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Abstract
Inadequate solid waste management and limited access to hot water remain significant challenges in rural Andean communities. This study aimed to design and evaluate a flat-plate solar collector prototype built from locally available recycled materials as a sustainable alternative for water heating and for reducing environmental impacts.
The study followed an experimental approach, supported by thermal simulation to assess system performance under real operating conditions. Type K thermocouples and a pyranometer were used to measure inlet and outlet water temperatures, as well as solar irradiance. Thermal efficiency was determined using a standard energy balance.
Results showed outlet water temperatures between 45 °C and 52 °C under an average solar irradiance of 800 W/m², with a thermal efficiency close to 49%, comparable to low-cost commercial collectors. Approximately 32.2 kg of solid waste were reused per unit.
Although some limitations related to material durability and climatic variability were identified, the results highlight the feasibility of implementing this technology in rural settings, contributing to circular economy strategies and sustainable development goals.

1. Introduction
The city of Puquio, located in the Lucanas province (Ayacucho region), has faced persistent socio-environmental issues associated with poor solid waste management and limited access to basic services, particularly domestic hot water.
This situation is more critical in rural areas, where low temperatures and frequent frost events significantly increase the demand for water heating. At the same time, inadequate waste disposal has led to environmental degradation, while the reliance on fossil fuels negatively affects household economies and increases carbon emissions.
Surveys conducted in the area indicate that households consume approximately three LPG cylinders per month, with an average cost of 70 soles per unit. This represents a considerable expense, especially for low-income families, while also increasing dependence on fossil fuels.
According to Vargas et al. (2021), solid waste results from human activities and, although often considered useless, it can be reused through proper management. However, inefficient handling remains a major environmental issue. The UNEP (2024) reports that more than 2 billion tons of waste are generated annually, with 45% not properly treated.
In Puquio, waste mainly consists of plastic bottles, cans, and packaging materials, which are disposed of without treatment. At the same time, the region has favorable solar conditions, with irradiance levels above 5 kWh/m²/day.
Flat-plate solar collectors stand out due to their simplicity and efficiency, although commercial systems are often costly. Previous studies have shown that recycled materials can be used to reduce costs while maintaining acceptable performance.
In this context, this study focuses on the design and evaluation of a low-cost solar collector prototype made from recycled materials, following a circular economy approach.
 2. Methodology
2.1 Research approach
The study was conducted using an experimental approach, supported by thermal simulation to analyze system performance. Experimental tests allowed evaluation under real conditions, while simulation was used to interpret results and explore design improvements.
2.2 Collector design
The system consisted of a flat-plate collector (1.20 m × 0.80 m × 0.10 m) with an area of 0.96 m².
The absorber was built using copper pipes arranged to ensure proper water circulation, covered with black-painted aluminum sheets to enhance solar absorption. Recycled materials such as PET bottles, aluminum cans, Tetra Pak, and polystyrene were used as insulation to reduce heat losses. Each unit reused approximately 264 PET bottles.
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Figure 1: Solar collector made from recyclable materials with a 60 L tank

The system was connected to a 60 L storage tank and installed facing north with a tilt angle of 20°, adapted to local conditions.
2.3 Instrumentation
Type K thermocouples were used to measure inlet and outlet water temperatures, while a TES-1333 pyranometer recorded solar irradiance. The flow rate was kept constant at 1 L/min (0.0167 kg/s).
Measurements were taken between 09:00 and 16:00 over three consecutive days under clear-sky conditions.
2.4 Simulation model
A thermal simulation based on steady-state energy balance was developed to estimate outlet temperature:


where the parameters were defined according to the experimental conditions (Tin = 19 °C, ṁ = 0.0167 kg/s, A = 0.96 m²).
Model parameters were defined according to experimental conditions. The simulation showed good agreement with experimental data and was used as a complementary tool. An overall uncertainty of ±5% was considered.
2.5 Simulation vs experimental
Figure 1 compares simulated and measured outlet temperatures. Both follow a similar trend, with differences within an acceptable range, supporting the reliability of the model.
Observed deviations are mainly attributed to heat losses and environmental variations not fully captured by the simulation.



Figura 2. Comparison between simulated and experimental outlet temperature

Both simulated and experimental outlet temperatures show a similar trend, increasing during periods of higher solar irradiance. The observed differences can be attributed to heat losses and environmental variations that are not fully captured by the simulation model.

