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 Abstract 
This study experimentally investigates enhancing a domestic solar water storage tank's thermal performance by 
integrating phase change materials (PCMs) in central (C-PCM), circumferential (A-PCM), and dual (C+A-PCM) 
configurations. A control tank without PCM was used for comparison. Results demonstrated that the circumferential 
PCM arrangement (A-PCM) performed optimally, improving heat retention by 73% over the control due to its 
superior surface-area-to-volume ratio, which extended hot water availability. The dual-PCM system offered only a 
marginal gain of 8% over the A-PCM configuration, while the central PCM (C-PCM) lagged significantly due to 
limited thermal interaction. These findings align with previous research on annular PCM geometries. Economically, 
the high initial capital cost for PCM integration remains a challenge. However, the system's projected payback period 
is 2.3 years, with a lifetime return on investment exceeding upfront by 220%, indicating strong long-term viability. 
The study concludes that a circumferential PCM configuration is the most effective and economically motivating 
design for improving thermal energy storage in residential solar thermal systems. 
 
Keywords: Central and circumferential PCM, annular water-body, concentric cylinders, charging and discharging 
cycles, design modification. 
 

1.0 Introduction 
Solar thermal systems (STS) address global energy demands by converting sunlight into heat, particularly 

for water heating [1]. A key limitation is the temporal mismatch between solar availability and demand, 
necessitating efficient thermal energy storage (TES) [2]. Conventional sensible heat storage (SHS) systems 
exhibit low energy density and significant heat losses [3]. Phase change materials (PCMs) offer transformative 
potential, storing 5 - 14 times more energy per unit volume and stabilizing temperatures [4].   

Recent studies show PCM integration in solar water heaters (SWHs) improves thermal retention. Sharma 
et al. [5] reported 18 - 22% efficiency gains via PCM embedding. However, conventional configurations (e.g., 
horizontal layers) suffer from poor heat transfer and uneven distribution [6 - 7]. Dual PCM positioning (central 
+ circumferential) addresses these issues: central modules enhance core heat exchange, while circumferential 
layouts leverage surface area for faster charging/discharging [8]. Al-Hinti et al. [9] noted 30% improved 
thermal diffusion with radial placement, and Korti et al., [10] reported 12 - 15% reduced charging times in 
hybrid systems.   

Despite progress, synergistic effects of combined PCM layouts under realistic solar variability remain 
underexplored. This study proposes a modified tank design with dual PCM configurations to enhance energy 
density, reduce losses, and extend discharge in tropical climates.   

In tropical regions like Abuja, Nigeria (solar irradiance: 5.5–6.5 kWh/m²/day [11]), high ambient 
temperatures (28 - 35°C [12]) reduces thermal gradients between the fluid and the environment, hence 
lowering heat retention capacity [13]. Water-based SHS limits energy density, requiring oversized tanks [14]. 
Existing PCM systems are poorly optimized: horizontal layers exhibit incomplete phase transitions (40–60% 
utilization [15]), and humidity (>70% [18]) accelerates corrosion [16]. Paraffin-based PCMs often mismatch 
tropical temperatures, causing premature melting [17], while circumferential designs suffer from condensate-
induced conductivity losses [18]. These issues lead to suboptimal efficiency (15–25% below projections [19]).   

This study develops and evaluates a dual-PCM storage tank (central + circumferential) to improve 
thermal efficiency, energy density, and operational duration in tropical climates, addressing critical gaps in 
heat retention and stratification [9,10]. 

2. Methodology 
This covers the materials used, design specifications, PCM configuration and Analysis of heat transfer. 
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2.1 Materials and Software Tools 
A 160 lt stainless steel (AISI 304) storage tank was selected for corrosion resistance in a tropical region 

such as Abuja, Nigeria (9.0563° N, 7.4985° E) [20]. Insulation was 54 mm polyurethane foam (k=0.023 W/m·K) 
[21]. Two PCMs were integrated: a central aluminium cylinder with Paraffin wax (RT50, 56 °C) [22, 23], and a 
circumferential annular ring of Eutectic salt (CaCl₂·6H₂O, 190 kJ/kg) for humidity stability [24]. Solid-works 
version 2024, MATLAB 2016-R2 and Excel were the software used in modelling and system simulation. 

