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Develop a compact PV/T desalination system to co-generate electricity and freshwater.
Optimize the device structure and materials to improve overall performance.
Device inclination angles has no significant effect on freshwater yield under constant irradiance.
Outdoor sun-tracking mode increased daily freshwater yield by 53.8% compared with fixed-orientation mode.
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 A B S T R A C T

Utilizing waste heat from photovoltaic (PV) panels for desalination offers a practical pathway for cascading 
energy use and addressing the energy–water nexus. A compact photovoltaic–thermal (PV/T) interfacial evapo-
ration desalination system was developed that integrates capillary-driven evaporation, membrane distillation, 
and condensation directly into the PV panel assembly. The system harnesses the waste heat from the PV 
backsheet (typically accounting for 80%–85% of incident solar energy) to drive water evaporation through a 
cotton fabric wick, while a distillation membrane separates vapor from brine. A SiO2-nanocoated aluminum 
condenser with high hydrophobicity (contact angle 107.9◦) is equipped with sea–island fiber guides and 
dual bottom outlets, achieving a freshwater collection efficiency of over 90%. Indoor experiments at three 
inclination angles (5◦, 15◦, and 25◦) under controlled irradiance conditions (400–1000W/m2) show that the 
inclination angle has no significant effect on freshwater productivity under constant irradiance. Outdoor testing 
in Hong Kong at a fixed 22◦ inclination yielded a cumulative daily freshwater production of 1.73 L/m2 and 
a daily GOR of 0.348. Sun-tracking mode, achieved through manual surface azimuthal adjustments every 
10 min, increased incident irradiance by 23.5%, GOR by 5%, and the daily water yield by 53.8% to 2.66 L/m2. 
This compact, cost-effective system offers a practical solution for distributed solar desalination, particularly in 
water-scarce, sun-rich regions, and demonstrates the potential for efficient utilization of solar energy.
1. Introduction

Access to water and energy remains a critical challenge in re-
mote and distributed settings worldwide. More than half of the global 
population is projected to face severe water stress by 2100 [1–4], 
while billions lack reliable electricity access  [5]. These challenges of-
ten coincide geographically, as water-scarce regions frequently receive 
abundant solar irradiation [6]. Standalone desalination systems and 
photovoltaic installations address these needs independently, but doing 
so requires separate infrastructure, land area, and capital investment. 
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Integrated systems that simultaneously provide electricity and freshwa-
ter from a single solar installation offer a more practical solution for 
decentralized applications in resource-constrained regions.

Photovoltaic installations have expanded rapidly, with global capac-
ity reaching 1.6 TW by 2023 [7]. PV panels operate at relatively low 
conversion efficiency, transforming only 15%–20% of incident solar 
energy into electricity [8]. The remaining 80%–85% accumulates as 
waste heat, elevating panel temperatures to 60–80◦C during opera-
tion [9]. This thermal energy is typically dissipated to the environment 
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through passive cooling, representing a significant loss of the captured 
solar resource; yet this temperature range aligns well with the ther-
mal requirements of evaporation-based desalination processes [10]. 
Recovering this waste heat for simultaneous freshwater production 
would enable cogeneration systems that generate both electricity and 
freshwater from the same solar input, without requiring additional 
costly energy collection infrastructure  [11,12]. This approach effec-
tively converts a performance-limiting factor (panel heating) into a 
productive output.

Photovoltaic–thermal (PV/T) desalination systems have emerged to 
exploit this waste heat recovery opportunity. Early PV/T desalination 
configurations coupled PV panels with conventional solar stills, where 
the PV backsheet serves as the absorber surface for water evapo-
ration [13]. Subsequent studies demonstrated performance improve-
ments through structural modifications; for example, Badran et al. [14,
15] showed that integrating flat-plate collectors with solar stills in-
creased water production by enhancing heat delivery to the evapo-
ration surface. More recent implementations have incorporated active 
cooling systems with external heat exchangers to extract PV waste 
heat [16,17], achieving improved thermal management and water 
yields. Beyond conventional architectures, researchers have explored 
novel coupling approaches: PV–hydrogel systems use hygroscopic mate-
rials to simultaneously cool panels and harvest atmospheric water [18,
19], PV–multistage membrane distillation systems employ cascaded 
evaporation–condensation stages [20,21], and PV–thermoelectric hy-
brid systems convert thermal gradients into additional electrical out-
put alongside desalination [22]. These diverse approaches highlight 
the versatility of PV/T integration, with a collective focus on ma-
terial exploration and system configuration. However, they still lack 
comprehensive attention to critical engineering aspects, including sys-
tem adaptability for large-scale deployment and real-world operational 
performance.

Despite these advances, current PV/T desalination systems face 
critical limitations that hinder deployment in decentralized settings. 
Most configurations rely on external components such as dedicated 
cooling pipes  [16], separate condensation chambers [17], and auxiliary 
pumps to circulate working fluids between the PV panel and the desali-
nation unit. This distributed architecture increases system complexity, 
installation costs, and spatial footprint. External piping also introduces 
thermal losses during heat transfer and creates additional potential 
failure points that require maintenance. For resource-constrained or 
remote applications where technical expertise and replacement parts 
may be limited, such complexity presents significant barriers to adop-
tion. Furthermore, the separation between heat generation (PV panel) 
and water production (external still) necessitates careful fluid man-
agement and sealing, complicating system operation. These challenges 
underscore the need for more integrated designs that eliminate external 
components while maintaining cogeneration functionality.

Interfacial evaporation offers a pathway to more compact PV/T 
desalination systems. Unlike bulk heating approaches that warm the 
entire water volume, interfacial evaporation concentrates thermal en-
ergy at the liquid–vapor interface using porous wicking materials [23]. 
This localized heating minimizes conduction losses to the bulk water 
and enables direct integration with the PV backsheet without ex-
ternal heat exchangers. When coupled with PV panels, this enables 
a single-stage architecture in which the PV backsheet directly heats 
the evaporation wick. Recent implementations have explored various 
PV–interfacial evaporation coupling strategies [18–21], demonstrating 
the potential for improved energy utilization. However, these sys-
tems present certain challenges: some designs lack effective vapor–
liquid separation, leading to salt accumulation on evaporation surfaces, 
while others achieve separation through external condensation cham-
bers, reintroducing the complexity issues described previously. An 
integrated design that combines interfacial evaporation with in-situ 
membrane-based vapor separation could address both compactness and 
operational reliability.
2 
A critical geometric parameter that affects PV/T desalination per-
formance remains largely unexplored: the device inclination angle. For 
conventional PV systems, inclination angle optimization focuses solely 
on maximizing solar irradiance capture to enhance electrical output. 
For PV/T desalination systems, however, the inclination angle plays 
a dual role. It determines both the incident solar radiation (affecting 
electricity generation and thermal energy availability) and the gravity-
driven flow dynamics through the evaporation wick (affecting water 
residence time, evaporation efficiency, and salt management). Steeper 
angles may improve solar capture but accelerate water flow, potentially 
reducing evaporation effectiveness. Shallower angles may extend water 
residence time but sacrifice radiation reception and risk salt accu-
mulation due to insufficient drainage. Despite this critical trade-off, 
systematic investigations of inclination angle effects on cogeneration 
performance are rarely addressed in the PV/T desalination literature. 
Existing studies report performance at fixed angles chosen to match 
local latitude or maximize PV output, without examining how angle 
variations affect coupled system behavior. This knowledge gap pre-
vents the optimization of PV/T desalination systems for real-world 
deployment scenarios.

