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Abstract

Access to clean water in Indonesia's remote coastal areas requires a self-
sufficient and sustainable desalination solution. This study aims to optimize a
prototype of a non-invasive solar desalination system by integrating
Photovoltaic-Thermoelectric (PV-TE) hybrid technology for off-grid clean
water production. A pilot-scale unit was developed from a basic passive solar
distillation prototype through the addition of photovoltaic panels and
thermoelectric modules that double as waste heat recoverers and active
condenser coolers. Test results show significant performance improvements,
with conductivity removal efficiency reaching 99.83% with ultra-pure water

Article history quality (80 uS/cm). Water productivity increased exponentially by 1148%,
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that can be replicated in coastal communities with abundant solar intensity.
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1 INTRODUCTION

The global clean water scarcity crisis has an acute impact on coastal and island areas, including
Indonesia, where more than 15 million coastal residents (equivalent to 17.2% of households) do
not have access to adequate clean water [1],[2]. Anthropogenic pressures and climate change
exacerbate these conditions, thus urging the development of sustainable and economical
desalination solutions, particularly for off-grid systems suited to the characteristics of remote
areas [3]. Conventional technologies such as Reverse Osmosis (RO), despite dominating the global
market, have fundamental limitations in the form of high dependence on fossil fuels, high
operational and maintenance costs, and negative ecological impacts from hypersaline brine
waste, making them less applicable for implementation in remote coastal areas [4-6]. Meanwhile,
passive solar desalination technology, while offering advantages in sustainability and ease of
maintenance, still has the disadvantage of low water productivity rates [7]. This phenomenon
underscores the urgency of technological innovation that can balance energy efficiency, economic
feasibility, and minimizing environmental impact.

This study proposes the optimization of a prototype non-invasive solar-powered desalination
system through a Photovoltaic-Thermoelectric (PV-TE) hybrid approach. This system aims to
optimize the utilization of the solar energy spectrum in an integral way: photovoltaic panels
convert light into electricity, while thermoelectric modules utilize the heat gradient to generate
additional power while enhancing the cooling and condensation processes [8]. This synergy is
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projected to significantly improve energy conversion efficiency and water productivity compared

to standard passive solar desalination models. This approach aligns with the previously explored
trend of improving performance through design modifications and the integration of hybrid
components [9,10]. However, this study places particular emphasis on configurations that are
modular, easily installed off-grid, and non-invasive to coastal ecosystems, in response to the
infrastructure characteristics and fluctuations in fresh water demand in the region [11].

The objective of this research is to optimize the design and performance of a prototype PV-TE
hybrid desalination system for efficient and sustainable off-grid clean water production in coastal
areas. The novelty of this research lies in the integration strategy and optimization of the synergy
of PV and TE modules in a single compact and non-invasive solar desalination system unit, with a
focus on utilizing thermal energy to increase condensation rates and adaptive energy
management. Through this optimization, the research is expected to produce a low-emission,
easy-to-operate, and low-maintenance solution, thus directly contributing to the water security
of remote coastal communities and maintaining the integrity of marine ecosystems from the
impacts of conventional desalination waste.

2 MATERIALS AND METHOD
2.1 Hybrid System Prototype Development (Photovoltaic-Thermoelectric)

This research developed a desalination system in two stages. The first stage was the construction
of a baseline prototype of a conventional passive solar distillation system with varying chamber
heights (40, 80, and 160 cm) to determine the best configuration. Test results showed that the 40
cm-high unit produced the highest productivity (0.45-0.50 L/day/m?) and was selected as the
reference. This prototype consisted of a black-pigmented fiberglass basin, a 37° tilted glass cover,
and a sensor system to monitor temperature and conductivity.
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Fig 1. Hybrid Desalination System Prototype Design (Photovoltaic-;fﬂermoelectric)-