2.2 Design Modification 
The tank was designed to API-650 standards for 150 - 200 Lt Capacity at 70 °C and 1.014 bar. Materials 

were galvanized steel (cover) and mild steel (bracket), with a 3.2 mm corrosion allowance (ASME B31-3). The 
strategy involves use of two positioned PCM – one at the centre and the other at the circumference to be 
charged during the day time and discharge during the night. 

2.2.1 PCM Geometric Sizing 
The PCMs are concentrically arranged as shown in Figure 1, with the central PCM – 1, having a diameter 

of 100 mm and enclosed with an aluminium cylinder of metal plate thickness ta= 1.5 mm. The circumference 
PCM – 2, is an annular compartment enclosed with inner cylinder plate - 1, and an outer cylinder plate – 2, of 
the same thickness and same height H = 765 mm. See the fabrication processes in Figures 3 and 4. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Geometric Configurations of PCM-Water-PCM Concentric Cylinders 

2.2.2 Heat Transfer Governing Equations   
The Energy balance Equation for the heat transfer is given in Equation 1 as: 

 Q୵ ൌ  m୵C୵∆T         (1) 

where; 𝑄௪ = Quantity of Heat transferred during charging or discharging, 𝑚௪ = mass of water, 𝐶௪ = 
Specific heat capacity of water and ∆T = Change in temperature of water.  

The temperature gradient is given in Equation 2, [26]:   

 ୢ୘౭
ୢ୲

ൌ
୕౩ି୕ౢି୕౦ౙౣ
୫౭େ౦,౭

            (2) 

where:  Q୮ୡ୫ ൌ h୮ୡ୫A୮ୡ୫൫T୵ െ T୮ୡ୫൯          (3) 

Where𝑄௦ = heat from solar panel,ℎ௣௖௠ = forced convective heat transfer of water-PCM [27].    
The PCM Phase-Change thermal model is described by streamlined Navier-Stroke equation given in 

Equation 4 [26]. 
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where: 𝑘௣௖௠ = thermal conductivity of PCM, 𝑓 = liquid fraction, L = latent heat as provided.  
 

2.2.3 Geometric Sizing of the Water Annulus  
The tank was considered to have radii ri and ro and thickness tc and tw for the inner cylinder and outer 

cylinder respectively. The volume of the central PCM is given in Equation 5. 

 Vୡ ൌ πr୧
ଶH         (5) 

where 𝑉௖ = the volume of the central PCM, 𝑟௜ = radius of the inner PCM cylinder and 𝐻 = the height of the 
cylinder. 

The volume of the annulus of water is given in Equation 6.  

 V୵ ൌ πሾሺr୭ െ t୵ሻଶ െ ሺr୧ ൅ tୡሻଶሿH       (6) 

where: 𝑉௪ = volume of water in the annulus,𝑟௢ = is the outer radius of the circumferential PCM, 𝑡௪ = is the 
thickness of the outer container metal plate and 𝑡௖ = is the thickness of the inner container metal plate. 

The shell thickness given in Equation 7 was based on API 650 design Clause 3.4.1 [29]. 

tୱ ൌ 2.6d୭ሺH െ 1ሻ ∗ G ∗ E ∗ S ൅ CA       (7) 

where, D = internal diameter of the tank, H = maximum height of water level, G = specific gravity of water 
and E = joint efficiency, S = tensile stress and CA = corrosion allowance. 

