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Abstract 
This study investigates the performance of a solar photovoltaic (PV)-powered 
reverse osmosis (RO) desalination system applied to diverse water sources in 
the Al-Baha region, Saudi Arabia, including seawater, groundwater, rainwater, 
municipal water, and brackish water. Key water quality parameters including 
Total Dissolved Solids (TDS), pH, Electrical Conductivity (EC), salinity, and 
Specific Gravity (SG) were measured before and after desalination to assess 
system effectiveness. Results showed significant reductions in TDS, EC, and 
salinity levels across all water types, with seawater and brackish water achiev-
ing salt rejection rates of 98.32% and 99.16%, respectively. Post-desalination 
TDS for seawater decreased from 25,000 mg/L to 420 mg/L and for brackish 
water from 11,900 mg/L to 100 mg/L, achieving potable standards. pH values 
remained stable within potable standards, while EC values for seawater and 
brackish water dropped from 50,000 µS/cm to 484 µS/cm and from 12,000 
µS/cm to 95 µS/cm, respectively. Water recovery rates varied from 70% to 
95.33%, with the highest recovery observed in rainwater and groundwater 
samples. The overall desalination efficiency was highest for seawater and brack-
ish water, at 82.96% and 84.5%, respectively, demonstrating the PV-RO sys-
tem’s capability to provide high-quality, potable water from a variety of sources. 
This study underscores the potential of solar-powered RO technology as a sus-
tainable solution for desalination in regions with diverse water sources and 
limited access to electricity. 
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1. Introduction 

Water scarcity has emerged as one of the most pressing global challenges of the 
21st century. According to the United Nations, nearly two-thirds of the world’s 
population is expected to experience water stress by 2025 [1]. Desalination, which 
involves the removal of salts and impurities from seawater and brackish water, 
offers a sustainable solution to this growing problem. It is particularly vital for 
regions, such as the Middle East, North Africa, and parts of Asia, where freshwater 
resources are insufficient to meet the needs of rapidly growing populations and 
expanding industrial activities [2]. Desalination plays a critical role in ensuring 
water security in regions where conventional water sources are inadequate. Coun-
tries like Saudi Arabia, and Australia have adopted desalination as a key compo-
nent of their water supply strategies [3]. In Saudi Arabia, desalinated water con-
tributes over 50% of the country’s drinking water supply [4]. This is an example 
to demonstrate the significance of desalination in providing a stable and reliable 
source of freshwater, particularly in arid and semi-arid regions. Moreover, desal-
ination helps mitigate the impacts of climate change and prolonged droughts on 
water availability. In Australia, for example, desalination plants were integrated 
into the national water infrastructure to combat the severe droughts of the early 
21st century, ensuring a continuous supply of water even in times of low rainfall 
[5]. This ability to produce freshwater independently of climatic conditions makes 
desalination a crucial element of water resource management in the face of in-
creasing environmental uncertainties [6]. Desalination not only addresses water 
scarcity but also promotes economic stability and growth. By providing a reliable 
source of water, it supports key sectors, such as agriculture, industry, and tourism. 
In countries like the United Arab Emirates (UAE), desalination has enabled the 
expansion of agricultural production in desert environments, reducing the de-
pendency on food imports [2]. In addition, industries that require large quantities 
of water, such as petrochemical plants and manufacturing facilities, rely heavily 
on desalinated water to ensure uninterrupted operations [7]. While the cost of 
desalination remains higher compared to traditional water sources, advances in 
technology have significantly reduced operational costs. Innovations in membrane 
technology, particularly in reverse osmosis (RO) systems, have improved energy 
efficiency and lowered the cost of water production [8]. Solar-powered RO sys-
tems are generally more energy-efficient and cost-effective than traditional ther-
mal desalination methods. Advancements in membrane technology and the de-
creasing cost of solar energy have reduced operational expenses, making solar-
powered RO a competitive option [2]. For instance, modern RO plants can pro-
duce potable water at approximately $0.30 per cubic meter, significantly lower 
than the over $3 per cubic meter cost of older thermal plants [6]. RO membranes 
are susceptible to fouling from organic matter, scaling from dissolved salts, and 
biofouling by microorganisms. These issues can decrease system efficiency and 
increase maintenance costs. Mitigation strategies include regular chemical clean-
ing, pre-treatment of feed water, and the use of anti-scalant additives [7]. Moreover, 
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the use of renewable energy sources such as solar and wind to power desalination 
plants is becoming increasingly feasible, further reducing the environmental and 
economic footprint of desalination [9]. Despite its benefits, desalination poses en-
vironmental challenges, particularly in terms of energy consumption and brine 
disposal. Desalination plants, especially those using RO technology, require sig-
nificant amounts of energy, which can contribute to greenhouse gas emissions if 
powered by fossil fuels [10]. Solar photovoltaic (PV)-powered reverse osmosis 
(RO) desalination systems are increasingly being  adopted as sustainable solutions 
for water scarcity, particularly in regions like Saudi Arabia with abundant solar 
resources. These systems significantly reduce the carbon footprint compared to 
fossil fuel-powered desalination, making them environmentally advantageous [11]. 
The integration of PV with RO has proven effective in desalinating both seawater 
and brackish groundwater, especially in off-grid and remote areas [12]. Continu-
ous advancements in solar technology and membrane materials are improving 
energy efficiency and reducing costs [8]. Moreover, hybrid systems that combine 
solar energy with wind or other renewable sources are showing promise in ensur-
ing consistent performance despite variable environmental conditions [13]. This 
approach is key to addressing Saudi Arabia’s water security challenges, offering a 
sustainable alternative for water production across the Kingdom’s diverse water 
resources [14]. The current study was conducted in the Al-Baha region, located in 
the southwestern part of Saudi Arabia. A fully integrated reverse osmosis desali-
nation system was assembled to compare the effectiveness of desalinating various 
water sources across the Kingdom. High-precision instruments were employed to 
ensure accurate measurements, allowing for a reliable evaluation of the system’s 
performance under different water quality conditions. This comprehensive ap-
proach provides valuable insights into the suitability of reverse osmosis technol-
ogy for diverse water sources in the region. 
 

