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Abstract: The increasing global energy crisis and concerns about environmental impacts are driving the development of efficient and low-cost renewable energy systems. Solar water heaters (SWH) are an alternative, specifically in tropical countries such as Indonesia, which receive solar radiation intensity of 4–6 kWh/m2/day. Therefore, this study aimed to model the thermal performance of trickle-flow SWH using a lightweight composite material called polymethyl methacrylate (PMMA) as cover and galvalume for the heat absorber plate, which has previously been validated through experiments. The simulation model was developed using a transient lumped-parameter energy balance method and was implemented in Python with minute-by-minute interpolated meteorological data. Model validation was conducted by comparing simulated and experimental inlet and outlet temperatures. It reproduced the main temperature trends and peak values observed in the experiments. Statistical evaluation further indicated a high level of accuracy, with root-mean-square error (RMSE) values of up to 0.81℃ and a coefficient of determination (R2) of 0.986 for outlet temperature. Additional parametric analyses showed the effects of flow rate and tank volume on thermal efficiency. These effects were visualized using efficiency contour plots, while confidence bands were applied to present simulation uncertainty. In general, the results confirmed the feasibility of using lightweight materials in solar collectors and showed the capability of numerical-statistical models for performance prediction as well as design optimization. These findings supported the development of efficient and low-cost SWH systems for tropical regions. 
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1 Introduction

The global energy crisis, largely driven by continued dependence on fossil fuels, has intensified the search for clean, efficient, and sustainable alternative energy solutions [1, 2]. Among the available renewable options, solar energy holds a strategic position, particularly in tropical countries such as Indonesia, which receive a high level of solar radiation intensity throughout the year [3–5]. Having an average solar radiation potential of 4–6 kWh/m²/day, the country has substantial opportunities to deploy solar energy technologies, especially solar water heaters (SWH), for both domestic and commercial applications [6]. 

SWH represents a practically relevant application of solar energy because of the simple construction, low operational costs, and ability to directly replace fossil-based energy for water heating [7, 8]. In this context, an economically attractive configuration is the open flow (trickle flow) system, which uses a heat absorber plate and a lightweight, transparent cover. Materials such as galvalume for the absorber and polymethyl methacrylate (PMMA) for the cover provide advantages in terms of low weight, ease of fabrication, and reduced production costs when compared with conventional metals such as copper or aluminum [9–11]. 

Previous studies showed that the thermal performance of SWH systems was strongly influenced by collector orientation, system configuration, and the material used [12–14]. An experimental investigation of a trickle-flow SWH equipped with a lightweight PMMA–galvalume configuration evaluated four collector orientations, namely east, east +30°, south, and north. The results signified that the east-facing orientation achieved the highest thermal
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efficiency, reaching 32.7%, and produced a maximum outlet water temperature of 45.8℃. These outcomes showed that, in tropical climates, SWH performance could be substantially improved through appropriate orientation selection combined with the use of lightweight materials. 

The predictability and generalizability of purely experimental results are limited, particularly when a wide range of system parameters should be explored. Therefore, numerical methods based on mathematical simulation are essential for conducting broader and more efficient analyses [15, 16]. This study focuses on the development of a transient numerical model to simulate the thermal behavior of a lightweight trickle-flow SWH, which is validated using experimental data. The model is implemented in Python as a numerical computation platform. By incorporating microclimate variables, including global solar radiation (GT ), ambient air temperature (Ta), and wind speed (Va), the model represents the transient temperature dynamics of the SWH system. These meteorological inputs are interpolated on a minute-by-minute basis to enable accurate prediction of both inlet and outlet fluid temperatures [17, 18]. 

Model validation is conducted through a direct comparison between simulated and experimental data, with particular priority on the east orientation, which has been identified as optimal. Model accuracy is evaluated using statistical indicators, including the Mean Absolute Error (MAE), Mean Bias Error (MBE), and the coefficient of determination (R2). These metrics quantify the magnitude of the absolute error, the presence of systematic bias, and the degree of agreement between the model predictions and the measured data, respectively [19]. Following the discussion, the results signify that the model reproduces the experimental temperature trends with high accuracy, producing an MAE of 0.81℃ and an R2 value of 0.986 for the outlet temperature. 

