-
sistor; subsequent tests employed five resistors 
in parallel (effective resistance: 30 Ω) to match 
the panel’s maximum power point and avoid 
under-loading. All measurement devices and 
the load bank were mounted on a transparent 
Plexiglas panel (50 × 40 cm) to facilitate re-
al-time observation and ensure consistent data 
acquisition.

Uncertainty analysis: Measurement uncer-

tainties were propagated using standard error 
analysis. The combined uncertainty in power 
output (P = V × I) was calculated as (1):

For typical operating conditions (V = 17.5 V, I = 
2.29 A), the relative uncertainty in power was 
±1.2%. Temperature measurements had an abso-
lute uncertainty of ±0.5°C.
Calibration: All instruments were calibrated 
against reference standards prior to testing. The 
thermometer was verified using an ice-water 
bath (0°C) and boiling water (100°C at Tehran’s 
altitude). Electrical meters were calibrated us-
ing a precision multimeter (Fluke 87V).

Experimental Setup and System Integration
The experiments were conducted on the roof-
top of a three story residential building located 
in northeastern Tehran (35.73° N, 51.33° E). The 
site was selected to ensure unobstructed solar 

(1)
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exposure, minimal shading from surrounding 
structures, and convenient access for continu-
ous monitoring. Two identical PV systems were 
installed for comparative analysis:

•a reference PV module (PV Ref)
•a PCM integrated module (PV PCM)

Both panels were oriented due south with a 
fixed tilt angle of 45°, corresponding to the opti-
mal inclination for solar installations in Tehran. 
Maintaining identical orientation and tilt en-
sured that both systems experienced equivalent 
solar irradiance and environmental conditions. 
The reference PV panel was mounted on steel 
support legs with a height of 96 cm, fixed using 
angle brackets to maintain structural stability. 
To reduce rear side convective heat losses and 
create a controlled thermal environment, the 
triangular cavity formed by the support frame 
was enclosed using a transparent cellophane 
sheet, and all seams were sealed with silicone 
paste.

For the PV PCM configuration, the panel was 
mounted on slightly shorter steel legs (86 cm 
height) to accommodate a PCM container po-
sitioned directly behind the module. The PCM 
enclosure was fabricated from 1.5 mm thick alu-
minum sheets to enhance thermal conductivity 
and facilitate heat transfer from the PV back sur-
face to the PCM. The container dimensions were 
68 × 55 × 10 cm, providing sufficient volume for 
PCM storage while maintaining close thermal 
contact with the PV panel. The enclosure was 
filled with 40 kg of PEG 600, ensuring adequate 
latent heat capacity for thermal buffering during 
peak irradiance periods. An access hatch was in-
corporated into the container design to allow 
filling, inspection, and potential replacement of 
the PCM while preventing leakage during oper-
ation. Fig. 2 presents the physical components 
used in the experiment, including the PV mod-
ule and PEG 600 material, while Fig. 3 illustrates 
the installed PV Ref and PV PCM configurations.

Figure 2: Photovoltaic panel and PEG 600 PCM used in the 

experiment

Front view of the PV panel Rear view of the PV panel

Photovoltaic panel 

specification label
PEG600

Figure 3: Installation of reference PV and PV PCM systems

Experimental Procedure and Data Collection
The experimental campaign was conducted 
over five consecutive days, beginning on 8 No-
vember, under real outdoor conditions. Mea-
surements were recorded from 10:00 a.m. to 
4:30 p.m., covering the period of highest solar 

irradiance. Electrical and thermal parameters 
were recorded at 15 minute intervals, resulting 
in approximately 26 measurements per day for 
each system. The following variables were mon-
itored:
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•PV surface temperature
•output voltage
•output current
•ambient temperature
•solar irradiance (from local meteorological 

data)
The experimental configuration of the support 
bases, instrumentation panel, and resistive load 
bank is shown in (Fig. 4).