This work addresses these gaps through three primary contribu-
tions. First, a compact PV/T interfacial evaporation membrane desali-
nation system is developed that integrates capillary-driven evapora-
tion and membrane distillation directly into the PV panel assembly, 
thereby eliminating external condensers and cooling pipes. The system 
uses commercially available materials (cotton fabric wicking, SiO2-
nanocoated aluminum condenser) to achieve 90% condensate collec-
tion efficiency with demonstrated durability over 5+ wet-dry cycles. 
Second, the first systematic investigation of the effects of inclination an-
gle on PV/T desalination performance is conducted. Through controlled 
indoor experiments at three representative angles (5◦, 15◦, and 25◦) un-
der variable irradiance (400–1000 W/m2), we characterize how tilt af-
fects the coupled trade-offs between water flow dynamics, evaporation 
efficiency, and PV thermal management. Third, system performance 
and angle optimization strategies are validated through outdoor testing 
in both fixed-orientation and sun-tracking modes, demonstrating a 5% 
improvement in GOR and a 53.8% daily freshwater productivity with 
tracking. The resulting system provides a practical, scalable solution 
for distributed solar desalination in water-scarce regions, with design 
principles applicable to broader PV/T system development.

The remainder of this paper is organized as follows. Section 2 
presents the system design and component development, including the 
operating principle, evaporator material selection and optimization, 
and condenser surface treatment and water collection channel design. 
Section 3 outlines the methodology employed to evaluate the perfor-
mance of the device. This includes controlled indoor experiments to 
investigate the effects of inclination angle on coupled thermal, hy-
draulic, and electrical behavior, corresponding numerical simulations, 
and outdoor experiments conducted under fixed-orientation and sun-
tracking operational modes. Section 4 presents the operational results, 
and Section 5 concludes with key findings and implications for the 
design of distributed solar desalination systems.

2. System design and optimization

2.1. Operating principle and structural design

The operating schematic and detailed structure of the compact 
PV/T interfacial evaporation device are shown in Fig.  1. The device 
consists of four main components: a photovoltaic panel integrated with 
a transparent enclosure (greenhouse), a hydrophilic wick for saltwater 
transport and evaporation, a distillation membrane, and a built-in 
condenser. The PV panel functions as a solar absorber, converting 
solar energy into electricity and heat. The transparent enclosure acts 
as a greenhouse, reducing convective and radiative heat loss from the 
absorber (i.e., the PV panel) to the surrounding environment while 



L. Yuan et al. Desalination 628 (2026) 120111 
Fig. 1. A compact PV/T desalination device. (a) Operating principle showing the complete system with saltwater fed via capillary action through a hydrophilic 
wick attached to the PV backsheet. (b) Layered structure of the device: transparent acrylic enclosure (10 mm thick), commercial PV panel (5 mm thick), cotton 
evaporator surface, distillation membrane, SiO2-nanocoated condenser plate, sea–island fiber water guiding strip, and freshwater outlet (3 mm diameter). (c) 
PV/T device after assembly (left: SolidWorks design; right: fabricated device).
having a minimal impact on power generation. A porous hydrophilic 
wick attached to the PV backsheet draws saltwater into the device 
through capillary action and gravity, acting as an evaporation surface 
that facilitates interfacial heating. A distillation membrane covers the 
interfacial evaporation material, enabling one-way transport of water 
vapor to the condenser while preventing the passage of liquid water 
and dissolved salts. The water vapor then condenses on the condenser 
plate, releasing heat to the surroundings, and the collected freshwater 
exits through the outlet ports of the condenser for retrieval. Table  1 
presents the size parameters of each component of the experimental
3 
device. For all experiments, saltwater was prepared by dissolving 
sodium chloride (NaCl) in deionized water to achieve a salinity of 
35,000 ppm (3.5 wt%), consistent with standard ocean salinity.

2.2. Design of the saltwater transport and evaporation component

As a critical component of the PV/T desalination device, the evap-
orator is designed to transport saltwater to the PV backsheet, absorb 
heat, and facilitate evaporation. To achieve optimized performance, 
two novel design features are introduced in this section.
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Fig. 2. Water transport testing of candidate evaporator materials. (a) Experimental setup: fabric samples (3 × 19 × 0.05 cm) suspended vertically with lower 
edges submerged in dyed water to visualize capillary rise over time. (b) Capillary rise distance as a function of time for all tested materials. (c) Durability testing 
through repeated wet-dry cycles (10-minute immersion followed by 20 min of drying at 70◦C), conducted after 1, 3, and 5 cycles.
Table 1
Dimensions of each component of the fabricated PV/T desalination device.
 Components Surface area/Diameter Thickness/Length 
 Transparent enclosure 13.5 cm × 16.5 cm 10 mm  
 PV panel 13.5 cm × 16.5 cm 3 mm  
 Evaporator material 13.5 cm × 16.5 cm 0.4 mm  
 Distillation membrane 13.5 cm × 16.5 cm 0.1 mm  
 Condenser plate 13.5 cm × 16.5 cm 2 mm  
 Acrylic border 2 mm × 16.1 cm (2 pieces), 5 mm  
 2 mm × 13.5 cm (2 pieces)  
 Freshwater outlet Diameter: 3 mm Length: 2 cm  

2.2.1. Selection of the evaporator materials
The device relies on efficient and durable hydrophilic evaporator 

materials to transport saltwater and facilitate evaporation. In this study, 
we evaluated eight commercially available and cost-effective fabric 
materials, as presented in Table  2, to assess their performance and 
durability in saltwater transport.

To evaluate the water transport performance, a standardized capil-
lary rise test was conducted. Fabric samples of uniform size (3 × 19 ×
0.05 cm) were suspended vertically with their lower edges submerged 
in dyed water (Fig.  2a) and the rise distance was measured over time 
(Fig.  2b). Among the tested samples, Sample B (sea–island fiber), Sam-
ple G (pure sulfur cotton), and Sample H (cotton fiber) demonstrated 
the greatest capillary transport distances, exceeding 12 cm within 
12 min. In contrast, all other materials exhibited a capillary rise of less 
than 8 cm.

The three best-performing materials were subsequently tested for 
durability through repeated wet-dry cycles (Fig.  2c), as actual operation 
4 
requires sustained performance under repeated wetting and drying. 
Each cycle consisted of 10 min of water immersion followed by 20 min 
of drying at 70◦C, with water transport tests conducted after 1, 3, 
and 5 cycles. Sample G (pure sulfur cotton) exhibited progressive 
degradation, with the capillary rise decreasing by approximately 30% 
after 5 cycles (the difference in value between the red solid line and 
the red dash–dot–dot line at 12 min in Fig.  2c). In contrast, Sample B 
(sea–island fiber) and Sample H (cotton fiber) maintained stable water 
transport performance throughout, showing no significant decline in 
functionality.