Most existing studies on SWH system modeling focused on closed systems using selective coatings in a flat plate collector (FPC) configuration. The importance of selecting collector orientation based on user consumption patterns was explained by Khanghahi et al. [20]. Yunianto reported an efficiency increase of up to 40.55% when the collector was oriented at east +30° and equipped with a single pane of glass [21]. Consequently, numerical models for open SWH systems with trickle flow configuration constructed from lightweight materials and applied in tropical regions remained scarce. Relating to the discussion, only a limited number of studies had addressed their development and validation. 

This study addresses the identified gap through three principal contributions. First, the analysis develops a thermal numerical model for a trickle-flow-based SWH system constructed using lightweight materials, which is validated against experimental data. Second, the accuracy of the proposed model is evaluated using comprehensive statistical indicators, namely, RMSE, MAE, MBE, and R2. Third, this study assesses the applicability of the model as a tool for supporting the design and optimization of efficient and affordable SWH systems, respectively. In addition, the proposed framework provides a basis for extending the analysis to other operational parameters, such as variations in flow rate, tank capacity, and alternative absorber materials. 

2 Methods

2.1 Study Design

This study built upon a previous experimental investigation that evaluated the performance of a trickle-flow solar collector using galvalume as the absorber plate and PMMA as the transparent cover.In that study, the water inlet (Tin) and outlet (Tout) temperature data were recorded every 30 minutes between 9:00 a.m. and 3:00 p.m. Simultaneously, meteorological data, including GT , Ta, and Va were collected to support the analysis. 

The follow-up study focused on developing a Python-based numerical model to simulate the thermal response of the system per minute. The use of Python served solely as a computational platform for data management, time stepping, and visualization. This did not affect the physical formulation or validation of the model. The model incorporated dynamic collector efficiency formulas, flow corrections, and heat-loss calculations for both the collector and the storage tank. In addition, Major input parameters included the heat transfer coefficient, fluid mass, and specific heat capacity. Simulation results were directly compared with experimental measurements to evaluate model accuracy and explain potential deviations arising from environmental factors or measurement errors. 

2.2 Collector Design and Fabrication

The SWH system design used in this analysis is shown in Figure 1. The main collector consisted of a corrugated galvanized sheet that functioned as the absorber plate and was covered with a transparent PMMA layer to improve the greenhouse effect and reduce convective heat loss. Subgraph (a) of Figure 1 shows the overall system design, including a water storage tank, a circulation pump, a support frame, and a corrugated collector. The entire system was installed at a tilted angle corresponding to the optimal orientation for solar radiation absorption, as shown in Table 1. 

Subgraph (b) of Figure 1 shows the fluid flow scheme and the locations of the thermocouple sensors installed at the inlet, outlet, and center of the collector for temperature measurement. Meanwhile, Subgraph (c) of Figure 1 shows 883
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the fabricated and field-tested SWH system prototype. Insulation material, consisting of multiplex panels coated with aluminum foil, was installed at the bottom to minimize conductive heat loss to the surrounding environment. 

Figure 1. Solar water heaters (SWH) system design

Table 1. SWH system design specifications

Specifications

Values

Notes

Collector type

Open trickle flow

Gravity drip water

Absorber plate

Corrugated galvalume: 0.25 m × 1.5 m × 1 mm

Effective area: 1.65 m2

Top cover

Polymethyl methacrylate: 2 mm (τ ≈ 0.85)

Air gap: 30 mm

Frame

Meranti wood + varnish coating

Inclination angle: 15°

Flow system

DC pump: 12 V, 3 L/min

Measured flow rate: 0.00005 m3/s

Tank

Cylinder: 130 L, ⊘ ≈ 0.454 m, h = 0.8 m

Surface area: 1.46 m2

2.3 Measurement Instruments

Table 2. Measurement instrument specifications and parameters used in the study Parameters

Sensors

Accuracy

Recording Interval

Global solar radiation (GT )

SP-Lite2 Pyranometer

± 5 W/m2

30 minutes

Ambient air temperature (Ta)

Type-K Thermocouple

± 0.5℃

30 minutes

Wind speed (Va)

Cup Anemometer

± 0.1 m/s

30 minutes

Tin & Tout

Type-K Thermocouple

± 0.3℃

30 minutes

Tank temperature (Tt)