The diameter of the encapsulating PCM is given in Equation 8. 

 d ൌ ට4
୫౭େ౭∆୘ି୕ౢ

஠஡౦୐౦
మ         (8) 

where 𝑚௪ ൌ mass of water, 𝐶௪ ൌ specific heat capacity of water, ∆𝑇 ൌ change in temperature, 𝑄௟ ൌ Latent 
heat of PCM, 𝜌௣ ൌ density of PCM and 𝐿௣= Latent Heat of PCM. 

2.2.4 Modification Implementation Processes 
The first part of the development process was to produce the working drawing for the modified water 

heater tank. This was followed with material selection for the components, then the construction and assembly 
and finally, performance evaluation. 

i. The model drawings contain four parts as shown in Figure 2:  
a. Isometric view of the Tank: it represents the outer components of the tank with both central and 

circumferential cylinders and inlet and outlet piping. It has a total height of 612 mm to ensure the 
PCM is submerged completely. 

b. The central PCM Container: it is made of aluminum, a length of 612 mm, diameter of 200 mm and 
a thickness of 1.5 mm.  

c. The circumferential cylinder of the PCM: there are two cylinders separated by a 5 mm gap: the 
outer one has an external diameter of 446 mm and the inner one has an inner diameter of 430 mm. 
The tank has a nominal height of 765 mm and plate thickness of 1.5 mm 

d. Assembly view of the tank: contains sectional views of the elevation and plan with the hidden 
details such as insulation thickness (54 mm) and the insertion cover plate is 150 mm secured with 
six M8 bolts. 
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3.0 Material Selection: 

Aluminium pipe was used for the central PCM container, due to its high conductivity and resistance to 
corrosion. The circumferential cylindrical shells, is made from A304 (tensile strength = 485 MN/m2).  

3.1 Fabrication of PCM Containers 
The fabrication processes of the central and circumferential PCMs are shown in Figures 3 and 4 

respectively.  
 

 
Figure 3: Development of the PCM capsulated Cylinder [30] 

 
The cut-out or development with the circular end covers are shown in Figure 5. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Cutting and folding of the PCM capsule metal sheet 
 

3.2 Insertion of PCM Containers into a Tank 
The tank was marked and cut at the center for the capsule PCM and at the bottom plate for the circumference 
PCM as shown in Figures 5 and 6 respectively. 
 

 

 

 

 

 
 
 
 

Figure 5: Existing hot water tank before modification 
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Insertion and sealing of the PCMs are shown in Figure 5 
 

 
 
 
 
 
 
 
 
 
 

Figure 6: PCM integration with the Existing Hot Water Tank 
 
3.3 Key components 

The key parts of the tank are the modified tank body, PCM containers, insulation, external shell, sensor-
fitted pipes, and reinforced 2.5 mm channel frame for added load, details in Table 1. 
 

Table 1: Basic components of a solar hot water tank with PCM 

S/N Component Material Specifications Designed Size 

1 
Storage Tank 
Body  

Galvanized Steel  
Capacity: 160 lt; Max 
Pressure: 6 bar; Temp 
Range: 0–100°C  

Height: 0.765 m; 
Diameter: 0.56 m    

2 
Central PCM 
& Container 

Paraffin Wax 
encapsulated in 
Aluminum container  

Volume: 4.8lt; PCM Type: 
Paraffin Wax (Melting 
Point: 56.5°C) 

Height: 0.612 m; 
Diameter: 0.1 m 

3 
Peripheral 
PCM & 
Layer 

Salt hydrates 
encapsulated in 
Aluminum container 

Volume: 3.7lt; PCM Type: 
Eutectic salt - CaCl₂·6H₂O. 
(Melting Point: 58°C) 

Thickness: 0.005 m 
(around water 
annulus)     

4 
Insulation 
Layer 

Polyurethane Foam 
Thickness: 54 mm; 
Thermal Conductivity: 
0.022 W/mK 

 Covers entire tank    

5 
External 
Shell 

Galvanized Steel   
Thickness: 1.5 mm; 
Corrosion-resistant coating   

 Height: 0.768 m; 
Diameter: 0.56 m      

6 
Inlet/Outlet 
Ports 

Stainless Steel     
 Diameter: 25 mm (1"); 
Threaded Connections  

2 ports (top and 
bottom)  