Based on these results, Sample H (cotton fiber) was selected as 
the evaporator material due to its high water transport rate, excellent 
durability under repeated cycling, and low cost. Scanning electron 
microscopy (SEM) analysis revealed the microstructure responsible for 
this performance (Fig.  3): the cotton fibers form an interconnected 
porous network with numerous microscale channels that facilitate ef-
ficient capillary water transport. This structure provides a microscopic 
explanation for the outstanding capillary water-transport properties of 
the material.

2.2.2. Design of the saltwater transport strip configurations
The saltwater transport strips deliver saltwater from the reservoir 

to the evaporator. Strip geometry significantly influences both water 
distribution uniformity and heat loss through the device walls. To 
optimize the design, six configurations varying in strip number (1–4) 
and placement (center vs. edge positions) were tested and compared, as 
shown in Fig.  4. The goal was to identify a configuration that balances 
efficient water delivery, minimal thermal losses, and reduced sealing 
complexity. All strips were designed with a uniform width of 5 mm to 
isolate the effects of number and placement.
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Table 2
Candidate evaporator fabric materials with varying fiber compositions evaluated for water transport performance 
and durability. All samples were standardized to 3 × 19 × 0.05 cm for comparative testing.
 Name Fiber composition Manufacturer  
 Sample A Foam cotton Yiwu Jieni E-commerce Co., LTD  
 Sample B Sea–island fiber (Polypropylene fiber) Guangzhou Youran Home Co., LTD  
 Sample C Bamboo fiber FumaiI Environmental Protection Technology Co., LTD 
 Sample D Polyester fiber Yiwu Youhui E-commerce Co., LTD  
 Sample E 88% Polyester fiber + 12% Nylon fiber Yiwu Bingyang Network Technology Co., LTD  
 Sample F Non-woven fabrics (Polyester) Dongguan Xinran Daily Chemical Co., LTD  
 Sample G Pure sulfur cotton Guangzhou Yiyi Chemical Reagent Co., LTD  
 Sample H Cotton fiber Yongsheng Cotton Weaving Factory  
Fig. 3. Scanning electron microscopy (SEM) images of the selected cotton fabric at two magnifications: (a) 1 mm and (b) 100 μm. The interwoven fiber structure 
creates a three-dimensional porous network with interconnected micropores that facilitate efficient capillary water transport.
Fig. 4. Six saltwater transport strip configurations (all 5 mm wide) tested for water distribution performance: (a) single center strip, (b) two center strips, (c) 
three evenly distributed strips, (d) two edge strips, (e) two edge strips with one center strip, and (f) four evenly-distributed strips.
Cotton fabric samples with different strip configurations were
mounted on aluminum plates to simulate actual operating conditions. 
The upper diversion strips were immersed in dyed water while the lat-
eral diffusion pattern and wetting time were monitored. Strip number 
and placement significantly affected wetting speed and uniformity. The 
single and double strip designs (samples a, b, and d) produced slow and 
non-uniform wetting. Both the three evenly-distributed strips (samples 
c and e) and four strips (sample f) achieved rapid, uniform wetting 
with similar performance. However, the edge-positioned strips (sample 
5 
e) caused excessive lateral water diffusion toward the device perimeter 
(Fig.  5), increasing the leakage risk at the sealing boundaries.

To further verify that the flow rate of sample c conforms to Darcy’s 
law under steady-state conditions, flow rate tests were conducted for 
15 min at three tilt angles (5◦, 15◦, and 25◦) at a room temperature 
of 22◦C, using the setup shown in Fig.  5d. The test results are shown 
in Fig.  5c. The measured flow rate ratios between angles closely match 
the ratios of their corresponding sine functions, confirming that flow 
through sample c follows Darcy’s law under steady-state conditions. 
Based on these results, the three evenly-distributed strip configuration 
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Fig. 5. Water distribution performance of saltwater transport strip configurations. Lateral wetting patterns of three evenly distributed strips (samples c and e) 
and four strips (sample f) after (a) 3 min and (b) 5 min contact with dyed water. (c) Steady-state flow rate test over 15 min confirming that sample c conforms 
to Darcy’s law at different inclination angles (5◦, 15◦, and 25◦). (d) Experiment setup for flow rate testing.
(sample c) was selected, as it provides efficient and uniform water dis-
tribution while minimizing structural complexity, heat loss pathways, 
and edge sealing risk.

2.3. Design of the condensation and freshwater collection component

Water vapor generated at the evaporation surface passes through 
the distillation membrane and contacts the condenser plate, where it 
condenses by releasing heat to the surroundings, and freshwater is 
collected. Effective heat dissipation requires the condenser plate to 
have high thermal conductivity, for which an aluminum plate with 
low thermal resistance was selected. During condensation, fine water 
droplets form on the surface of the condenser plate due to surface 
tension and adhere to it, necessitating specific design features to ensure 
efficient freshwater collection. Two such features are described in this 
section.

2.3.1. Selection of hydrophobic coatings for the condenser plate
The surface hydrophobicity of the condenser plate governs how 

efficiently water droplets roll off for collection. Surface wettability is 
6 
quantified by the contact angle θ, defined as the angle between the 
tangent to the droplet and the solid surface at three-phase equilibrium 
(Fig.  6a). Contact angles θ > 90◦ indicate hydrophobic surfaces where 
droplets maintain near-spherical shapes and roll off readily, while θ <
90◦ indicate hydrophilic surfaces where droplets spread into films that 
adhere to the surface, reducing collection efficiency.

To enhance freshwater collection efficiency, three condenser plate 
surface conditions were compared: untreated aluminum (control), poly-
tetrafluoroethylene (PTFE)-coated aluminum, and silicon dioxide
(SiO2)-nanocoated aluminum, all cut to 30 mm × 30 mm. Both coatings 
were applied via uniform spray coating to a thickness of approximately 
5 μm. Contact angles were measured using an OCA Pro15 contact angle 
meter with the pendant drop method, averaging five measurements per 
sample to account for local surface variations.

The untreated aluminum plate exhibited hydrophilic behavior, with 
a contact angle of 74.5◦ ± 2.1◦ (Fig.  6b), causing droplets to spread 
completely across the surface and limiting collection efficiency. The 
PTFE coating improved hydrophobicity, increasing the contact angle 
to 98.2◦ ± 1.8◦ (Fig.  6c); however, the PTFE coating was prone to 
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Fig. 6. Contact angle measurements for condenser plate surfaces with different coatings. (a) Definition of contact angle θ: angles (θ > 90◦) indicate hydrophobic 
surfaces that promote droplet roll-off. (b) Untreated aluminum: θ = 74.5◦ ± 2.1◦ (hydrophilic; droplet spreads into film). (c) Teflon/PTFE-coated aluminum: 
θ = 98.2◦ ±1.8◦ (weakly hydrophobic; hemispherical droplet). (d) SiO2-nanocoated aluminum: θ = 107.9◦ ±1.2◦ (strongly hydrophobic; near-spherical droplet with 
rolling angle < 10◦). All measurements performed using an OCA Pro15 contact angle meter with five measurement points per sample.
micro-cracking during handling, resulting in measurement variability. 
The SiO2 nanocoating achieved the highest hydrophobicity, with a 
contact angle of 107.9◦ ± 1.2◦ (Fig.  6d), where the nanoscale surface 
roughness creates a Cassie-Baxter state in which droplets remain nearly 
spherical with a rolling angle below 10◦. Based on these results, SiO2
nanocoating was selected for the condenser surface due to its superior 
hydrophobicity and mechanical stability.