2.2 Integration and Configuration of Photovoltaic-Thermoelectric Components

In the second phase, the basic prototype was optimized into a pilot-scale unit by integrating a
Photovoltaic-Thermoelectric (PV-TE) hybrid system. The Photovoltaic (PV) Module serves as the
primary power generator to drive the circulation pump and control system. Meanwhile, the
Thermoelectric Module (TEG) is integrated with two strategic functions. First, as an additional
power generator by attaching its hot side to an absorber plate or hot water pipe to recover wasted
thermal energy (waste heat recovery) through the Seebeck Effect. Second, and most importantly,
as an active condenser cooler by placing an electrically activated TEG array (from the PV and the
TEG itself) on top of the condensing glass surface. This position, combined with a heat sink on the
cold side of the TEG, directly creates a very low temperature zone (Peltier Effect) in the area where
the steam condenses, thus drastically increasing the temperature gradient and condensation rate.
This configuration makes the TEG a key component that simultaneously improves energy
conversion efficiency and accelerates the water production cycle.
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Fig 2. Working Principle of Hybrid Distillation (Photovoltaic-Thermoelectric)
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2.3 Experimental Design and Testing Procedures

The testing was conducted in two phases. The first phase (October 2025) was a basic prototype
test to obtain baseline performance data. The second phase (November 2025-January 2026) was
a fully integrated hybrid pilot-scale unit test, both at laboratory and field sites (Belawan coast).
Measured parameters included input variables (solar radiation, ambient temperature), system
performance (water productivity, water quality), and hybrid component performance (PV and
TEG electrical output, power consumption). Data from sensors and water sampling were analyzed
to evaluate system effectiveness.

Fig 3. Final pilot scale unit with hybrid desalination module with water condensation on glass
cover.

An adjacent meteorological station (Fine Offset, WH2650) was installed at the experimental site
to monitor atmospheric temperature, solar radiation, and wind direction and speed (Figure 8).
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Fig 4. (a) Weather station, (b) temperature and conductivity sensors on the desalination panel
and (c) control box connection for online monitoring via GSM.

2.4 Data Analysis Methods

Data analysis was performed by calculating the desalting efficiency, specific daily productivity,
and overall energy conversion efficiency of the hybrid system. Statistical correlation analysis was
used to quantify the relationship between productivity and solar radiation and operating
temperature. Performance comparisons between the baseline prototype and the hybrid pilot unit
were conducted to isolate and demonstrate the significant contribution of thermoelectric
component integration to improving desalination system performance.

Table 1. Analytical methodologies used in water characterization.

Parameter Unit Method Uncertainty
Electrical uS/cm SMEWW 2510B Electrometry 3%
conductivity
Salinity g/L Refractometry ND

ND Not specified.

2.5 System Performance

Based on the method of Isah et al.[12], the thermal and conversion efficiencies of the system were
evaluated to assess the performance of the pilot-scale unit. Thermal efficiency measures the heat
gain of water relative to the input solar radiation, while conversion efficiency encompasses the
thermal efficiency and the overall desalination process. In this work, the conversion efficiency
was determined using the given equations (2) and (3), allowing the calculation of the system
efficiency based on the experimental parameters.

Q =m X Hy, (1)
_Q
n=-2x100 (2)

Equation (1) states that the energy used by the fluid (Q) is equal to the product of the mass of
evaporated water (m), measured in kg, and the heat of vaporization of seawater (Hfg), given in
k] /kg and adjusted for water and experimental salinity. Equation (2) defines the system efficiency
(n) as the ratio of the total useful heat gained by the fluid (Q) to the product of the average hourly
solar radiation intensity (I), given in W/m?, the area of the glass cover (A), measured in m?, and
multiplied by 100 to express as a percentage.
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3  RESULTS AND DISCUSSION
3.1 Conductivity removal efficiency

Based on the test results, the PV-TE hybrid system consistently achieved very high conductivity
removal efficiency, ranging from 99.08% to 99.83%. Peak performance was achieved in
September-October 2025, with 99.83% efficiency producing ultra-pure water (conductivity ~80
uS/cm). However, in the summer (December-January), although the efficiency remained above
99%, there was a significant decrease in product water quality, marked by an increase in
conductivity to around 440 pS/cm. This phenomenon indicates thermal stress on the system
when operating at high ambient temperatures.