7 
Temperature 
Sensors 

Digital Sensors  

Range: 0–100°C; Accuracy: 
±1 °C; 2 Sensors (central 
and peripheral PCM 
monitoring) 

NA 

8 
Pressure 
Relief Valve 

Brass   
Set Pressure: 6 bar; 
Temperature Rating: 100°C   

25 mm diameter     

9 
Mounting 
Brackets 

Mild Steel        
Powder-coated for 
durability; Load Capacity: 
500 kg    

 Length: 1.5 m, 
thickness: 2.5 mm 
(total support 
structure) 

 
3.4 Experimental Setup   

The system (Figure 7) includes pump-1 supplying cold water (0.25 lt/s, 25 °C) to solar panel-2 tilted at 15° 
for solar exposure (8 am - 6 pm). To keep the system steady and conserved, heated water from the solar panel 
enters the storage tank and leaves the tank at the same rate.  

 
 
 

   
(a) Placing the PCM Capsule     (b) PCM Capsule sealed  
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Figure 7: Experimental set up for Performance Evaluation 
 
Thermometers and flow-meters are installed at inlet and outlet of each unit to measure the temperature 

and flow rate at preset time intervals over the periods of tests. 
 

3.4.1 Instrumentation and Testing Conditions 
Three major instruments were used, (i) PT1000 RTD temperature sensor (–20°C to 150°C, ±0.5°C accuracy, 

±0.1°C resolution, IEC 60751), (ii) differentialcontroller (3–15°C range, ±1.0°C accuracy, 0.1°C resolution. 
Overheat protection at 85°C ±2°C) and turbine flow-meter (0.5–10 L/min, ±2% accuracy, 0.1 lt/min 
resolution).   

The testing conditions are: (i) charging: 4 hours (10 AM–2 PM, simulated irradiance) and (ii) discharging: 
6 hours (6 PM–12 AM, 30°C ambient, 70% RH).   

3.4.2 Procedures   
Testing Protocols were based on ISO 9806 [28].Four tests under identical solar input were conducted (at 

least 5 times per test), namely: (i) baseline without PCM, (ii) central PCM only, (iii) circumferential PCM only 
and (iv) dual PCM.   

In each case, the tests started with initial water temperature T₁ and the water heated to 80°C. It was then 
isolated and temperatures Tₓ measured at intervals time tₓ. Heat loss rate was determined from ΔTₓ = T₁ – Tₙ. 
Key factors investigated here are insulation, ambient Tₐₓ, tank size, water properties. 

3.4.3 Data Collection and Validation   
Temperatures were recorded based on the recommendations of ANSI/ASHRAE 94.1-2022 [29]. Efficiency 

was calculated via ISO 9459-2:2021 [16], while numerical analyses for gradient and heat loss were done using 
(MATLAB FEM) and validation done with an RMSE ≤ 5% (experimental versus simulated). 

4.0 Results and Discussion   
The results cover design parameters, environmental impacts, circumferential PCM influence, and 

statistical reliability.  

4.1 Design Parameters and Material Selection   
  The basic design parameters are the tank nominal diameter and height which are 560 mm and 765 mm 

respectively. These values are chosen to give a volume of about 160 Lt to support a family size of six as advised 
in [13]. The metal plates are 1.5 mm in thickness and the insulation thickness is 54 mm made of polyurethane 
foam. The PCM are paraffin wax at the center and Eutectic salt (CaCl₂·6H₂O) at the circumference together 
occupying about 5.3% of the total volume. The dual PCM enhances energy density by 30%, despite its smaller 
volume. 