2.3.2. Design of the water collection channels and outlets
To enhance freshwater collection efficiency, a 5 mm-high acrylic 

frame was designed to separate the condenser plate from the distillation 
membrane while forming a drainage channel. Sea–island fiber strips 
embedded within the frame utilize capillary action to guide droplets 
toward the outlets, preventing water accumulation along the edges (Fig. 
7a). This material was selected due to its unique microstructure (Fig. 
7b), which provides excellent water absorption and durability while 
facilitating the efficient removal of condensate that would otherwise 
be difficult to collect.

The positioning and number of outlet holes on the acrylic frame 
were also systematically optimized. Four outlet configurations were 
evaluated: a single center outlet (A), a single bottom-edge outlet (B), a 
single outlet at one-quarter width (C), and two symmetric bottom-edge 
outlets (D), as shown in Fig.  7c. To simulate operational conditions, 
water collection tests were conducted using water at 65◦C with samples 
inclined at 10◦. Two injection scenarios were tested for each configura-
tion (Fig.  7d): injecting 1 mL of hot water at equal heights at both ends 
of the condenser plate and injecting 1 mL of hot water at one-quarter 
and three-quarters of the plate width. The collected water volume was 
recorded from the start of injection to 3 min post-injection.

The short term testing results demonstrated that the dual-outlet con-
figuration (D) achieved a condensate collection efficiency, as defined 
in Eq. (1), of 70% (1.4 mL/2.0 mL), representing a 40% improvement 
over single-outlet designs (Fig.  7e). Furthermore, the symmetric dual-
outlet arrangement ensured uniform drainage even when one outlet 
became partially obstructed, effectively mitigating the risk of complete 
clogging. However, the 3-minute tests resulted in temporary water 
retention on the fiber guides and condenser surface, without reaching 
7 
the outlets, instead of permanent water loss. In the 20-minute tests, a 
significant portion of this retained water eventually drains, increasing 
the effective collection efficiency to approximately 90% to 95%. The 
remaining 5%–10% loss is attributed to water vapor diffusing out of 
the device through the seals. 

Condensate collection efficiency = Mass of collected freshwater
Mass of evaporated brine (1)

In summary, the optimized freshwater collection module incorpo-
rates three key design elements: a SiO2-nanocoated condensation plate 
(contact angle: 107.9◦, representing a 300% improvement in droplet 
mobility), sea–island fiber drainage guides (capillary transport rate: 
0.8 mL/s), and dual symmetric bottom outlets (achieving a 90% con-
densate collection efficiency). Together, these integrated components 
enable efficient freshwater recovery from the condenser.

3. Performance evaluation methodology

Both indoor and outdoor experiments, along with numerical simu-
lations, were conducted to evaluate the performance of the developed 
PV/T desalination device. Indoor experiments and numerical modeling 
investigated the effects of the inclination angle on system performance, 
an aspect rarely addressed in the literature, while outdoor experiments 
evaluated the effectiveness of a sun-tracking scheme for enhancing 
operational efficiency.

3.1. Performance assessment metrics

Several assessment metrics were used to evaluate device perfor-
mance, as listed in Table  3 along with their measurement methods. 
The instrumentation and associated measurement uncertainties are 
summarized in Table  4. Detailed information on the indoor and outdoor 
experimental setups, including instrument placements, is shown in Fig. 
8.

GOR is defined as: 

GOR =
𝑀𝑒ℎ𝑓𝑔 +𝑊𝑝𝑣 , (2)
𝐴 ⋅ 𝑆
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Fig. 7. Optimization of the condensation component. (a) Complete condenser assembly showing a 5 mm-high acrylic frame forming flow channels, with embedded 
sea–island fiber strips (capillary water conduction rate: 0.8 mL/s) guiding droplets toward outlet holes. (b) SEM images of sea–island fiber at two magnifications 
(left: 1 mm; right: 100 μm). (c) Four outlet configurations evaluated: (A) single center outlet, (B) single bottom-edge outlet, (C) single outlet at one-quarter width, 
and (D) two symmetric bottom-edge outlets. (d) Hot water injection testing under two scenarios with different injection locations: equal injections at both edges 
(left); injection at one-quarter and three-quarters width (right). (e) Collected water volume for each configuration under both injection scenarios.
Table 3
Performance assessment metrics and measurement methods.
 Assessment metrics Definition Measurement method  
 Gain-output ratio (GOR) The overall efficiency of converting solar irradiance into 

evaporation enthalpy and electrical power
Solar irradiance - radiometer 
Mass of evaporated water - electronic balance 
Power generation - multimeter

 

 Freshwater yield 
(productivity) [kg/m2 h]

Collected freshwater amount per unit area per unit time Mass of collected freshwater - electronic 
balance

 

 Power generation efficiency PV panel power generation as a percentage of incident 
solar flux

Power generation - multimeter 
Solar irradiance - radiometer

 

 Irradiance enhancement factor Ratio of daily accumulated Plane-of-Array (POA) 
irradiance to daily accumulated Global Horizontal 
Irradiance (GHI)

Solar irradiance - radiometer  
Table 4
Instrumentation used in indoor and outdoor experiments, including measured variables and measurement uncertainties.
 Name Measured variable Manufacturer Measurement uncertainties 
 Radiometer Incident solar irradiance Jinzhou Sunshine Meteorological Co., Ltd. ± 5%  
 Thermocouples Temperatures of PV backsheet, evaporator and condenser plate Suzhou Teans Electronic Industry Co., Ltd. ± 0.2% + 0.7◦C  
 Multimeter PV electrical output Bolin Electronics Co., Ltd. ± 0.5%  
 Electronic balance Mass of water Dongguan Changxie Electronics ± 0.3 g  
where 𝑀𝑒 [kg/h] is the total mass of evaporated water, ℎ𝑓𝑔 [kJ/kg] is 
the latent heat of vaporization, 𝑊𝑝𝑣 [W] is the electrical power output 
from the PV panel, 𝐴 [m2] is the surface area of the device, and 𝑆
[W/m2] is the incident solar irradiance. Furthermore, daily GOR for 
outdoor experiments is defined as: 

GORdaily =
∫ 𝑡𝑜
𝑡𝑖
(𝑀𝑒ℎ𝑓𝑔 +𝑊𝑝𝑣) 𝑑𝑡

𝑡𝑜
, (3)
𝐴 ∫𝑡𝑖 𝑆 𝑑𝑡

8 
where 𝑡𝑖 and 𝑡𝑜 are the start and end times of the outdoor experiments, 
taken to be 10:00 and 17:00 in this work.