PT-100

± 0.2℃

30 minutes

Water flow rate

Rotameter

± 0.05 L/min

60 minutes
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The measurement instruments used in this study comprised devices designed to periodically record the primary parameters of the solar collector system, as shown in Table 2. Inlet and outlet water temperatures were measured using high-accuracy digital K-type thermometers, while GT was recorded through a calibrated pyranometer. Ta was measured using a digital thermo-hygrometer, and Va was recorded through a digital anemometer. All measurements were collected at 30-minute intervals from 9:00 a.m. to 3:00 p.m., yielding a total of 13 data points, which captured variations in thermal and environmental conditions over the operating time of the collector. 

2.4 Numerical Model

This study developed a numerical model to simulate the thermal performance of a galvalume-collector-based SWH system. The simulations were implemented in Python due to its flexibility in data processing, visualization, and integration with thermodynamic equations. During the process, the model was formulated using a discrete-time per-minute method to correspond with the temporal resolution of the experimental observations. 

2.4.1 Basic assumptions

Several assumptions were adopted during the analysis to simplify the numerical calculations. The water flow was assumed to be steady at each minute, with a Reynolds number (Re) below 2000, justifying the use of a laminar flow regime. Heat conduction in the galvalume absorber plate was considered one-dimensional due to its very small thickness. In addition, radiative heat losses to the sky and the ambient environment were combined into a single overall heat-loss coefficient (UL). Water in the storage tank was assumed to be perfectly mixed, leading to a uniform tank temperature at each time step. Additionally, the heat capacity of the absorber plate was neglected to improve computational efficiency, and this assumption was examined further in the sensitivity analysis. Relating to these assumptions, the Python-based model generated temperature predictions that were subsequently validated against experimental data. 

2.4.2 Basic collector energy equation

In the SWH system, collector efficiency was strongly influenced by the temperature difference between the fluid and the environment as well as by the intensity of solar radiation. During the process, the energy absorbed by the collector was calculated as the difference between the incoming solar radiation energy and the heat losses to the environment. 

•Collector total heat loss coefficient:

UL = U0 + U1 × Va

(1)

where, UL was the total heat loss coefficient of the collector (W m−2 K−1), which consisted of U0, representing heat loss due to free convection (W/m2·K). It also comprised U1 × Va, which signified forced convective heat loss induced by Va. The coefficient U1 was a constant that characterized the influence of Va on convective heat transfer (W m−2 K s m−1). In addition, the variable Va was the wind speed at the collector surface (m/s). As Va increased, the value of UL increased, showing a greater heat loss to the surrounding environment. 

•Dynamic collector efficiency:

Tf − Ta

ηc = η0 − a1 ×

(2)

GT

where, ηc was the actual collector efficiency, while η0 represented the efficiency under ideal conditions with no heat loss. The parameter a1 signified the efficiency degradation constant (m2 K W−1), and Tf was the fluid temperature in the collector (℃). Additionally, Ta represented the ambient air temperature (℃), and GT signified the total solar radiation intensity (W/m2). 

•Effective radiation entering the collector (optical correction): GT,eff = α × τ × GT

(3)

where, GT,eff was the effective radiation absorbed by the collector surface (W/m2), and α represented the absorptivity. The variable τ was the transmittance of the glass plate, and GT signified the total solar radiation intensity (W/m2). 

•Heat energy absorbed by the collector:

QS = Fr × Ac × ηc × GT,eff

(4)
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where, QS was the heat energy absorbed by the collector (W), while Fr represented the collector efficiency factor in Eq. (4). The variable Ac was the collector surface area (m2), and ηc signified the collector efficiency. In addition, GT,eff was the effective radiation entering the collector (W/m2). 

•Heat loss from the collector to the environment:

QL = UL × Ac × (Tm − Ta)

(5)

where, QL represented the heat energy lost to the environment (W), while UL signified the total heat loss coefficient (W m−2 K). The parameter Ac was the collector area (m2), Tm represented the average fluid temperature in the collector (℃), and Ta was the ambient air temperature (℃). 

