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Solar water heating is a mature, low-carbon technology for supplying domestic hot water, 
yet the intermittency of solar radiation creates a persistent mismatch between supply and 
demand, particularly in buildings with large, time-varying thermal loads. Integrating phase 
change materials (PCMs) for latent thermal storage can bridge this gap, but the combined 
influence of PCM type, material fraction, flow rate, and season on performance remains 
insufficiently characterized; this study therefore develops and optimizes a PCM-integrated 
flat-plate solar water-heating system for building applications. A three-dimensional 
computational fluid dynamics model was built in COMSOL Multiphysics, solving the 
coupled mass, momentum, and energy equations with the effective-specific-heat method 
for phase change and the P1 radiation model. Two commercial storage materials, RT35HC 
and paraffin wax, were compared with water at 3% and 6% material fractions and standard 
and doubled flow rates across the twelve months of the year, using seven indicators: energy 
requirement, energy-storage performance, harvested energy, PCM melt fraction, valve-
opening time ratio, outlet temperature, and overall performance. The findings show that 
increasing the flow rate enhances convective heat transfer and PCM melting, although 
excessive flow shortens the residence time for heat transfer to the PCM; water, RT35HC, 
and paraffin wax display distinct seasonal patterns, with RT35HC performing strongly in 
the warm months. The conclusion shows that no single material–flow-rate combination is 
optimal year-round, so PCM selection and flow-rate control should be chosen jointly within 
a season-dependent operating strategy.
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INTRODUCTION
Global energy demand continues to rise with 
population growth, urbanization, and techno-
logical development, while the environmental 
impacts of fossil-fuel use have accelerated the 
transition toward renewable energy (Shafiee 
& Topal, 2009; Halmann & Steinberg, 1998; 
Asafu-Adjaye, 2000; Koroneos et al., 2003). 
Solar energy is especially attractive for building 
applications because it can supply low- and me-
dium-temperature heat for domestic hot water 
and space heating, and its potential and diverse 
solar-thermal applications are well established 
(Kannan & Vakeesan, 2016; Kabir et al., 2018; 
Alamdari et al., 2013; Badar Hayat et al., 2019; 
Wang et al., 2021; Tsalikis & Martinopoulos, 
2015; Al Hariri et al., 2024). Solar water heating 
(SWH) is a mature solar-thermal technology, but 
its performance is inherently constrained by the 
temporal variability of solar radiation (Jamar et 
al., 2016): solar heat is available mainly during 
daylight, whereas hot-water demand continues 
through the night and often peaks when solar 
input is low. Thermal energy storage is therefore 
essential for the continuity and reliability of 
solar-assisted heating. Phase change materials 
(PCMs) provide an attractive latent-heat storage 
mechanism, absorbing or releasing large quanti-
ties of energy within a narrow temperature in-
terval during phase transition, thereby increasing 
storage density and extending useful operation 
beyond sunshine hours. Previous investiga-
tions have examined PCM placement, collector 
configuration, fins and metallic strips, porous 
media, cascaded units, nanofluid enhancement, 
and different climatic conditions (Hussein et al., 
2018; Farahani et al., 2021; Huang et al., 2020; 
Ding et al., 2020; Khodadadi et al., 2021; Tripathi 
et al., 2023; Abdellatif et al., 2025; Lenka et al., 

2026). Comparable system-level studies have 
compared thermosyphon solar water heaters 
(Koua et al., 2020), paraffin-based latent storage 
coupled with flat-plate collectors (Senthil et al., 
2020), photovoltaic-thermal PCM collectors un-
der varying irradiance and flow (Aziz et al., 2023), 
PCM melting in vertical thermal storage (Senthil 
et al., 2021), and paraffin-PCM solar heating for 
residential comfort (Quispe et al., 2026).
Although these studies collectively demonstrate 
the potential of PCM integration, they typically 
vary only one or two design parameters and do 
not fully resolve the interaction among material 
selection, material fraction, flow rate, and season-
al operating conditions for the configuration ex-
amined here. The objective of this study is there-
fore to numerically characterize and optimize a 
flat-plate solar water-heating system integrated 
with RT35HC and paraffin wax, simultaneously 
considering 3% and 6% material fractions, stan-
dard and doubled flow rates, and twelve monthly 
operating conditions.

MATERIALS AND METHODS 
System configuration
The investigated system is a closed-loop 
forced-circulation solar water-heating system. 
Its main components are a flat-plate collector, 
storage tank, circulation piping, pump, measure-
ment devices, supporting structure, galvanized 
sheets, and thermal insulation. Water is circulat-
ed through the collector, receives solar-derived 
thermal energy, and transfers the collected heat 
to the storage section.