Freshwater yield is calculated as: 

Freshwater yield =
𝑀𝑡0+𝛥𝑡 −𝑀𝑡0

𝛥𝑡 ⋅ 𝐴
, (4)

where 𝑀𝑡0+𝛥𝑡 [kg] is the mass of water collected at 𝑡0 + 𝛥𝑡, 𝑀𝑡0  [kg] is 
the mass of water collected at 𝑡0 and 𝛥𝑡 [h] is the duration. For indoor 
experiments, 𝑡  is set to 20 min (after the transient phase) from the start 
0



L. Yuan et al. Desalination 628 (2026) 120111 
Fig. 8. Experimental setup. (a) Schematic diagram of the indoor experimental setup with the device inclined at 5◦, 15◦, or 25◦ under a solar simulator aligned 
parallel to the device surface. Measured variables include solar simulator irradiance (400–1000W/m2), PV panel power output (multimeter), temperatures at 
three locations along the evaporator and condenser surfaces (thermocouples), saltwater flow rate, and freshwater production rate (electronic balance, 0.01 g 
precision). (b) Photograph of the indoor experimental setup showing device orientation and sensor placements. (c) Outdoor experimental setup on the rooftop 
of the Hong Kong Polytechnic University, with the device oriented at 22◦ inclination on an unobstructed rooftop. Ambient conditions: 18–25◦C air temperature, 
partly cloudy weather, and wind speed 0–6 m/s. Tests were conducted in both fixed-orientation and sun-tracking modes.
of the experiments to accurately reflect steady-state operation, and 𝛥𝑡
is set to 60 min.

The irradiance enhancement factor (IEF) quantifies the increase in 
solar irradiance received by a tilted or sun-tracking device relative 
to a horizontal surface, defined as the ratio of daily accumulated 
plane-of-array (POA) irradiance to daily accumulated global horizontal 
irradiance (GHI): 

IEF =
∫ 𝑡𝑜
𝑡𝑖
POA 𝑑𝑡

∫ 𝑡𝑜
𝑡𝑖
GHI 𝑑𝑡

(5)

3.2. Experimental method

The inclination angle is a critical parameter influencing PV/T device 
performance. For fixed PV modules, it directly affects incident solar 
irradiance, which in turn impacts both PV power output and evaporator 
surface temperature. Simultaneously, the inclination angle governs the 
gravity-driven flow of water through the evaporation wick, affecting 
flow velocity, residence time, and distribution uniformity. Steeper an-
gles promote faster water flow, reducing the risk of salt accumulation 
but potentially decreasing evaporation efficiency due to reduced water 
residence time on the heated surface.

Indoor experiments were conducted at three representative incli-
nation angles: 5◦ (near-horizontal), 15◦ (moderate angle), and 25◦
(steeper angle to explore performance limits). To maintain consistent 
irradiance across all angles, the solar simulator lamp was adjusted 
to remain parallel to the PV/T surface each time the inclination was 
changed. This intentional design choice isolates the effect of inclina-
tion on gravity-driven flow, allowing changes in flow behavior to be 
attributed to the gravitational component rather than variations in 
irradiance, which is strongly dependent on tilt angle.

Each test ran for 80 min, based on preliminary observations that the 
PV panel with the greenhouse enclosure reached thermal equilibrium 
within approximately 20 min and remained stable for the remaining 
60 min. Temperature, power output, and other relevant parameters 
were recorded at 20-minute intervals during the stable phase. To 
maintain experimental consistency, a 40-minute cooling interval was 
introduced between consecutive tests. This cooling phase allowed the 
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equipment to return to its initial temperature and minimized interfer-
ence from residual freshwater left over from previous tests. Fig.  8a and 
b illustrate the experimental setup, including instrumentation for mea-
suring temperature, irradiance, power output, and water production. 
During these tests, solar irradiance incident on the device was varied 
from 400 to 1000 W/m2 to simulate a range of weather conditions from 
overcast to fully sunny, while all other ambient conditions were kept 
constant to isolate the inclination angle as the sole variable.

Performance evaluations at each angle and irradiance level were 
based on a single 80-minute steady-state experiment. However, key pa-
rameters such as temperature and power output were recorded at multi-
ple time points during the steady-state phase (20 – 80 min), and average 
values were reported. Key results, such as freshwater productivity 
and brine flow rate, were derived from comprehensive measurements 
over this longer steady-state period, thus improving the reliability of 
each data point. All tilt angle experiments were repeated twice to 
verify trends, and the presented data (Fig.  11) demonstrate consistent 
regularity in the experimental results across the entire parameter range.

Outdoor experiments were conducted on an unobstructed roof at 
Hong Kong Polytechnic University in March 2026. In fixed-orientation 
mode, the device was installed at a fixed 22◦ inclination, which matches 
the optimal angle for PV installation in Hong Kong. In sun-tracking 
mode, the surface azimuth angle of the device was manually adjusted 
throughout the day to align with the solar azimuth angle, while the 
inclination angle was fixed at 22◦. Tests were carried out under partly 
cloudy conditions, with ambient temperatures ranging from 18 to 25◦C 
and wind speeds below 6 m/s. Fig.  8c shows the complete experi-
mental setup with sensor placements, and Fig.  12 shows the detailed 
environmental information.

3.3. Numerical method

To cross validate the experimental results, COMSOL Multiphysics 
6.2 was employed to simulate the coupled processes of fluid flow, 
heat transfer, and mass transfer within the device (Fig.  9a). The pri-
mary physical phenomena modeled include Darcy flow within the 
cotton evaporation wick, interfacial evaporation, water vapor transport 
toward the condenser, and subsequent condensation. To resolve the 
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Fig. 9. Geometry and mesh of the simulation model: (a) Overall computational domain and mesh; (b) Mesh convergence test results for five different mesh 
densities, with the selected mesh of 47,184 elements indicated.
coupled heat transfer, moisture transport, and Darcy flow problem, the 
Heat Transfer in Moist Air and Moisture Transport in Air interfaces, 
as well as Darcy’s Law modules, were implemented. Utilizing the 
dimensions of each component from the experimentally designed PV/T 
system (Table  1), a two-dimensional model was constructed. The 2D 
plane represents a cross-sectional view parallel to the direction of water 
flow.

3.3.1. Geometry and assumptions
The model encompasses the following domains: the acrylic cover, 

the PV panel, the cotton wick, the aluminum condenser, the air gap 
between the acrylic cover and the PV, the air space within the con-
denser, and the surrounding air of the PV/T device. Solar energy is 
applied as a heat flux incident on the PV surface, leading to its heating. 
This heating, in turn, raises the temperature of the air within the 
greenhouse and the water flow within the cotton wick. The heated 
water vapor subsequently evaporates from the lower surface of the 
cotton wick and eventually condenses onto the condenser plate. The 
following assumptions were made to ensure model accuracy while 
reducing computational complexity:

1. The simulation is in a steady-state.
2. Moisture transport through the PV panel is negligible; therefore, 
moisture transport in the air gap between the acrylic cover and 
the PV panel is neglected.

3. Condensation occurs exclusively on the condenser surface, de-
fined as the boundary at which relative humidity (RH) reaches 
1.