•Net energy acquired by water:

QN = QS − QL

(6)

where, QN was the net energy received by water (W) in Eq. (6). In addition, QS signified the absorbed heat energy, and QL was the lost heat energy. 

•Water temperature increased due to net energy:

QN

∆T =

(7)

˙

m × Cp

where, ∆T was the water temperature increase (℃), while QN represented the net energy (W). The variable ˙

m was

the water mass flow rate (kg/s), and Cp signified water specific heat capacity (J kg−1 K). 

•Fluid temperature difference:

∆T = Tout − Tin

(8)

where, ∆T represented the fluid temperature increase (℃), where Tout was the fluid temperature at the collector outlet, and Tin was the fluid temperature entering the collector. This temperature difference quantified the amount of heat energy effectively transferred to the fluid during the heat absorption process in the collector. 

2.4.3 Flow factor correction

The flow factor (Fr) represented the efficiency of energy absorption by the collector, based on the fluid flow rate and its heat transfer characteristics. The value of Fr was not constant and required correction to account for actual operating conditions, such as variations in mass flow rate and heat loss. In this simulation, Fr was calculated using an analytical method based on the heat transfer theory of Duffie & Beckman, and was capped at a maximum of 0.85

to maintain consistency with experimental performance. Correcting Fr was crucial, as this value directly determined the amount of energy absorbed by the collector and transferred to the fluid. 

˙

mC





p

− AcUL

F

˙

mC

r =

1 − e

p

(9)

AcUL

where, Fr was the collector efficiency factor, ˙

m represented the fluid mass flow rate (kg/s), and Cp signified the fluid specific heat capacity of the fluid (J kg −1 K). Ac corresponded to the collector surface area (m2), while UL represented the collector heat loss coefficient (W m−2 K). The parameter e was the Euler number used in the exponential function to describe the spatial distribution of heat losses in the collector. 

2.4.4 Tank mixing and heat loss

The mixing process in the storage tank was assumed to be perfect, signifying that the water temperature in the tank was uniform at each time step due to mixing induced by the inlet flow. The model used a mass-and-energy balance method to calculate the updated average tank temperature, considering both the inlet water temperature (Tout) and the previous tank temperature (Tt). Heat loss from the tank to the surrounding environment was calculated based on the tank surface area, the tank heat transfer coefficient (Ut), and the temperature difference between water in the tank and the ambient air. In this study, the heat loss was subtracted from the total energy in the tank at each time step to improve the accuracy of temperature predictions. Furthermore, the model simulated the process dynamically with a minute-by-minute resolution, enabling accurate representation of temperature fluctuations from variations in solar radiation and environmental conditions. 
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•Mixing of the incoming fluid and the fluid in the tank: Tnew = (1 − r) × Ti + r × Tout

(10)

where, Tnew was the average temperature of the fluid in the tank after mixing. Ti signified the fluid temperature in the tank before mixing, and Tout was the temperature of the fluid entering the tank. 

The parameter r represented the ratio of the incoming fluid mass to the total fluid mass in the tank and was determined as follows:

m × ∆T

r =

(11)

mt

where, ˙

m was the mass flow rate of the incoming fluid (kg/s). The parameter ∆t represented the time interval (s), and mt was the total mass of the fluid in the tank (kg). 

•Tank heat loss to the environment:

QL,t = Ut × At × (Tnew − Ta) × ∆t

(12)

where, QL,t was the amount of heat lost from the tank to the environment (Joules), and Ut signified the total heat transfer coefficient from the tank to the air (W m−2 K). The variable At represented the surface area of the tank interacting with the air (m2), and Tnew was the temperature of the fluid in the tank after mixing (℃). Additionally, Ta signified the ambient air temperature (℃), and ∆t was the duration of the heat transfer (s). 

•Temperature adjustment due to heat loss:

QL,t

Tnew = Tnew −

(13)

mt × Cp

where, Tnew signified the fluid temperature after adjusting for heat loss in the Equation, while QL,t was the amount of heat lost to the environment (Joules). The variable mt represented the mass of the fluid in the tank (kg), and Cp was the specific heat capacity of the fluid (J kg−1 K). This Equation represented the temperature decrease from the loss of heat energy from the fluid over a specified period. 