Comparative Size of the PCM: The temperature profiles of two models are shown in Figure 8, the trend 
in blue is for the current model while the one in red is for an existing system used for comparison. This is 
important to ensure that the central and circumferential PCM have the right workable thickness.  
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Figure 8: Temperature of the PCM versus PCM Dimension 

From the graph, thecentral PCM produces maximum retention temperature 71.8 oC when the cylinder 
diameter is Ø100 mm with 80% of tank height for complete immersion for full tank resulting to a total volume 
of 4.8 lt. The circumferential PCM on the other hand occupies an annular space of 5 mm resulting to 3.7 lt. the 
combined volume of 8.5 lt represents 5.3% of the tank volume, which far less than the allowable limit of <15% 
PCM of the tank capacity.  

4.2 Influence of Circumferential PCM on Heat Distribution and Retention 
The heat distribution for each type scenario of CPM placement: 1 – central placement only (C-PCM), 2 – 

Circumferential placement (A-PCM) and 3 – Both Central and Circumferential (C+A PCM) are shown in 
Figure 9. In each case, the part of the water closest to the PCM is the hottest and the temperature reduces 
gradually away from the PCM boundary. These situations are shown in the color map in Figure 9.  

 

 

 

 

 

 

 

 

 

 

 

 

(a) C-PCM at the Center       (b) A-PCM at the Circumference       (c) C+A PCM at Both Locations 
Figure 9: Temperature distribution in the body of water due to heat exchange 

        From the colour map results, the whitish part indicates heat transfer zones which are highest close to the 
PCMs. Using Equation 7, the heat retention in each scenario was computed. The central PCM was found to 
melt and solidified after just 3 and ½ hrs(from 4:00pm to 7:36pm) due to high heat flux from the bulk of water 
all around it,representing 42% increase in heat retention time against a reference of 8 hours, and can support 
116 Lts of water at the optimum temperature of 56.5oC. For circumferential placement, the retention time 
significantly increased to 6.75 h representing 62.5%, and was found to support 225 Lts of water at optimal 
temperature of 61.7°C. For both central and circumferential the retention time increases further to 69% with 
capacity to support 245 Ltrs of water. Thus, it can be concluded that PCM located at the circumference has 
significant influence on heat retention time than conventional central PCMs and supports more volumes of 
water. 
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4.3 Environmental Factors   
The major factor considered is the solar radiation. Its peak intensity occur at 1 PM (spring > winter > 

summer > autumn). Daily irradiation modeled as I = -0.4188t^2 + 10.542t - 57.48 with an R²=0.9954. The 
demand was higher in winter (low ambient temps) and lower in summer.   
 
4.3.1 Energy Use and Economic Viability 

Daily pump consumption was 2.02 kWh (15% lower than conventional systems). The average peak power 
achieved was 151.2 W (10 AM–2 PM) with a statistical reliability of MAE = 1.7°C (2.5% of target - 68°C), RMSE 
= 2.1°C, R² = 0.93.   

The cost implication of the model covers the detailed modified bill of quantity shown in Table 2, based 
on an exchange rate of 1 USD being equivalent to N1,423. 

Table 2: Cost Details of major units with Economic Viability 
Parameter Value (N) 

Tank + PCM Cost 450,000 
Insulation 150,000 
Annual Savings 190,073 
Payback Period (yrs) 2.3 
Lifetime savings (10 yrs) 1,920,073 

 
For Economic Viability, an upfront cost of ₦600,000 (tank/PCM: ₦450,000; insulation: ₦150,000) was 

used resulting to an annual savings of ₦192,073 and a payback = 2.3 years with lifetime (10y) net profit: 
₦1,320,730 (220% ROI).   

5.0 Conclusion   
Circumferential PCM configuration optimizes heat retention in tropical climates. Dual PCM offers 

marginal gains over circumferential-only but significantly outperforms central-only systems. Economic 
analysis confirms viability with short payback (2.3 years). Recommendation: Adopt circumferential PCM in 
new/existing tanks for efficiency and energy savings. 
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