4. The PV panel domain is subjected to a constant surface heat flux 
equal to the absorbed solar energy minus the electrical power 
output.

3.3.2. Governing equations and boundary conditions
The energy conservation equations that govern the heat transfer 

processes for each domain are defined as follows:
For the solid domains: 

𝜌𝑠𝑐𝑝,𝑠
𝜕𝑇𝑠
𝜕𝑡

= ∇ ⋅
(

𝑘𝑠∇𝑇𝑠
)

+ 𝑞gen (6)

where 𝜌𝑠 [kg/m3], 𝑐𝑝,𝑠 [J/kg], and 𝑘𝑠 [W/(m K)] are the density, 
specific heat capacity, and thermal conductivity of the material; 𝑞gen
is the internal heat source.

For the air domain between the acrylic cover and PV panel: 

𝜌𝑎𝑐𝑝,𝑎

(

𝜕𝑇𝑎
𝜕𝑡

+ 𝐮 ⋅ ∇𝑇𝑎

)

= ∇ ⋅
(

𝑘𝑎∇𝑇𝑎
)

(7)

where 𝜌𝑎, 𝑐𝑝,𝑎, 𝑘𝑎 are the density, specific heat capacity, and thermal 
conductivity of air; 𝐮 [m/s] is the naturally induced air velocity, which 
can be solved using the Boussinesq approximation.
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For the air domain within the condenser: 

𝜌𝑚𝑐𝑝,𝑚

(

𝜕𝑇𝑚
𝜕𝑡

+ 𝐮 ⋅ ∇𝑇𝑚

)

= ∇ ⋅
(

𝑘𝑚∇𝑇𝑚
)

+ 𝑚̇𝑣ℎ𝑓𝑔 (8)

where 𝜌𝑚, 𝑐𝑝,𝑚, 𝑘𝑚 are the density, specific heat capacity, and thermal 
conductivity of moist air; 𝑚̇𝑣 [kg/m3] is the local condensation/evap-
oration rate of water vapor, obtained from the mass transfer equation; 
ℎ𝑓𝑔 [kJ/kg] is the latent heat of vaporization.

For the evaporator domain subjected to Darcy flow: 
(

𝜌𝑐𝑝
)

eff
𝜕𝑇
𝜕𝑡

+
(

𝜌𝑐𝑝
)

𝑓 𝐮𝐷 ⋅ ∇𝑇 = ∇ ⋅
(

𝑘eff∇𝑇
)

+ 𝑞porous (9)

where (𝜌𝑐𝑝
)

eff = 𝜙
(

𝜌𝑐𝑝
)

𝑓 + (1 − 𝜙)
(

𝜌𝑐𝑝
)

𝑠 [J/(m3 K)] is the effective 
volumetric heat capacity of the porous medium, with 𝜙 [–] representing 
the porosity of the cotton wick; 𝑘eff [W/(m K)] is the effective thermal 
conductivity; 𝐮𝐷 = −𝐾

𝜇 ∇𝑃  [m/s] is the Darcy velocity, with 𝐾 [m2] the 
permeability of the wick and 𝜇 [Pa s] the dynamic viscosity of water; 
and 𝑞porous [W/m3] is the heat source within the porous medium.

The mass conservation equation governing the diffusive and con-
vective mass transfer processes is: 
𝜕𝐶𝑣
𝜕𝑡

+ 𝐮 ⋅ ∇𝐶𝑣 = ∇ ⋅
(

𝐷𝑣𝑎∇𝐶𝑣
)

+ 𝑆𝑣 (10)

where 𝐶𝑣 [kg/m3] is the water vapor concentration; 𝐷𝑣𝑎 [m2/s] is the 
water vapor diffusion coefficient in air; 𝑆𝑣 [kg/(m3 s)] is the water 
vapor source term, which represents the steam generated or consumed 
by the phase change (evaporation or condensation). The water vapor 
condensation/evaporation rate 𝑚̇𝑣 and the source term 𝑆𝑣 satisfy 𝑚̇𝑣 =
𝑆𝑣 ⋅ 𝑉 , where 𝑉  [m3] is the volume of the control volume.

Regarding the boundary conditions, all boundaries of the air domain 
surrounding the PV/T components are set to a temperature of 22◦C and 
a relative humidity (RH) of 0.5. The convective heat transfer coefficient 
between air and surfaces for both the acrylic surface and the condenser 
plate surface is specified as 10 W/(m2 K) [24]. The surface heat source 
of the PV is defined as 𝛼𝑝𝑣𝑆(1−𝜂pv). The wick permeability (𝐾) is calcu-
lated from measured mass flow data collected under varying inclination 
angles in normal room light conditions (approximately 0 W/m2).

3.3.3. Material properties
Thermophysical properties of air, aluminum, and water, including 

parameters such as density, thermal conductivity, specific heat ca-
pacity, and viscosity, were obtained from the COMSOL Multiphysics 
material library. The remaining material properties are summarized in 
Table  5.

3.3.4. Mesh convergence test
To ensure the accuracy of the simulation results, mesh convergence 

was assessed by monitoring the average condenser temperature under 
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Table 5
Material properties used in the numerical simulations.
 Description Symbols Value Data source  
 Diffusion coefficient of vapor in air 𝐷𝑣𝑎 2.6 ×10−5m2/s [25]  
 PV absorption ratio of solar irradiance 𝛼pv 0.8 Measurement 
 PV generation efficiency 𝜂pv 0.1 Measurement 
 Porosity of the cotton wick 𝜙 0.85 [26]  
 Equivalent permeability of water in cotton wick at 5◦ 𝐾 3.179 × 10−11 m2 Measurement 
 Equivalent permeability of water in cotton wick at 15◦ 𝐾 2.618 × 10−11 m2 Measurement 
 Equivalent permeability of water in cotton wick at 25◦ 𝐾 1.998 × 10−11 m2 Measurement 
 Thermal conductivity of cotton wick 𝑘𝑐 0.05 W∕(m K) [26]  
 Heat capacity of cotton wick 𝐶𝑝𝑐 1300 J∕(kg K) [26]  
 Density of cotton wick 𝜌𝑐 400 kg/m3 [26]  
 Thermal conductivity of acrylic 𝑘𝑎 0.16  W∕(m K) [27]  
 Heat capacity of acrylic 𝐶𝑝𝑎 1420 J∕(kg K) [27]  
 Density of acrylic 𝜌𝑎 1190 kg/m3 [27]  
 Thermal conductivity of PV panel 𝑘𝑝𝑣 0.2894 W∕(m K) [28]  
 Heat capacity of PV panel 𝐶𝑝𝑝𝑣 1552 J∕(kg K) [28]  
 Density of PV panel 𝜌𝑝𝑣 1190 kg/m3 [28]  
conditions corresponding to a device inclination angle of 25◦ and an 
irradiance of 400 W/m2. As shown in Fig.  9b, the results confirm that 
the selected mesh size of 47,184 elements achieves stable convergence, 
with negligible variation upon further refinement; therefore, this mesh 
was adopted for all simulations.