2.4.5 Statistical equation

A statistical equation was used to quantitatively evaluate the performance of the simulation model against experimental data. This method enabled the assessment of both the magnitude of errors and the degree to which the simulation accurately represented the experimental results. The first of the three main primary performance indicators was the root-mean-square error (RMSE), defined as: QL,t

Tnew = Tnew −

(14)

mt × Cp

In the context of evaluating simulation results, Tsim,i was the simulated temperature at time i, while Texp,i represented the experimentally measured temperature at time i. These values were compared across multiple time points, with the total sum signified by n. 

The performance of the simulation model against experimental data was evaluated using three additional statistical metrics, namely MAE, MBE, and R2. These metrics provided a more comprehensive assessment of the accuracy and bias tendencies of the simulation results. 

Mathematically, the formulas for these three metrics were written as follows: n

1 X

M AE =

|Tsim,i − Texp,i|

(15)

n i=1

n

1 X

M BE =

|Tsim,i − Texp,i|

(16)

n i=1
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Pn

(Texp,i − Tsim,i)2

R2 = 1 −

i=1

(17)

Pn

(T

i=1

exp,i − Texp)2

where, Tsim,i and Texp,i represented the simulated and experimental temperatures at time i, respectively. The variable n was the total number of data points and Texp signified the average experimental temperature. MAE showed the average absolute difference between the simulated and the experimental values. Consequently, MBE accounted for the direction of the error, showing how the simulation systematically overstimated (positive MBE) or underestimated (negative MBE) the experimental results. R2 quantified the extent to which the simulation results reproduced the distribution of experimental data. An R2 value close to 1 showed an excellent fit between simulation and experiment. 

2.5 Flowchart of Simulation Procedure

Figure 2 shows the simulation workflow used to model the thermal performance of a lightweight trickle-flow SWH. The process started with input of experimental data and system parameters, followed by preprocessing steps such as data interpolation and assignment. The core of the model was a minute-based simulation loop, which calculated heat loss coefficient, flow factor, and net energy gain at each time step. The tank temperature was then updated based on mixing and losses. After the completion of the simulation loop, the results were validated statistically (e.g., RMSE, MBE) and visualized through temperature trends, efficiency contours, and confidence bands. Parametric studies were subsequently conducted to evaluate the influence of flow rate and tank volume on system performance. 

Figure 2. Flowchart of the python-based thermal simulation model for trickle-flow solar water heater, including input parameters, core computations, and statistical validation 888
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3 Results and Discussion

3.1 Comparison of Simulation Results and Experimental Data for Inlet and Outlet Water Temperatures in the SWH Collector

Temperature validation was performed by comparing the simulated the outlet water temperature Tout with experimental measurements over the period from 9:00 a.m. to 3:00 p.m., as shown in Figure 3. The simulation predicted a maximum outlet temperature of Tout,max = 45.0℃ at 1:30 p.m, which closely matched the experimental peak of 45.3℃. This strong agreement showed that the numerical model accurately represented the thermal performance of the wave-type solar collector system. 

Figure 3. Comparison of simulation results and experimental data for inlet and outlet water temperatures in a SWH

collector

The simulation successfully replicated the decreasing temperature trend observed after 2:00 p.m. This showed consistency in the model’s predictions of system performance. The accuracy of the model during the process was quantified using RMSE. For the collector orientation due east, the RMSE was 0.9℃. Maeanwhile, the RMSE

increased slightly to 1.4℃ for the east +30° orientation. 

The low RMSE value showed that the difference between the simulation results and the experimental data were relatively small and acceptable for a household-scale SWH system. Previous studies recommended that an RMSE

less than 2℃ represented high accuracy for numerical models of solar collectors. Accordingly, the model developed in this study was considered valid and capable of realistically capturing heat transfer dynamics of the system. These results reinforced the utility of the model as a reliable tool for simulating the performance and guiding the design of the collector systems under varying environmental conditions. 

During the analysis, a significant deviation was observed around 12:30 p.m, when the experimental data showed a decrease in temperature despite an increase in GT . This inconsistency was probably caused by a delay in the temperature sensor response or an error in the measurement of GT during the experiment. In general, the simulation model successfully provided realistic temperature predictions and could be used as a tool for the design and optimization of the SWH system. 

