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Given the increasing challenges in providing fresh water in remote
and arid regions, the use of solar distillation systems, particularly in
combination with modern technologies, has gained attention as a
sustainable approach. Although vertical multi-effect diffusion solar
stills (VMED) are widely used due to their simple design, high
efficiency, and good water quality, optimizing their energy
consumption and improving their productivity remains a challenge. In
this context, the existing research gap pertains to the loss of thermal
energy and the lack of effective integrated approaches for its recovery.
This study aims to enhance the efficiency of solar-thermal desalination
systems by analyzing the performance of a hybrid system consisting of
photovoltaic-thermal (PV/T) panels, thermoelectric modules, and a
vertical multi-effect diffusion distillation unit. In the system design,
PV/T panels are responsible for simultaneously supplying electrical
and thermal energy, while thermoelectric modules are used for cooling
and reducing the temperature of the condensation plate, which directly
affects freshwater production. Performance evaluation of the system
indicates a maximum freshwater production of 2.5 liters in 8760 hours.
Over a year, the use of the thermoelectric effect on the distillation unit
increases the system’s freshwater production efficiency by 23%.
Additionally, it was found that the thermoelectric cooler performs
better at lower temperatures, as it can reduce the outlet air temperature
below the dew point. The maximum moisture removed by the
thermoelectric cooler was 0.035 kg in 8600 hours.
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Extended Abstract

Introduction and Problem Statement

The escalating global water scarcity crisis, particularly in arid and remote regions, underscores the urgent need for sustainable
and off-grid desalination solutions. Solar-driven desalination technologies present a promising avenue, with the Vertical Multi-
Effect Diffusion (VMED) still standing out for its compact structure and inherent multi-stage efficiency. However, the
widespread adoption of conventional VMED systems is hampered by significant thermal losses and suboptimal energy recovery,
which curtail overall productivity and freshwater yield. To overcome these limitations, this research explores a synergistic
approach by developing a hybrid renewable energy system. This study posits that the integration of complementary
technologies—specifically, Photovoltaic-Thermal (PV/T) collectors for co-generation and Thermoelectric (TE) modules for
active condensation enhancement—can create a significant leap in the performance of solar desalination.

Research Objectives and Novelty

This study is designed with the primary objective of designing, simulating, and evaluating a novel hybrid desalination system:
the VMED-PVT-TC system. The specific goals are:

e To synergistically combine a VMED distillation unit with PV/T panels and Thermoelectric Coolers (TECs).

e To quantitatively assess the system's thermal performance, freshwater productivity, and energy utilization efficiency.

e To isolate and analyze the specific contribution of the thermoelectric cooling mechanism in boosting condensation rates.

The key novelty of this work lies in the strategic integration of TE modules directly onto the condensation surface of the VMED
unit, a design aimed at actively controlling the condensation temperature—a critical factor often left passive in traditional
systems.

Methodology and System Design

A comprehensive model of the hybrid VMED-PVT-TC system was developed and simulated under typical operational

conditions over a full annual cycle (8760 hours). The system architecture operates on a multi-loop energy harvest principle:

e The PV/T Panels: Simultaneously generate electricity to power the thermoelectric modules and provide low-grade thermal
energy to the first effect of the VMED unit, acting as the primary heat source.

e The Thermoelectric Modules: Positioned on the condensation plate, they utilize a portion of the PV-generated electricity
to actively cool the surface. This Peltier-effect cooling depresses the plate temperature decisively below the dew point,
creating a more significant thermal driving force for vapor condensation.

e The VMED Unit: Utilizes the thermal input from the PV/T to produce vapor. This vapor diffuses vertically through the
effects, condensing and pre-heating the feed seawater in each stage, thereby recovering latent heat. The active cooling from
the TECs intensifies this condensation process across the unit.

Key Findings and Achievements

The simulation results demonstrated a marked performance improvement attributable to the hybrid design:

e Enhanced Condensation: The thermoelectric effect was identified as a critical performance driver. It consistently
maintained the condensation plate at a lower temperature, leading to a faster and more complete phase change of vapor, even
during periods of lower solar irradiance.

¢ Increased Productivity: The system achieved a total annual freshwater production of 2.5 liters.

¢ Significant Efficiency Gain: The incorporation of thermoelectric modules resulted in an approximately 23% increase in

annual freshwater production efficiency :compared to a baseline PV/T-VMED system without TE assistance.

e Superior Energy Management: The system successfully demonstrated efficient waste heat recovery from the PV/T
panels and a reduction in overall thermal losses, creating a more closed-loop and efficient energy ecosystem.

Conclusion and Implications

This study conclusively demonstrates that the integration of thermoelectric modules with a PV/T-assisted VMED distillation
system presents a highly effective strategy for performance enhancement. The proposed VMED-PVT-TC hybrid system not
only significantly boosts freshwater yield but also improves operational stability and adaptability to varying environmental
conditions. By efficiently utilizing both the electrical and thermal output of solar energy and actively controlling the
condensation process, this design offers a sustainable, robust, and highly efficient solution for decentralized water supply in off-
grid, arid communities. It represents a meaningful step forward in the quest for energy-autonomous desalination technologies.
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