Figure 4: Measurement setup and instrumentation layout

Performance Evaluation Metrics
Two primary performance indicators were used 
to evaluate the effect of PCM integration.

Thermal Regulation Assessment
The cooling capability of the PCM system was 
evaluated by comparing the operating tempera-
tures of the reference PV panel and the PV PCM 
system (2):
ΔT = TPV,ref −TPV,PCM

where TPV, ref is the temperature of the conven-
tional PV panel and TPV, PCM represents the 
temperature of the PCM integrated panel. Mean 
values and standard deviations were calculated 

(2)

for the entire testing period to account for short 
term fluctuations.

Electrical Performance Evaluation
The electrical output power was calculated us-
ing (3):
P=V×I

where V is the measured voltage and I is the cur-
rent. To enable statistical comparison between 
both systems, the following metrics were com-
puted:

•mean power output
•standard deviation
•percentage power improvement

Power improvement was determined as (4):

Power Increase(%) =(PPCM- Pref)/Pref ×100

Experimental Limitations
The present study represents a pilot scale ex-
perimental investigation conducted on a single 
PV module. Therefore, the results should be 
interpreted as indicative rather than definitive 
for large scale PV installations. Environmental 
variability, seasonal changes, and system scaling 
effects may influence long term performance. 
Future studies should extend the experimental 
framework to larger PV arrays, longer monitor-
ing periods, and diverse climatic conditions to 
further validate the effectiveness of PV PCM sys-
tems.

FINDINGS AND DISCUSSION 
This section presents the experimental findings 
from the five-day outdoor testing campaign con-
ducted in Tehran, Iran (8–12 November 2024), 
organized into environmental conditions, ther-
mal performance, and electrical performance 
subsections. All measurements were recorded at 
15-minute intervals during daylight hours, and 
statistical analysis quantifies the temperature 
reduction and power enhancement achieved 
through PCM integration.

(3)

(4)
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Environmental Conditions and Solar Irradiance 
Solar irradiance data were recorded at 15-minute 
intervals from 10:00 a.m. to 4:30 p.m. over the 
five-day testing period (8–12 November 2024). 
(Fig. 5) presents the average solar radiation 
intensity profile, showing peak irradiance of ap-
proximately 850 W/m² occurring near solar noon 
(12:00–12:30 p.m.), followed by a gradual decline 
toward late afternoon. Ambient temperature 
ranged from 18°C in early morning to 24.2°C at 
midday, with a mean value of 21.5 ± 2.1°C during 
the measurement window. These environmental 
parameters were used as baseline conditions for 
comparative thermal and electrical performance 
analysis.

Figure 5: Average solar irradiance profile during the experi-

mental period (8–12 November 2024)

Thermal Performance Analysis
The thermal behavior of both systems was eval-
uated through continuous temperature mon-
itoring. This subsection presents temperature 
profiles, cooling effects, and statistical analysis 
of thermal performance metrics.

Temperature Profiles
(Fig. 6) illustrates the comparative temperature 
evolution of the reference PV module (PV-Ref), 
the PCM-integrated system (PV-PCM), and am-
bient air throughout the testing period. The ref-
erence PV panel exhibited a maximum surface 
temperature of 60.9°C at 12:30 p.m., represent-
ing a 36.7°C rise above ambient temperature. 
The mean operating temperature of the PV-Ref 
system was 51.6 ± 4.8°C across all measurement 
intervals. In contrast, the PV-PCM system re-
corded a maximum temperature of 38.3°C at 
2:45 p.m., with a daily mean of 32.2 ± 3.2°C. 

The delayed peak temperature in the PV-PCM 
system indicates thermal buffering provided by 
the latent heat absorption of PEG-600 during its 
phase transition.