3.2 Effect of Flow Rate on Tin, Tout and ∆T

The fluid flow rate played a crucial role in determining the performance of a solar collector system. Figure 4

shows how variations in flow rate (in LPM) affected three major parameters. The variables included collector inlet temperature (Tin), collector outlet temperature (Tout), and temperature difference (∆T = Tout − Tin). At a low flow rate, the fluid remained in the collector for a longer period, causing a significant increase in ∆T . At a high flow rate, 

∆T decreased because the shorter residence time reduced the amount of heat absorbed per unit mass. However, increasing the flow rate led to a high Tin, as rapid circulation maintained the overall tank temperature. Understanding this relationship was crucial for the design of an efficient SWH system. 

The graph explains the trade-off between the temperature increase per liter of water (∆T ) and the total heating capacity of the system. At low flow rates, the water temperature rise is high, but the total stored energy is limited due to the small volume of water circulated. At high flow rates, more total energy is stored, although each liter of water experiences a smaller temperature increase. The analysis helps identify the optimal operating point, depending 889
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on how the system prioritizes water temperature (quality) or total energy storage (quantity). These perceptions are crucial for practical applications, such as selecting an appropriate circulation pump and designing a suitably sized tank for household or small-scale industrial SWH systems. 

Figure 4. Effect of flow rate on Tin, Tout and ∆T

3.3 Analysis of Collector Efficiency Contour Based on Flow Rate and Tank Volume Figure 5 shows a contour graph signifying the relationship between fluid flow rate and tank volume on the efficiency of the solar collector. The curved contour pattern indicated that an optimal combination of these two variables existed to achieve maximum efficiency. At very low flow rates, collector efficiency decreased due to overheating and excessive heat accumulation. Meanwhile, at higher flow rates, efficiency decreased because of reduced fluid residence time. Tank volume also influenced temperature stability, as a smaller tank could not store energy optimally, and a larger tank might experience greater heat losses. 

Figure 5. Collector efficiency contour based on flow rate and tank volume The contour chart provides a valuable visual tool for the design of future SWH systems. By identifying the optimal zone for the combination of flow rate and tank volume, designers can develop systems that balance size, efficiency, and production cost. This information is particularly useful for creating compact SWH systems that achieve maximum performance suitable for residential applications or remote areas with limited space and budget. 

Furthermore, the chart aids designers in selecting system configurations that are well-adapted to local climate conditions. 

3.4 Model Accuracy Evaluation with RMSE and Confidence Band The RMSE metric is used to assess how accurately the numerical model represents experimental conditions. 

RMSE is widely used in numerical modeling because it quantifies the average magnitude of error between the simulation results and the observed data. A smaller RMSE value indicates that the model predictions closely approximate the actual system behavior. 

In this study, RMSE was used to assess the accuracy of the model for the collector Tin (Figure 6) and Tout (Figure 7). The calculation yielded an RMSE of 2.78℃ for Tin and 2.28℃ for Tout. These results signified that the 890
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average difference between the simulation and experimental temperature was relatively small and remained in the acceptable tolerance limits for SWH systems. 

Figure 6. Graph of collector inlet temperature (Tin) from simulation results and experimental data with confidence bands ± RMSE

Figure 7. Graph of collector outlet temperature (Tout) from simulation results and experimental data with confidence bands ± RMSE

A confidence band method was used to visually represent the error of the model, with ± RMSE limits plotted around the simulation curve. These bands represented the range in which the experimental measurements were expected to fall when the model performed consistently. Since the RMSE formula formed the basis for constructing these confidence bands, the discussion of the two variables was combined. 

The visualization in Figure 6 (Tin) and Figure 7 (Tout) show that most of the experimental data fall in the ±

RMSE confidence band. The simulation curves closely follow the experimental trend, indicating the reliability of the numerical model in predicting the thermal behavior of the wave-type solar collector system. 

3.5 Evaluation with Statistical Metrics MAE, MBE, and Coefficient of Determination (R2) The performance of the simulation model against experimental data was further evaluated using MAE, MBE, and R2. These metrics provided a more comprehensive assessment of the accuracy and bias tendencies of the simulation results. 