Flat-plate collector
The numerical model uses the SUN 600.20 flat-
plate collector with a nominal area of approxi-
mately 2.0 m² and a tilt angle of 45°.

Table 1: Absorption coefficient, emissivity, and thickness of various layers 

Layer Transmissivity Absorptivity Emissivity Thickness (mm)

Glass 0.91 0.005 0.94 3.2

Ethylene Vinyl Acetate (EVA) 0.93 0.005 - 0.5

PV units 0.09 0.8 - 0.3
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Bottom surface 0.91 0.005 - 0.5

Mirror 0.95 0.95 - -

The collector specifications used in the model 
include an aperture area of 1.92 m², a height of 
1730 mm, a depth of 73 mm, a fluid capacity of 
approximately 28 kg, a zero-loss efficiency of 

0.77, an overall heat-transfer coefficient of 4.80 
W/(m²·K), a maximum working pressure of 10 
bar, and a recommended flow rate of 25 L/(h·m² 
aperture).

Table 2: Geometric and thermal specifications 

Parameter Unit SUN 600.20

Total area m² 2.02

Aperture area m² 1.92

Overall height mm 1730

Overall width (with connections) mm 1170–1215

Depth mm 73

Fluid capacity kg 28

Connections mm 4 × 22

First-order coefficient W/(m²·K²) 3.745

Second-order coefficient W/(m²·K²) 0.015

Zero-loss efficiency - 0.77

Overall heat transfer coefficient W/(m²·K) 4.80

Maximum working pressure bar 10

Stagnation temperature °C 197

Recommended flow rate l/(h·m² aperture) 25

Tilt angle range ° 15° to 75°

Maximum wind speed km/h 150

Maximum snow load kN/m² 0.75

Storage tank and design basis and Governing 
equations
The design basis considers an 80-gallon (ap-
proximately 300 L) storage tank for four per-
sons, with a target hot-water supply tempera-
ture of 60°C. A collector area of approximately 
2 m² is adopted in accordance with the design 
guideline used in the original study and the 
climatic conditions considered for Yasuj city in 
Iran. The model solves the three-dimensional 
conservation equations for mass, momentum, 
and energy. Temperature-dependent density is 
considered in the fluid formulation. The govern-
ing equations are the continuity equation, the 
momentum equation with viscous stress, and 

the energy equation including conductive and 
convective heat transfer.
Radiative heat transfer is represented using the 
P1 radiation model. The thermal properties of 
the working and storage materials are incorpo-
rated into the energy equation. For the nanoflu-
id formulation reported in the original model, 
effective density, heat capacity, thermal conduc-
tivity, and viscosity are evaluated as functions of 
the dispersed-material fraction.
∂ρ/∂t+∇.j=σ                                                                      (1)

ρ(u.∇)u=∇.[-ρl+κ]+F                                                  (2)

κ=μ(∇u+(∇u)T )-2/3 μ(∇.u)l                                    (3)

ρCp dT/dt+ρCp u.∇T=k∇2 T+                                     (4)
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∇.(-Dp1 ∇G)-κ(G-4πIb )=0                                            (5)

Dp1=1/3(κ+σs )                                                              (6)

ρ_nf=(1-ϕ) ρb+ρnp ϕ                                                     (7)

(CP )nf=((1-ϕ) (CP ρ)_b+(CP ρ)_nP ϕ)/ρnf              (8)

knf/kb =(2kb+kP 2(k�-kb )ϕ)/-(kP-kb )ϕ+2kb+kP                                                                                               

μnf=(1ϕ)-2.5 μbO                                                                         (10)

Cps=2.5+174/3(flc2hs(T-313,0.2)-flc2hs(T-316,0.2))

Thermophysical properties
The investigated thermal-storage materials 
are RT35HC and paraffin wax. The reported 
properties are: RT35HC density 804.55 kg/m³, 
specific heat 3550 J/(kg·K), thermal conductiv-
ity 0.4 W/(m·K), melting temperature approxi-

(9)

(11)

mately 35°C, and latent heat 220 kJ/kg; paraf-
fin wax density 900 kg/m³, specific heat 2500 
J/(kg·K), thermal conductivity 0.21 W/(m·K), 
melting range approximately 313–316 K, and 
latent heat 174 kJ/kg. Aluminum oxide is also 
listed in the original model with a density of 
3970 kg/m³, specific heat of 765 J/(kg·K), and 
thermal conductivity of 40 W/(m·K).