Figure 6: Comparative temperature profiles of PV-Ref, PV-

PCM, and ambient air (8–12 November 2024)

Temperature Reduction Quantification
The instantaneous temperature difference be-
tween the two systems reached a maximum of 
37.3°C during peak irradiance hours. The mean 
temperature reduction achieved by PCM inte-
gration was (5):
ΔTmean = TPV, ref − TPV, PCM = 51.6−32.2=19.4 °C

This corresponds to a 37.6% reduction in mean 
operating temperature relative to the reference 
module. The standard deviation of temperature 
reduction was ±5.3°C, reflecting variability in 
solar irradiance and ambient conditions. (Tab. 4)   
summarizes the statistical thermal performance 
metrics for both systems.

(5)

Table 4: Statistical summary of thermal performance

Parameter PV-Ref PV-PCM Difference

Maximum 

temperature (°C)
60.9 38.3 22.6

Mean 

temperature (°C)
51.6 ± 4.8 32.2 ± 3.2 19.4

Temperature 

reduction (%)
– – 37.6

Electrical Performance Analysis
The electrical behavior of both systems was 
evaluated through power output measurements 
under varying load conditions. This subsection 
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presents power generation profiles, enhance-
ment quantification, and performance under 
variable resistive loads.

Power Output Comparison
(Fig. 7) presents the instantaneous power output 

calculated from measured voltage and current 
(P=V×I) for both systems across all measure-
ment intervals. Both configurations operated 
within the expected conversion efficiency range 
of 10–15% under field conditions.

Figure 7: Instantaneous power output of PV-Ref and PV-PCM systems (8–12 November 2024)

To facilitate quantitative comparison, Fig. 8 dis-
plays the average power generation for identical 
time intervals. The PV-PCM system consistently 
outperformed the reference module throughout 
the testing period.

Figure 8: Comparison of average power generation between 

PV-Ref and PV-PCM systems

Power Enhancement Quantification 

The mean power output of the reference PV sys-
tem was 11.2 ± 1.8 W, while the PV-PCM system 
generated 12.4 ± 1.6 W on average. The absolute 
power increase was (6):

ΔPmean= PPCM − Pref = 12.4−11.2=1.2 W

The relative power improvement was calculated 
as(7):

Power Increase(%)=(PPCM- Pref)/Pref×100=1.2/11.2  
×100=10.8%

This enhancement is attributed to the lower 
operating temperature of the PV-PCM system, 
which reduces thermally induced efficiency 

(6)

(7)
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losses. Based on the panel’s temperature coef-
ficient (–0.45%/°C), the observed 19.4°C tem-
perature reduction theoretically corresponds 
to an efficiency improvement of approximately 
8.7%, which is consistent with the experimen-
tally observed 10.8% power increase, consid-
ering additional influences such as irradiance 
fluctuations and measurement uncertainty.

Performance under Variable Resistive Loads
To further evaluate system behavior under 
different electrical loading conditions, the PV 
modules were tested with 1 to 5 resistors con-
nected in parallel. Tables 5 and 6 present the 
measured electrical power outputs for the ref-
erence PV system and the PV PCM system, re-
spectively. The theoretical power values were 
calculated as integer multiples of the single re-
sistor power output (1R case), assuming ideal 
linear scaling and negligible internal losses.
For the reference PV system (Tab. 5), measured 
power values generally remained slightly be-
low theoretical predictions as the number of 
parallel resistors increased. This deviation re-
flects practical electrical losses, internal resis-
tance of the module, and non ideal load match-

ing relative to the panel’s maximum power 
point. Similarly, the PV PCM system (Tab. 6) 
demonstrated comparable scaling behavior, 
but with consistently higher measured pow-
er outputs at equivalent load configurations. 
The improvement was particularly noticeable 
during periods of higher irradiance (11:00–
14:00), when thermal regulation from the PCM 
reduced panel temperature and helped main-
tain higher electrical output.
Across the measurement period, the average 
measured power under multi resistor configu-
rations remained systematically higher for the 
PV PCM system compared with the reference 
PV module, confirming the beneficial effect 
of PCM based thermal regulation on electrical 
performance. It should be noted that the differ-
ence between theoretical and measured power 
increases with additional resistors, indicating 
that simple linear scaling does not fully cap-
ture the nonlinear current–voltage character-
istics of photovoltaic modules. Therefore, the 
theoretical values are used only as a reference 
benchmark rather than an exact predictive 
model. (Tab. 5 and 6)