4. Results and discussion

4.1. Effects of inclination angle in indoor conditions

The performance of the integrated PV/T system exhibits the fol-
lowing trends with increasing inclination angles: PV efficiency re-
mains stable, the water mass flow rate increases, evaporator and con-
denser temperatures vary slightly, and freshwater productivity remains 
nearly constant. The detailed experimental and simulation results are 
discussed as follows.

The temperature and power output of the polycrystalline silicon 
photovoltaic (PV) panels under standard 1-sun irradiance are presented 
in Fig.  10a. During the initial warm-up phase, the power output de-
creases and subsequently stabilizes once the panel temperature exceeds 
approximately 50◦C. As illustrated in Fig.  11a, the panel temperatures 
for all three inclination angles consistently remain above 50◦C. This 
explains the negligible variation in PV electrical efficiency with respect 
to the inclination angle, as shown in Fig.  11f.

As shown in Fig.  10b, the brine mass flow rate increases with the 
inclination angle. A steeper inclination increases the absolute elevation 
difference between the inlet and outlet, raising the hydrostatic pressure 
gradient across the evaporator wick. This, in turn, enhances the Darcy 
velocity and the resulting mass flow rate of brine in the evaporator.

Regarding the temperature field, as shown in Fig.  11a and b, both 
the simulated and experimental results indicate that the temperature 
differences across the inclination angles of the evaporator wick and 
condenser remain minimal at all tested angles. The standard deviations 
of the temperatures do not exceed 0.6◦C across all three angles (Fig. 
11e), and the experimental results show slightly higher standard devi-
ations than the simulated results. These small temperature differences 
between angles arise primarily because the total solar energy input to 
the system is identical for all inclination angles, and the Darcy flow 
velocity within the thin cotton wick is too low to induce significant 
convective heat removal. Consequently, the larger inclination angle, 
which is associated with a higher Darcy velocity, enhances heat re-
moval via water flow only slightly, resulting in a minor reduction in 
both the evaporator wick and condenser temperatures.

Despite the differences in temperature and flow rate described 
above, freshwater productivity remains nearly constant across all three 
tested inclination angles in both experiments and simulations
(Fig.  11d), yielding approximately 0.65  kg/m2/h under 1000 W/m2

irradiance. Provided that the porous evaporator wick does not dry 
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out, the results demonstrate that the total evaporation rate from the 
evaporator is proportional to the absorbed heat flux (Fig.  11d), which is 
independent of the inclination angle in our experiments. Therefore, the 
evaporation rate, freshwater production rate, and GOR are effectively 
independent of the inclination angle, despite the differences in brine 
flow rate.

The 6–8◦C temperature difference between the evaporator and con-
denser (Fig.  11c) drives efficient condensation, achieving a condensate 
collection efficiency of over 90% and ensuring that the measured fresh-
water productivity closely reflects the actual evaporation rate and GOR 
behavior. Additionally, a small amount of water vapor may escape the 
system through minor gaps at component interfaces before condensing.

In summary, both GOR and the PV electrical efficiency of the device 
(Fig.  11f) vary only slightly across the three tested inclination angles. 
We therefore conclude that the inclination angle has no significant 
effect on freshwater productivity, and the device should be oriented 
at the location-specific optimum angle for electricity generation in 
practice.

4.2. Outdoor operational performance

Outdoor experiments were conducted over two consecutive days 
in March 2026 under partly cloudy conditions: one day in the fixed-
orientation mode and the other in sun-tracking mode. Detailed envi-
ronmental data are presented in Fig.  12.

In the fixed-orientation mode, the device was operated continuously 
throughout the day at a 22◦ south-facing inclination. The temporal 
evolution of system temperatures and freshwater production is shown 
in Fig.  13. During peak POA irradiance periods (10:30–13:30, Fig.  12b), 
the evaporator surface temperature fluctuated between 51.7–58.4◦C, 
while the condenser temperature ranged from 36.7–55.0◦C, yielding 
a temperature difference of 3.2–15.0◦C that drives efficient vapor 
condensation (Fig.  13b). The abrupt rise in condenser temperature 
observed during 11:00–12:00 is attributed to a concurrent reduction 
in wind speed (Fig.  12c), which decreased the convective heat transfer 
coefficient at the condenser surface and consequently reduced heat 
dissipation, causing the condenser temperature to rise temporarily.

Freshwater productivity followed variations in solar irradiance
throughout the day. Daily freshwater production totaled 1.73 kg/m2

over the 10:00–17:00 test period, with peak productivity of 0.412 
kg/m2/h recorded between 11:30–12:00 when the POA irradiance 
reached approximately 950 W/m2. The peak GOR of 0.642 was
achieved at the same interval (Fig.  13 a and Table  6).

In sun-tracking mode, the device was rotated along a vertical axis 
every 10 min to adjust its surface azimuth angle, aligning it with 
the solar azimuth angle throughout the day while maintaining a fixed 
inclination angle of 22◦. Since the experiments for the two modes were 
conducted on different days, their weather conditions were similar 
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Fig. 10. (a) Power output and temperatures of the polycrystalline silicon PV panel used in the experiment over 30 min under 1 sun irradiance (left axis: power 
output [W]; right axis: temperature [◦C]). (b) Brine mass flow rates at different inclination angles and irradiance levels during 1-hour steady-state tests. Dashed 
lines represent brine inlet mass flow, while solid lines represent brine outlet mass flow. The dotted lines represent the evaporation rate (brine inlet–outlet 
difference) and solid lines with markers represent freshwater productivity.
but not identical, leading to the differing GHI variations observed in 
Fig.  12b and e. Compared to the fixed-orientation mode, sun-tracking 
maintained evaporator temperatures above 55◦C for over five hours, 
with a 15–20◦C temperature difference between the evaporator and 
condenser (Fig.  13d), indicating more efficient condensation. This sus-
tained thermal performance can be attributed to both the increased 
POA irradiance captured through azimuth tracking and the higher 
average wind speed during the tracking experiment, which enhanced 
the convective heat transfer coefficient at the condenser surface and 
resulted in lower condenser temperatures. Freshwater production in-
creased correspondingly, with a peak productivity of 0.465 kg/m2/h
(12.9% higher than the fixed-orientation mode) and a cumulative daily 
production of 2.66 kg/m2 (53.8% higher than the fixed-orientation 
mode). This increased productivity is the result of a combined effect: 
(1) higher POA irradiance received through tracking, as demonstrated 
by an irradiance enhancement factor (IEF) of 1.26, a 23.5% increase 
compared to the fixed-orientation mode (IEF = 1.02); and (2) lower 
condenser temperatures reflected by an increase in the daily GOR 
(calculated using POA irradiance as the denominator) to 0.366, rep-
resenting a 5% improvement over the fixed-orientation mode. A full 
performance comparison between the two modes is provided in Table 
6.

Both operating modes exhibited a marked increase in GOR after 
15:00, coinciding with declining irradiance, with peak GOR occurring 
at 17:00. This behavior is attributable to the thermal inertia of the 
greenhouse enclosure: the 10-mm acrylic cover, enclosed air gap, and 
thermal mass of the PV/T assembly together constitute a system of 
considerable thermal storage capacity. During periods of high irradi-
ance, this structure absorbs and stores substantial thermal energy. As 
irradiance declines, the external heat input decreases, but the internally 
stored heat continues to be released to the evaporation wick in a 
delayed manner, sustaining evaporation and driving the continued rise 
in GOR even as solar input falls.