The phase-change process is represented 
by the effective-specific-heat method. Latent 
heat is incorporated by modifying the apparent 
heat capacity within the melting interval. This 
approach enables the latent heat contribution 
to be included directly in the transient energy 
equation.

Table 3. Thermophysical properties of nanoparticles.

Nanoparticles Density (kg/m³)
Specific Heat 

(J/(kg·K))

Thermal Conduc-

tivity (W/(m·°C))
μ Melting Point (°C)

Latent Heat of 

Fusion (J/kg)

Aluminum 

Oxide (Al₂O₃)
3970 765 40 - - -

RT-35HC 804.55 3550 0.4 0.0044 35 220,000

Paraffin Wax 900 2500 0.21 - 313–316 174,000

Figure 1: Modified specific heat (Cp) of paraffin wax. Figure 2: Modified specific heat (Cp) of RT-35HC.

Geometry and boundary conditions
The modeled storage geometry consists of a 
cylindrical tank approximately 2 m long, with 
an outer radius of 230 mm and an inner wa-
ter-flow radius of 50 mm. Twenty copper fins 
are embedded in the PCM region. The external 

walls are treated as thermally insulated, no-slip 
conditions are applied at solid walls, and fully 
developed flow is assumed at the inlet and out-
let. The inlet fluid temperature is set equal to the 
ambient temperature.
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Figure 3: Schematic representation of the problem.

Figure 4: Meshing of the geometry under investigation.

Mesh independence and validation
Three meshes containing 13,686, 19,836, and 
29,994 elements were tested. The stored-energy 
results were nearly identical for the three mesh-
es; therefore, the 19,836-element mesh was 
selected as a compromise between numerical 
accuracy and computational cost.

For validation, the simulated collector effi-
ciency under the nominal conditions specified 
in the original study was compared with the 
collector catalogue value. The simulation yield-
ed approximately 33%, in close agreement with 
the reported catalogue value of approximately 
33%. This comparison supports the numerical 
implementation, while the limited validation 
dataset should be recognized as a limitation of 
the present study.

FINDINGS AND DISCUSSION 
Grid independence and Effect of flow rate on heat 
transfer and PCM melting
The grid-independence analysis demonstrates 
negligible differences in the calculated stored-en-
ergy response among the three tested meshes. 

Figure 5: Variations of stored energy for different element 

counts.

The selected 19,836-element mesh therefore 
provides a suitable computational resolution for 
the subsequent parametric simulations. Increas-
ing the inlet velocity increases the convective 
heat-transfer coefficient and consequently en-
hances the rate of heat exchange between the cir-
culating fluid and the PCM. The simulations show 
that the PCM melt fraction increases with flow 
rate for both paraffin wax and RT35HC. However, 
the higher velocity also reduces the residence 
time of the fluid in the heat-transfer region. 
Consequently, an increase in flow rate does not 
necessarily translate into a proportional increase 
in outlet temperature or useful heat transferred 
to the PCM. This interpretation is consistent with 
the flow-rate and PCM effects reported in related 
IJRED solar-thermal studies. The results indicate 
that flow-rate optimization is a trade-off between 
stronger convection and shorter residence time. 
This interaction is important when selecting the 
operating point for a PCM-integrated solar ther-
mal system.

Seasonal energy requirement
The annual analysis shows substantial seasonal 
variation in the energy requirement. During 
warmer months, the available solar energy can 
exceed the instantaneous thermal demand, 
creating an opportunity for latent-heat stor-
age. During colder periods, the energy demand 
increases and the solar contribution becomes 



203

Tavakolpour et al.

more constrained. Increasing the flow rate to 
twice the standard value generally improves the 
reported system performance in the investigated 
configurations. The results therefore support a 
seasonal rather than fixed operating strategy. 
The preferred thermal-storage material and flow 
rate depend on the thermal conditions prevailing 
during each period of the year.

Figure 6: Radial temperature distribution in PCM for differ-

ent inlet water velocities.

Seasonal energy requirement
The annual analysis shows substantial season-
al variation in the energy requirement. During 
warmer months, the available solar energy can 
exceed the instantaneous thermal demand, 
creating an opportunity for latent-heat stor-
age. During colder periods, the energy demand 
increases and the solar contribution becomes 
more constrained. Increasing the flow rate to 
twice the standard value generally improves the 
reported system performance in the investigat-
ed configurations. The results therefore support 
a seasonal rather than fixed operating strate-
gy. The preferred thermal-storage material and 
flow rate depend on the thermal conditions pre-
vailing during each period of the year.