Table 5: Power output of the reference PV system under different resistor configurations

Time
Power 

(1R)

Theoreti-

cal (2×)

Measured 

(2R)

Theoreti-

cal (3×)

Measured 

(3R)

Theoreti-

cal (4×)

Measured 

(4R)

Theoreti-

cal (5×)

Measured 

(5R)

9:00 2.9 5.8 5.6 8.8 9.0 11.8 11.4 14.7 14.6

10:00 3.0 6.0 5.6 9.0 8.8 11.9 11.3 15.0 14.0

11:00 3.0 6.0 5.7 9.0 8.4 12.0 11.0 15.0 13.6

12:00 2.9 5.8 5.6 8.8 8.3 11.7 10.9 14.7 13.4

13:00 2.9 5.8 5.5 8.7 8.3 11.6 10.8 14.6 13.3

14:00 2.8 5.8 5.5 8.6 8.2 11.5 10.8 14.4 13.2

15:00 2.8 5.8 5.4 8.5 8.2 11.4 10.8 14.2 13.0

16:00 2.8 5.8 5.2 8.5 8.1 11.3 10.5 14.1 12.7

17:00 2.7 5.4 5.1 8.4 8.0 11.2 10.3 13.6 12.5

Table 6: Power output of the PV-PCM system under different resistor configurations

Time
Power 

(1R)

Theoreti-

cal (2×)

Measured 

(2R)

Theoreti-

cal (3×)

Measured 

(3R)

Theoreti-

cal (4×)

Measured 

(4R)

Theoreti-

cal (5×)

Measured 

(5R)

9:00 3.1 6.3 6.0 9.5 8.6 12.7 12.2 15.9 12.7
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10:00 3.2 6.4 6.0 9.6 8.8 12.8 12.0 16.0 14.8

11:00 3.2 6.5 6.1 9.7 9.0 13.0 11.8 16.2 14.6

12:00 3.2 6.4 6.1 9.6 9.0 12.9 11.8 16.1 14.5

13:00 3.1 6.3 6.0 9.4 8.9 12.6 11.7 15.7 14.5

14:00 3.1 6.2 6.0 9.3 8.8 12.4 11.5 15.5 14.5

15:00 3.0 6.1 5.9 9.1 8.6 12.2 11.4 15.2 14.3

16:00 3.0 6.0 5.8 9.0 8.4 12.0 11.1 15.0 14.2

17:00 2.9 5.9 5.7 8.9 8.2 11.8 10.8 14.7 14.0

RESULTS AND CONCLUSION 
The experimental results demonstrate that in-
tegrating PEG-600 as a phase change material 
significantly influences both the thermal and 
electrical behavior of the photovoltaic module. 
This section discusses the underlying thermal 
regulation mechanism, the resulting electrical 
performance enhancement, system behavior un-
der variable electrical loading, and measurement 
reliability.

Thermal Regulation Mechanism
The thermal data demonstrate that PCM integra-
tion substantially altered the heat dissipation be-
havior of the photovoltaic module. The reference 
PV system exhibited continuous temperature rise 
during peak irradiance hours, reaching a max-
imum of 60.9°C—a condition that is typical for 
conventional crystalline silicon panels operating 
under clear-sky conditions with limited natural 
convection. In contrast, the PV-PCM system 
displayed a temperature plateau between 11:45 
a.m. and 12:45 p.m., with surface temperatures 
stabilizing in the range of 29–32°C. This behav-
ior is consistent with the latent heat absorption 
characteristic of phase change materials. During 
this interval, PEG-600 underwent solid-to-liquid 
transition (melting point ~20–25°C), absorbing 
thermal energy without a corresponding increase 
in temperature. This thermal buffering effect 
effectively decoupled the module temperature 
from the incident solar irradiance, preventing 
the typical overheating observed in passive PV 
systems.
After 3:00 p.m., as solar irradiance declined, the 