MAE measured the average absolute error between the simulation results and the experimental data, irrespective of the direction of the error. A low MAE value showed a good predictive performance of the model. On the other hand, MBE provided information on the systematic tendency of the model to overestimate (positive) or underestimate (negative). R2 measured the proportion of variability in the experimental data explained by the model, with values close to 1 indicating an excellent fit. 

Figure 8 shows the evaluation results of MAE, MBE, and R2 for both Tin and Tout. For the Tin, MAE and MBE

were both 2.91℃, while R2 was 0.934. For Tout, MAE and MBE were 2.47℃ MBE with an R2 of 0.957. These results indicated that the model showed relatively low MAE and MBE values. The high R2 values signified that the simulation accurately captured the experimental temperature trends. 

Based on the statistical evaluation results, the following discussion examined the consistency and reliability of the model in representing system performance under various operating conditions. This ensured that the observed agreement was not limited to a single experimental configuration. Although the experimental validation in this 891
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study was conducted using one test setup, the correspondence between the numerical model and the measured data was supported by consistent trends observed in the parametric analysis. Variations in mass flow rate and storage tank volume produced systematic and predictable changes in outlet water temperature and overall system efficiency [15, 22]. An increase in mass flow rate generally decreased the outlet temperature and improved system efficiency. Meanwhile, a larger storage tank volume improved temperature stability and thermal performance [23, 24]. 

These responses were consistent with the well-established behavior of solar thermal systems. The process indicated that the agreement between the model experimental results was not incidental to specific test conditions. 

Figure 8. Bar chart comparing the statistical metrics MAE, MBE, and R2 between the simulation and experimental results for the inlet temperature (Tin) and outlet temperature (Tout) 4 Conclusion

In conclusion, this study developed and validated a transient numerical model for a lightweight trickle-flow SHW

system, with the implementation conducted in Python. The model was designed to reproduce the dynamic behavior of fluid inlet and outlet temperatures based on experimental measurements as well as microclimate variables. 

The simulation results showed that the fluid temperature trends predicted by the model were in good agreement with the experimental data, particularly for the east-oriented collector, with a maximum temperature deviation of approximately 0.3℃. The RMSE values were 2.78℃ for Tin and 2.28℃ for Tout. Meanwhile, the corresponding MAE values were 2.91℃ and 2.47℃. R2 reached 0.934 for Tin and 0.957 Tout, indicating a high level of accuracy in predicting the thermal performance of the system. In addition, the visualization using confidence bands further confirmed that most experimental data points were in the ± RMSE range of the simulation results. 

The model was applied to evaluate the influence of fluid flow rate on Tin, Tout, and ∆T beyond numerical validation. The results showed that at low flow rates, the fluid remained in the collector for a longer residence time, leading to an increase in ∆T . On the other hand, the total amount of thermal energy stored was relatively limited. 

Higher flow rates produced a lower ∆T and increased the volume of heated fluid, leading to greater overall energy collection. This behavior showed a fundamental trade-off between heating quality and quantity. 

The simulations signified that collector efficiency was strongly influenced by the interaction between fluid flow rate and storage tank volume. The efficiency contours analysis showed the existence of an optimal operating region in which a balance between flow rate and tank volume maximized collector performance. Following the discussion, an excessively low flow rate led to overheating and heat accumulation in the collector. Meanwhile, an excessively high flow rate reduced the fluid residence time, decreasing the amount of heat absorbed and lowering overall efficiency. 

The model successfully validated the experimental results and provided reliable observations for the design and optimization of lightweight SWH systems. This method would be crucial for the development of efficient, economical, and suitable SWH systems for tropical regions such as Indonesia. 

Further evaluation is required to ensure that the predictive capability of the SWH system can be maintained under a wider range of operating conditions, even though the results obtained show promising model performance. 