Energy-storage performance
RT35HC at twice the standard flow rate exhib-
its strong energy-storage performance during 
the warmer part of the year, particularly around 

months six to eight. In comparison, paraffin wax 
at standard flow rate exhibits lower stored-en-
ergy performance during the first four months. 
These differences are associated with the dis-
tinct melting temperatures, specific heats, and 
latent heats of the materials.

Figure 7: Energy requirement ratio for different months of 

the year.

Figure 8: shows the variations in stored energy efficiency 

during different months of the year.

Energy harvested for a four-person household
The annual analysis for a four-person household 
indicates that electricity consumption varies 
considerably with the season. During the sixth 
month, the original simulation reports approxi-
mately 50 kWh of electricity consumption. Un-
der the RT35HC configuration, approximately 13 
kWh is reported, while the paraffin-wax config-
uration reports approximately 12 kWh. These 
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values correspond to lower electricity demand 
relative to the stated monthly consumption in 
the simulated cases. Because these results de-
pend on the specific load assumptions and sim-
ulation boundary conditions, they should be 
interpreted as model-based comparative results 
rather than direct predictions of field electricity 
consumption.

Figure 9: Energy harvested by a household for various 

months of the year.

PCM melt fraction
The PCM melt fraction increases during the 
warmer months as a result of higher ambi-
ent temperature and solar availability. RT35HC 
reaches its highest melt fraction during approx-
imately months six to eight. The seasonal be-
havior confirms that PCM selection should be 
matched to the operating-temperature range of 
the solar thermal system. Similar emphasis on 
PCM melting behavior as a performance indica-
tor has been reported for solar thermal storage 
systems in IJRED.

Valve-opening time ratio
The valve-opening time ratio varies with both 
PCM type and month. RT35HC reaches values 
close to 96% during months six to eight and ap-
proximately 91% during the first three months. 
Paraffin wax reaches approximately 89% in 
the second month and approximately 93.5% in 
month eight. The differences are consistent with 
the distinct melting characteristics of the two 

Figure 10: Melt fraction for different months of the year.

PCMs and their interaction with seasonal oper-
ating temperatures.

Figure 11: Valve opening time ratio for different months of 

the year.

Overall system performance
The calculated overall performance varies sub-
stantially with material and flow rate. Paraf-
fin wax at standard flow rate produces values 
of approximately 23–25% during the first four 
months, whereas doubling the flow rate increas-
es the reported performance to approximately 
28–28.5% during months eight to ten. RT35HC 
at standard flow rate reaches approximately 28–
28.5% during months six to nine, while doubling 
its flow rate produces approximately 30.5–31.5% 
during months seven to ten. Water at twice the 
standard flow rate exceeds 31% during the final 
three months. These results demonstrate that 
no single material-flow-rate combination is 
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uniformly optimal throughout the year. Instead, 
performance is strongly seasonal, and the selec-
tion of PCM should be coupled with the expect-
ed operating temperature and flow conditions.

Figure 12: Variations in overall efficiency for different 

months of the year

Outlet temperature
The collector outlet temperature varies approx-
imately from 26°C to 58°C over the simulated 
year. During months six to eight, outlet tem-
peratures above 55°C are obtained. Paraffin 
wax at standard flow rate reaches nearly 58°C 
in month seven, whereas the lowest outlet tem-
peratures occur for paraffin wax under the same 
conditions in months one and twelve. For the 
average PCM temperature, water at twice the 
standard flow rate performs strongly during 
months five to nine, with reported values be-
tween approximately 46°C and 58°C. During the 
first four and final three months, paraffin wax at 
twice the standard flow rate shows the higher 
reported average PCM temperature, approxi-
mately 26–40°C.
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Figure 13: Outlet temperature variations for different months of the year.

Temperature contours
The water temperature contours show similar 
spatial patterns at the two investigated flow 
rates, with the highest temperatures occurring 
near the hot-water flow region. Doubling the 
flow rate increases convective heat transfer 

and produces higher average outlet tempera-
ture. The reported average outlet temperature 
at doubled flow rate is approximately 74.5°C for 
the water case.

Figure 14: Variations in water temperature contour at different flow rates.
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Figure 15: Variations in the temperature contour of paraffin wax at different flow rates.

For paraffin wax, the average outlet temperature 
at doubled flow rate is approximately 62.2°C, 
while the corresponding value for RT35HC is 
approximately 58.4°C. The minimum water 

temperature is reported to increase by approx-
imately 1.8°C, 2.3°C, and 2.4°C for the water, 
paraffin-wax, and RT35HC cases, respectively, 
when the flow rate is doubled.

Figure 16: Changes in the temperature contour of RT-35HC for various flow rates.