PV-PCM system exhibited a slower cooling rate 
compared to the reference module. This phe-
nomenon is attributed to the release of stored 
latent heat as the PCM re-solidified, maintaining 
a relatively elevated temperature during the late 
afternoon. While this delayed cooling may reduce 
the thermal advantage during evening hours, 
it does not adversely affect daytime electrical 
performance, which is the primary operational 
period for solar energy generation. The observed 
thermal behavior aligns with findings reported 
by Hasan et al. (2010) and Sharma et al. (2015), 
who documented similar temperature stabiliza-
tion effects using paraffin-based PCMs. However, 
the present study extends these observations to 
PEG-600 under dynamic electrical loading and 
real outdoor conditions, addressing a gap in the 
existing literature.

Electrical Performance Enhancement
The electrical performance improvement doc-
umented here is a direct consequence of the 
thermal regulation described above. Photovoltaic 
cell efficiency is inversely related to operating 
temperature, primarily due to the negative 
temperature coefficient of open-circuit voltage 
(typically –0.3 to –0.5%/°C for crystalline silicon 
cells). By maintaining a lower average operating 
temperature (32.2°C vs. 51.6°C), the PV-PCM sys-
tem operated closer to standard test conditions 
(STC: 25°C), thereby reducing thermally induced 
voltage losses. The observed 10.8% increase in av-
erage power output is consistent with the 19.4°C 
mean temperature reduction and the panel’s 
specified temperature coefficient of –0.45%/°C. 
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Theoretical calculation predicts an efficiency 
improvement of approximately (8):

 Δηtheoretical = 19.4×0.45=8.7%

The slightly higher experimental value (10.8%) 
may be attributed to additional factors such as 
improved current generation due to reduced 
carrier recombination at lower temperatures, 
as well as measurement variability within the 
±5.3°C standard deviation of temperature reduc-
tion. These findings are comparable to results 
reported by Kibria et al. (2016), who achieved 
9–12% power enhancement using paraffin wax 
PCM, and Stropnik and Stritih (2016), who doc-
umented 8–15% improvements with salt hydrate 
PCMs. The present study confirms that PEG-600, 
despite its lower latent heat capacity (~150 kJ/kg) 
compared to paraffin (~200 kJ/kg), provides ef-
fective thermal management in moderate-tem-
perature climates, particularly when deployed in 
sufficient mass (40 kg in this study).

Performance under Variable Electrical Loading
The analysis of variable resistive loads (Tabs. 5 
and 6) reveals an important interaction between 
electrical current draw and thermal management 
effectiveness. As the number of parallel resistors 
increased from 1R to 5R, the equivalent load 
resistance decreased, resulting in high resulting 
in higher current extraction from the PV module. 
Under ideal electrical assumptions, the generated 
power would scale linearly with the number of 
resistors; however, the measured values deviated 
slightly from theoretical predictions, particularly 
under higher loads (4R and 5R). This deviation 
can be explained by the nonlinear current–volt-
age characteristics of photovoltaic cells and by 
internal resistive losses within the module. At 
higher currents, Joule heating (P = I2R) within 
the cell interconnections and internal resistanc-
es increases, contributing additional localized 
heating. This effect partially offsets the cooling 
benefit and explains why the difference between 
theoretical and measured power grows with in-

(8)

creasing electrical load.
Despite these nonlinear effects, the PV PCM 

system consistently maintained higher electrical 
output across all resistor configurations com-
pared with the reference module. The results 
suggest that the PCM layer provides an effective 
thermal buffer against current induced heating, 
particularly during peak irradiance periods 
(11:00–14:00). However, the cooling effective-
ness appears to slightly decrease at maximum 
current conditions, indicating that PCM based 
passive cooling has practical limits when elec-
trical loading approaches the upper operating 
range of the module.