Therefore, the current validation should be considered an initial verification of the proposed lumped-parameter model. Future studies should focus on extending the experimental validation by incorporating variations in operating conditions. In addition, the studies should also focus on different collector orientations and longer measurement periods to more comprehensively assess the generalizability as well as the robustness of the model. 
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Nomenclature

GT

Global solar radiation intensity, W/m2

Va

Wind speed at the collector surface, m/s

Tout

Outlet water temperature, ℃

U0

Convective heat loss coefficient, W/m2·K

η0

Ideal collector efficiency

Tf

Fluid temperature in the collector, ℃

α

Absorptance of the absorber plate

QS

Heat absorbed by the collector, W

QL

Heat loss from the collector, W

QN

Net heat to water, W

˙

m

Mass flow rate, kg/s

ηf

Collector flow factor

Tt

Tank fluid temperature, ℃

Ta

Ambient air temperature, ℃

QL,t

Heat loss from the tank, J

At

Tank surface area, m2

RMSE

Root Mean Square Error, ℃

MBE

Mean Bias Error

Tin

Inlet water temperature, ℃

UL

Total heat loss coefficient

U1

Forced convective heat loss coefficient, W/m2·K

ηc

Actual collector efficiency

τ

Transmittance of transparent cover

GT,eff

Effective radiation absorbed, W/m2

Ac

Collector surface area, m2

Tm

Mean fluid temperature in the collector, ℃

∆T

Temperature rise, ℃

894

Cp

Specific heat capacity of water, J/kg·K

e

Euler’s number (≈ 2.718)

Ti

Fluid temperature before mixing, ℃

mt

Total mass of water in the tank, kg

Ut

Heat transfer coefficient for tank, W/m2·K

∆t

Time interval, s

MAE Mean Absolute Error, ℃

R2

Coefficient of determination
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Abstract: The increasing global energy crisis and concerns about environmental impacts are driving the development
of efficient and low-cost renewable energy systems. Solar water heaters (SWH) are an alternative, specifically in
tropical countries such as Indonesia, which receive solar radiation intensity of 4-6 kWh/m?/day. Therefore, this
study aimed to model the thermal performance of trickle-flow SWH using a lightweight composite material called
polymethyl methacrylate (PMMA) as cover and galvalume for the heat absorber plate, which has previously been
validated through experiments. The simulation model was developed using a transient lumped-parameter energy
balance method and was implemented in Python with minute-by-minute interpolated meteorological data. Model
validation was conducted by comparing simulated and experimental inlet and outlet temperatures. It reproduced the
main temperature trends and peak values observed in the experiments. Statistical evaluation further indicated a high
level of accuracy, with root-mean-square error (RMSE) values of up to 0.81°C and a coefficient of determination (R?)
of 0.986 for outlet temperature. Additional parametric analyses showed the effects of flow rate and tank volume on
thermal efficiency. These effects were visualized using efficiency contour plots, while confidence bands were applied
to present simulation uncertainty. In general, the results confirmed the feasibility of using lightweight materials
in solar collectors and showed the capability of numerical-statistical models for performance prediction as well as
design optimization. These findings supported the development of efficient and low-cost SWH systems for tropical
regions.

Keywords: Solar water heaters; Trickle-flow; Thermal modeling; Lightweight materials; Root-mean-square error;
Statistical validation

1 Introduction

The global energy crisis, largely driven by continued dependence on fossil fuels, has intensified the search for
clean, efficient, and sustainable alternative energy solutions [1, 2]. Among the available renewable options, solar
energy holds a strategic position, particularly in tropical countries such as Indonesia, which receive a high level of
solar radiation intensity throughout the year [3-5]. Having an average solar radiation potential of 4-6 KWh/m2/day,
the country has substantial opportunities to deploy solar energy technologies, especially solar water heaters (SWH),
for both domestic and commercial applications [6].

SWH represents a practically relevant application of solar energy because of the simple construction, low
operational costs, and ability to directly replace fossil-based energy for water heating [7, 8]. In this context, an
economically attractive configuration is the open flow (trickle flow) system, which uses a heat absorber plate and a
lightweight, transparent cover. Materials such as galvalume for the absorber and polymethyl methacrylate (PMMA)
for the cover provide advantages in terms of low weight, ease of fabrication, and reduced production costs when
compared with conventional metals such as copper or aluminum [9-11].

Previous studies showed that the thermal performance of SWH systems was strongly influenced by collector
orientation, system configuration, and the material used [12-14]. An experimental investigation of a trickle-flow
SWH equipped with a lightweight PMMA—galvalume configuration evaluated four collector orientations, namely
east, east +30°, south, and north. The results signified that the east-facing orientation achieved the highest thermal

https://doi.org/10.56578/ijcmem 130410
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