Effect of material fraction
For the water-based cases, the second month 
produces a reported efficiency of approximate-
ly 55% at a 6% fraction and standard flow rate. 
During the three summer months, the 6% frac-

tion at twice the standard flow rate produces 
reported efficiencies of approximately 35–48%. 
During the final three months, the same config-
uration remains within approximately 40–50%.

Figure 17: Variations in the melting fraction of paraffin wax at different flow rates.
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For RT35HC, the 6% fraction at twice the stan-
dard flow rate reaches approximately 85% in 
the second month and approximately 82–85% 

during the summer period. During the final 
three months, the reported range is approxi-
mately 65–82%.

Figure 18: Variations in the melting fraction of RT-35HC at different flow rates.

Figure 19: Efficiency variations of water as the working fluid 

at different weight percentages and flow rates.
Figure 20: Efficiency variations of paraffin wax at different 

weight percentages and flow rates.

For paraffin wax, the model reports a perfor-
mance metric approaching 180% for the 6% frac-
tion at twice the standard flow rate in the second 
month, with values of approximately 120–160% 
reported during the final three months at stan-
dard flow rate. Because a conventional thermal 
efficiency defined as useful thermal output di-
vided by incident solar energy cannot physically 
exceed 100%, these values should be interpreted 
only according to the exact performance defini-
tion used in the original model. The underlying 
equation, normalization, and units must be ver-
ified before the metric is described as 'thermal 
efficiency' in the final submission. The com-
bined results indicate that the PCM type and 
material fraction should be selected together 

with the operating flow rate and season; a sin-
gle year-round setting may not provide the best 
thermal response.

Figure 21: Efficiency variations of RT-35HC at different 

weight percentages and flow rates.
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RESULTS AND CONCLUSION 
This study numerically investigated a PCM-in-
tegrated flat-plate solar water-heating system 
for building applications using COMSOL Multi-
physics. The analysis considered two commer-
cial PCMs, RT35HC and paraffin wax, different 
material fractions, two flow-rate conditions, 
and twelve months of operation. The results 
demonstrate that flow rate has a strong influence 
on convective heat transfer and PCM melting. 
Increasing the flow rate generally increases the 
convective heat-transfer coefficient and melt 
fraction, but the reduced residence time can limit 
the heat transferred to the PCM. The thermal 
response is therefore governed by a balance be-
tween convection intensity and residence time. 
The seasonal analysis demonstrates that the rela-
tive performance of water, RT35HC, and paraffin 
wax changes over the year. RT35HC shows strong 
performance during warm-season operation, 
while paraffin wax also exhibits favorable behav-
ior under several high-temperature conditions. 
The outlet-temperature analysis further confirms 
that the material melting range must be compat-
ible with the operating temperature of the solar 
thermal system.

The principal contribution of the work is 
the simultaneous assessment of material type, 
material fraction, flow rate, and seasonal vari-
ation within one numerical framework. This 
integrated approach provides a practical basis for 
developing season-dependent operating strate-
gies rather than relying on a single fixed design 
condition. The principal also contributions of 
this work can be summarized as follows. First, 
the study integrates PCM type, material fraction, 
flow rate, and twelve-month seasonal variation 
within a single unified numerical framework, 
rather than optimizing these parameters in isola-
tion. Second, two commercial PCMs-RT35HC and 
paraffin wax are directly compared under iden-
tical solar-water-heating conditions, enabling a 
transparent seasonal contrast of their thermal 
responses. Third, the results demonstrate that 
the preferred operating condition shifts with the 

month, providing a practical basis for season-de-
pendent PCM and flow-rate selection. Fourth, 
system behavior is assessed through seven 
complementary performance indicators energy 
requirement, energy storage, harvested energy, 
melt fraction, valve-opening time, outlet tem-
perature, and overall performance rather than a 
single efficiency value. Fifth, the analysis is linked 
to a four-person hot-water demand and a 300-L 
storage tank, offering an engineering-scale con-
text for interpreting the thermal-storage results. 
Taken together, these contributions move be-
yond single-parameter optimization and estab-
lish a season-dependent, multi-indicator design 
strategy for PCM-integrated solar water-heating 
systems in high-rise buildings. The findings 
provide practical guidance for engineers and de-
signers seeking to select the most suitable PCM 
type and flow rate under varying seasonal con-
ditions, while also highlighting the importance 
of verifying the exact definition of the reported 
performance metric exceeding 100% before it is 
interpreted as a conventional thermal efficiency. 
Future work should include experimental valida-
tion under multiple operating conditions, uncer-
tainty analysis, economic assessment, and a more 
comprehensive annual energy/exergy evaluation. 
These extensions would strengthen the practical 
applicability of the numerical findings.
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