4.3. Long-term operational considerations and brine management

The long-term operational stability of the system was assessed by ex-
amining potential reliability pathways through inherent design features 
and straightforward maintenance considerations.

The gravity-driven flow design allows saline water to pass contin-
uously through the evaporation layer, which may help mitigate salt 
accumulation at the evaporation interface. This was supported by the 
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absence of visible salt crystallization on the evaporation fabric surface 
following the preliminary five-day operational test.

The distillation membrane physically separates water vapor from 
brine, inherently preventing direct contact between dissolved salts 
and the condensation surface and offering a potential means to al-
leviate scaling. During a preliminary five-day test involving multiple 
wet-dry cycles, no significant performance degradation of the system 
was observed. Visual inspection of the condenser surface after test-
ing confirmed no salt deposits, consistent with effective vapor–liquid 
separation by the membrane.

The cotton fabric evaporation material demonstrated promising 
durability, maintaining stable water transport performance over more 
than five wet-dry cycles (Fig.  2c). The distillation membrane and 
SiO2 nanocoating similarly showed no visible degradation following 
repeated wet-dry cycling, suggesting that all primary components are 
compatible with the proposed maintenance protocol. To support long-
term operation, flushing the system with freshwater every 7–10 days 
is considered a feasible maintenance pathway to remove accumulated 
salts from the evaporation fabric and prevent crystallization.

Comprehensive durability testing over months or years of continu-
ous operation remains essential to fully validate long-term reliability 
and constitutes a primary focus for future work, alongside further 
optimization of system design and maintenance strategies. In particular, 
systematic characterization of produced water quality and salt rejection 
performance over extended operation will be essential to fully establish 
the system’s suitability for practical deployment.

5. Conclusions

A compact PV/T desalination device that simultaneously generates 
electricity and produces freshwater from a single photovoltaic panel 
has been developed. Waste heat from the PV backsheet drives inter-
facial evaporation, with water vapor being separated from brine by a 
distillation membrane and condensed on an integrated condenser.

Systematic component optimization was essential to device per-
formance. Cotton fabric was selected as the evaporator material for 
its high capillary water absorption rate (0.8 mL/s) and durability, 
maintaining stable water transport over more than five wet-dry cycles. 
Its interwoven porous fiber network provides numerous microscale 
channels that facilitate efficient capillary water transport, while the 
three-strip configuration ensures uniform water distribution across the 
evaporation surface. For the condenser, SiO  nanocoating on aluminum 
2
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Fig. 11.  Effect of inclination angle (5◦, 15◦, 25◦) on system performance under varying irradiance (400–1000W/m2). (a) Evaporator center temperatures; (b) 
condenser center temperatures; (c) evaporator–condenser temperature difference; (d) freshwater productivity. In panels (a–d), dotted lines represent simulation 
results and solid lines represent experimental results. (e) Standard deviation of evaporator and condenser temperatures across the three angles under different 
irradiance level (orange bars: evaporator; green bars: condenser). (f) PV power generation efficiency (orange bars, left axis) and GOR (green bars, right axis) at 
the three inclination angles under 1 sun irradiance.
Table 6
Performance comparison between fixed-orientation and sun-tracking operational modes. Both tests were con-
ducted under similar weather conditions (ambient temperatures 18–25◦C, partly cloudy, wind speed 0–6 m/s). 
Noontime values correspond to the values during 11:00–15:00 and daily values correspond to the values during 
10:00–17:00.
 Parameters Fixed (22◦ South) Sun-tracking Improvement  
 Temperature performance
 Noontime evaporator temperature 43.5–58.4◦C (3 h > 55◦C) All over 55◦C Extended duration 
 Noontime condenser temperature 29.9–55.1◦C 36.7–46.7◦C –  
 Production performance
 Peak productivity 0.412 kg/m2/h 0.465 kg/m2/h +12.9%  
 Daily freshwater yield 1.73 kg/m2 2.66 kg/m2 +53.8%  
 Peak GOR (POA as denominator) 0.642 0.646 +0.62%  
 Daily GOR (POA as denominator) 0.348 0.366 +5%  
 Daily IEF 1.02 1.26 +23.5%  
13 
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Fig. 12. Environmental conditions during fixed-orientation and sun-tracking experiments. Left column (fixed-orientation mode) and right column (sun-tracking 
mode). (a & d) ambient temperature (black line) and relative humidity (blue line); (b & e) POA (red line) and GHI (black line) solar irradiance; (c & f) wind 
speed. All data recorded from 10:00–17:00.
increased the contact angle to 107.9◦ ± 1.2◦, a 300% improvement 
over the untreated surface that substantially improved droplet mobility. 
Combined with sea–island fiber drainage guides and dual symmetric 
bottom outlets, the condenser achieved a freshwater collection effi-
ciency of 70% during short-term testing and 90% during long-term 
testing.

Indoor experiments investigated the effect of inclination angle on 
system performance when the irradiance level incident on the device 
is maintained. Despite a slight decrease in temperature at steeper 
angles, freshwater productivity remained constant at 0.65 kg/m2/h 
across the 5–25◦ range under 1000 W/m2 irradiance. This is because 
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the faster brine flow at steeper angles reduces residence time on the 
heated surface, offsetting any evaporation gains. The inclination angle, 
therefore, has no significant effect on freshwater productivity, and the 
device should, in practice, be oriented at the location-specific optimum 
angle for electricity generation.

Outdoor testing at Hong Kong Polytechnic University validated real-
world performance. At a fixed 22◦ south-facing orientation, the system 
produced 1.73 kg/m2 of freshwater daily, with a peak productivity of 
0.412 kg/m2/h. Evaporator temperatures ranged from 51.7–58.4◦C at 
noontime. Manual sun-tracking increased daily water production by 
53.8% to 2.66 kg/m2, while sustaining evaporator temperatures above 
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Fig. 13. Outdoor performance comparison between fixed-orientation and sun-tracking operational modes. Left column (fixed-orientation mode) and Right column 
(sun-tracking mode). (a & c) GOR (orange bars, left axis) and freshwater productivity (green bars, right axis) in 30-minute intervals; (b & d) evaporator temperature 
(orange line), condenser temperature (blue line) and evaporator–condenser temperature (purple line). All data recorded from 10:00–17:00.
55◦C for over five hours, thereby improving received irradiance, GOR, 
and productivity stability.

In summary, the integrated design eliminates external cooling pipes 
and condensers while maintaining full cogeneration functionality. By 
recovering waste heat that would otherwise be abandoned, the sys-
tem demonstrates practical cascade energy utilization from a single 
solar input. This approach is well-suited to distributed applications in 
water-scarce, sun-rich regions where both electricity and freshwater 
are needed, but infrastructure is limited, offering a practical and scal-
able pathway toward the effective utilization of the full solar energy 
spectrum.
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