2.6 Environmental and Economic Assessment
The environmental impact was evaluated based on the amount of recycled materials used in the construction of the collector. On average, each unit allowed the reuse of approximately 32.2 kg of solid waste, including PET bottles, aluminum, and Tetra Pak packaging.
The reduction in CO₂ emissions was estimated by considering the decrease in LPG consumption for water heating. Based on typical household use and an emission factor of 2.9 kg of CO₂ per kg of LPG, the solar collector can reduce emissions by approximately 20–25 kg of CO₂ per household per year.
From an economic perspective, the system has a significantly lower cost compared to commercial alternatives. The payback period was estimated based on the ratio between system cost and annual savings. With an estimated cost of S/ 250–300 and annual savings ranging from S/ 700 to S/ 1500 due to reduced LPG consumption, the investment can be recovered in less than one year, supporting its economic feasibility.
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2.7 Social evaluation
User acceptance was assessed through surveys. The questionnaire showed good reliability (Cronbach’s alpha = 0.86), indicating consistent responses.

3. Results and Discussion
3.1 Thermal performance
The thermal performance of the solar collector was evaluated under real operating conditions. Figure 3 shows the evolution of the inlet and outlet water temperatures during the measurement period.
It can be observed that the outlet temperature gradually increases throughout the day, reaching its highest values between 12:00 and 14:00, coinciding with peak solar radiation. The outlet temperature ranged from 45 to 52 °C, reaching a maximum of 59 °C under an average irradiance of approximately 800 W/m².
The average temperature difference between the inlet and outlet was around 18 °C, determined under quasi-steady conditions and a constant flow rate of 1 L/min (0.0167 kg/s). These results demonstrate effective solar heat capture and adequate heat transfer within the collector.
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Figure 3. Temporal variation of inlet and outlet water temperatures.
3.2 Thermal efficiency
The thermal efficiency was calculated using the conventional energy balance. Figure 4 shows its variation as a function of solar irradiance. An increasing trend in efficiency is observed as the incident radiation rises, reaching an average value of approximately 47% at an irradiance of 800 W/m². The calculation was performed considering an average temperature difference of around 18 °C and a constant flow rate of 1 L/min (0.0167 kg/s), yielding results consistent from a physical standpoint.
The obtained values fall within the typical range (40–60%) reported for low-cost flat-plate solar collectors, supporting the feasibility of the proposed system. Furthermore, these results indicate that the use of recycled materials does not significantly affect the collector’s thermal performance.
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Figure 4. Thermal efficiency as a function of solar irradiance.

3.3 Design performance comparison
The initial design (D₀) and the optimized design (D₁) were compared, showing a clear improvement in system performance (Figure 5). The maximum water temperature increased from 38.5 °C to 58.2 °C, while the thermal efficiency rose from 41.3% to approximately 49% under real operating conditions.
Additionally, the heating time was reduced from 95 to 62 minutes, demonstrating the effectiveness of the optimization. Complementary simulations indicate that, under ideal conditions, efficiency could reach values up to 65%.
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Figure 5. Comparison between the Initial and Optimized Collector Design.
3.4 Environmental Impact
The analysis showed that each collector allows for the reuse of approximately 32.2 kg of solid waste, helping to reduce the accumulation of plastics in the study area. In addition, lower fossil fuel consumption reduces greenhouse gas emissions, enhancing the system's sustainability within a circular economy approach.
3.5 Economic Analysis
The economic evaluation indicates that the system is cost-effective compared to conventional water heating methods. Considering the price of LPG (S/ 70 per cylinder) and an average consumption of two cylinders per month, significant annual savings are achieved. In this context, the payback period is less than one year, making it an accessible option for low-income households.
3.6 Social Acceptance
The results (Figure 6) indicate high user acceptance. Evaluated indicators averaged above 4.3, showing favorable perceptions regarding the system's usefulness, economic benefits, and environmental impact. The survey instrument demonstrated good reliability, with a Cronbach’s alpha of 0.86.
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Figure 6. Social Acceptance Results Based on a Likert-Type Survey.
4. Conclusions
The study confirms the technical and environmental viability of a low-cost flat-plate solar collector made from recycled materials, designed for rural settings. Experimentally, the system reached outlet water temperatures between 45 °C and 52 °C, with peaks near 59 °C under typical solar conditions, demonstrating its suitability for domestic water heating in highland areas.
The average thermal efficiency of 47% aligns with values reported for low-cost commercial collectors, indicating that the use of recycled materials does not significantly affect performance. Simulation results showed potential efficiencies up to 65% under optimized conditions, highlighting the importance of proper design.
Environmentally, the reuse of approximately 32.2 kg of waste per collector helps reduce solid waste, while decreased reliance on fossil fuels lowers greenhouse gas emissions. Economically, the system is accessible, with a payback period of less than one year. Social evaluation also showed high acceptance, suggesting feasibility for implementation.
However, limitations were noted regarding material durability, possible heat losses, and climate variability. Therefore, long-term studies and performance evaluations under varying environmental conditions are recommended.
Overall, the results support the use of recycled-material solar collectors as a sustainable and viable alternative for rural communities.
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Figure 3. Temporal variation of inlet and outlet water 
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Figure 4. Efficiency vs Irradiance

400

500

600

700

800

900


image6.emf
30

40

50

60

70

80

90

Temperature (°C) Efficiency (%) Time (min)
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