Measurement Reliability and Uncertainty Consider-
ations
Based on the instrument specifications, the 
combined uncertainty in power measurements 
is estimated to be approximately ±1.4–2.0%, 
depending on operating conditions. This level 
of uncertainty is significantly smaller than the 
observed 10.8% power improvement, indicating 
that the reported performance enhancement is 
unlikely to result from measurement error alone. 
Nevertheless, it should be acknowledged that 
environmental variability (solar fluctuations, 
wind speed changes, and sensor placement) 
may introduce additional experimental scatter 
that cannot be fully eliminated in outdoor field 
experiments.

Relation to Identified Research Gap
As highlighted in the integrated literature review, 
most previous studies on PCM assisted PV cooling 
have focused on paraffin based materials, con-
trolled laboratory conditions, or steady electrical 
loads. Experimental investigations using PEG 
based PCMs under dynamic electrical loading 
and real outdoor environments remain limited. 
The present study contributes to addressing this 
gap by demonstrating that PEG 600 can effective-
ly regulate PV temperature and improve electri-
cal performance under practical field conditions 
and varying electrical loads. However, the results 
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are based on a single-module pilot-scale experi-
ment conducted over a limited time period, and 
therefore should be interpreted as indicative 
rather than definitive evidence of large-scale 
system performance. Future research should 
include long-term seasonal monitoring, optimi-
zation of PCM mass and container geometry, and 
techno-economic analysis for larger PV arrays to 
further evaluate the feasibility of PEG based ther-
mal regulation systems.

This study experimentally investigated PEG-
600 as a phase change material (PCM) for passive 
thermal management of photovoltaic mod-
ules under real outdoor conditions in Tehran’s 
semi-arid climate. The research addressed a gap 
in existing literature by evaluating PEG-based 
PCM performance under dynamic electrical 
loading and field conditions, extending beyond 
laboratory-scale and paraffin-focused studies. 
The five-day field experiment (8–12 November 
2024) demonstrated that the PV-PCM system 
achieved a mean temperature reduction of 
19.4°C (37.6% reduction) compared to the ref-
erence module, with maximum instantaneous 
difference of 37.3°C. The PCM effectively buffered 
temperature fluctuations during peak irradiance 
hours (11:00–13:00), maintaining module tem-
perature within 29–32°C while the reference 
system exceeded 60°C. This thermal stabilization 
resulted from latent heat absorption during PEG-
600’s solid-to-liquid phase transition (melting 
point 20–25°C). The thermal regulation directly 
improved electrical output, yielding an average 
power increase of 10.8% (12.4 W vs. 11.2 W), con-
sistent with the panel’s temperature coefficient 
(−0.45%/°C). The PV-PCM system maintained 
superior performance across all tested resistive 
load configurations, though cooling effectiveness 
slightly decreased under maximum current con-
ditions due to internal Joule heating.

The results demonstrate that PEG-600 is a vi-
able alternative to paraffin-based PCMs, offering 
advantages in non-flammability, chemical stabil-
ity, and lower cost. However, the pilot-scale na-
ture (single module, five-day period) limits direct 

extrapolation to large-scale arrays or long-term 
seasonal performance. Future research should 
focus on: (1) PCM optimization including layer 
thickness and hybrid formulations; (2) long-term 
field testing across seasonal variations; (3) com-
prehensive techno-economic analysis including 
ROI and lifecycle costs; and (4) system-level 
scaling to multi-module arrays. While the find-
ings confirm technical feasibility of PCM-assisted 
passive cooling for improving PV performance, 
further long-term and system-scale studies are 
necessary to determine practical and economic 
viability for large photovoltaic installations.
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