In-depth analysis reveals that the performance degradation in summer is primarily due to the re-
evaporation mechanism on the condenser surface and the decreased effectiveness of the
thermoelectric module. High ambient temperatures (>35°C) reduce the effective temperature
gradient between the hot vapor and the condenser surface, although the numerical AT remains
large. Furthermore, the TEG module's efficiency as an active cooler decreases significantly
because its hot side becomes overheated, while the heat sink's ability to dissipate heat to the
environment is also reduced. This creates a double penalty: the TEG not only cools less effectively
but also generates less electrical energy from waste heat recovery. As a result, the net
condensation rate decreases and the condensed water tends to re-evaporate before being

collected, thus reducing the final product quality even though energy conversion efficiency
remains intact.
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Fig 5. Comparison of Water Conductivity Before and After Desalination
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Fig 6. Monthly Efficiency Trend of PV-TE Hybrid System
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3.2 Freshwater productivity

Freshwater productivity, measured as water produced per square meter of desalination panel per
day (L/day.m?), is a key indicator of the system's efficiency and operational capacity.

B Produktivitas (Lhari-m?)|
@ Efisiensi (%)

kapasitas operasional sistem
o
1
L]

T T T T T
Agst 2025 Sept 2025 Okt 2205 Nov 2025 Des 2025

Tahap Pengujian

Fig 7. Freshwater Productivity Trends and Efficiency of Hybrid Desalination (PV-TE)

Freshwater productivity test results show an exponential and conclusive increase from 0.50
L/day-m? in the baseline prototype (August 2025) to 6.24 L/day-m? in the PV-TE hybrid pilot-
scale unit (January 2026), representing an increase of 11.48% or 12.5-fold. This gradual and
consistent productivity surge from 1.77 L/day-m? (September), 3.51 L/day-m? (November), to
4.42 L/day-m? (December), directly validates the effectiveness of the integration and optimization
of the hybrid system, where the Photovoltaic (PV) modules guarantee a stable energy supply for
operation, while the Thermoelectric (TEG) modules’ dual function as waste heat recoverers and,
most importantly, as active coolers in the condenser, drastically increases the temperature
gradient and accelerates the condensation rate, thus transforming the productivity limitations
that are the fundamental weaknesses of conventional passive solar desalination.

3.3 System performance analysis

The performance analysis of the PV-TE hybrid desalination system was carried out by evaluating
the thermodynamic parameters and energy conversion based on the method of Isah et al.[12].
This system achieves a conversion efficiency of 29.05%, a figure that significantly exceeds the
efficiency of conventional passive solar desalination systems which generally range between 7-
15%. This high efficiency achievement is the result of optimal synergy between Photovoltaic (PV)
and Thermoelectric (TEG) components, where the PV panel is responsible for the conversion of
visible light spectrum into electricity to drive the pump and control system, while the TEG module
performs a critical dual function: first, as an additional electricity generator through the
utilization of waste heat recovery from the absorber and solar collector by utilizing the Seebeck
Effect; and second, which is a major contributor to increasing system efficiency as an active cooler
on the condenser surface through the application of the Peltier Effect. This active cooling creates
a low temperature zone (10-15°C) on the condensation plane, thus drastically increasing the
temperature gradient (AT) between the hot saturated steam (60-75°C) and the condenser surface.
This increase in AT is the primary driver of the acceleration of the latent heat transfer rate during
condensation, which directly translates into increased water productivity and overall system
thermal efficiency. Thus, the integration of PV-TE not only successfully increases overall solar
energy recovery but also creates a positive feedback mechanism whereby normally wasted
thermal energy is converted into a means to increase the efficiency of the desalination process
itself.
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4 CONCLUSION

This research successfully proves that the optimization of the Photovoltaic-Thermoelectric (PV-
TE) hybrid desalination system significantly improves the performance of off-grid clean water
production for coastal areas, with conductivity removal efficiency reaching 99.83%, water
productivity increasing by 1148% to 6.24 L/day, m?, and system energy conversion efficiency of
29.05%. This success is driven by the dual function of the TEG module as a waste heat recoverer
and active condenser cooler, which creates a high temperature gradient to accelerate the
condensation cycle. For future development, it is recommended to focus on: optimization of
system thermal management, such as the integration of phase-change materials, to maintain TEG
performance at extreme temperatures; exploration of more advanced absorber and condenser
materials; implementation of a machine learning-based intelligent control system in the IEMS;
and economic feasibility studies and long-term trials in various coastal locations for
commercialization validation.
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