 
Figure 1. The changes in direct solar radiation throughout the year in Al-Baha region 
[15]. 
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2. An Overview of Solar Direct Radiation in the Study Area 

The current study was conducted in the Al-Baha region, located in the southwest-
ern part of Saudi Arabia. The Al-Baha region is located in the southwest of Saudi 
Arabia, at a longitude of 41˚42'E and a latitude of 19˚20'N. It is considered one of 
the top tourist destinations in the southern part of the Kingdom. The System Ad-
visor Model (SAM) software [15] was used to analyze the variation in solar direct 
radiation in this area. Figure 1 illustrates the changes in direct solar radiation 
throughout the year in the study area, as generated by the SAM software. Figure 
1 demonstrates the suitability of the Al-Baha region for solar energy projects due 
to the high intensity of direct solar radiation throughout all seasons of the year.  

3. Implementation of the Integrated Solar-Driven 
Desalination System 

The desalination unit designed for this research is compact, fully portable, and 
ideal for deployment in remote areas. It is primarily powered by a solar panel, as 
illustrated in Figure 2. Figure 3 provides the schematic diagram of the current 
circuit layout. The desalination process begins with the incoming water storage 
tank, where raw water is held prior to purification. The first pump, shown in Fig-
ure 4(a), is a brushless DC pump with the following specifications: a maximum 
head of 300 cm, a maximum flow rate of 300 liters per hour, an operating voltage 
of 5 V DC, and a maximum operating temperature of 60˚C. This pump initially 
pressurizes the water, directing it through multiple filtration stages: a 5-micron 
polypropylene (PP) filter for removing large particles and sediment, a coconut 
shell-activated carbon filter for chlorine, chemicals, and odor removal, and a car-
bon block filter for further purification. Subsequently, a second pump, shown in 
Figure 4(b), is a diaphragm pump with specifications including a maximum flow 
rate of 1.2 liters per minute, a pressure rating of 125 psi, and a 24V DC. 

 

 
Figure 2. Current work portable desalination unit. 
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Figure 3. Schematic diagram for Current work portable desalination unit. 

 

    
(a) Pump (1)                  (b) Pump (2) 

Figure 4. Pumps use in the experimental circuit. 
 

The second pump boosts water pressure to ensure effective flow through the 
reverse osmosis (RO) filters in stages 1 and 2, where dissolved salts, heavy metals, 
and other fine contaminants are removed. After this, the water passes through 
several post-filtration enhancements: a Maifan mineral filter, which adds essential 
minerals; an alkaline mineral filter, which balances pH for improved taste; and a 
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post-carbon filter, which removes any residual odors or tastes. The purified wa-
ter is then stored in a desalinated water storage tank for later use, while the 
wastewater storage tank collects brine, or rejected water, produced during the RO 
process. 

The entire system operates sustainably, powered by two solar panels connected 
to a solar charge controller. Figure 5(a) and Figure 5(b) show the solar panel and 
its charge controller, respectively. Each solar panel has the following specifica-
tions: dimensions of 420 × 280 × 2.5 mm, monocrystalline 40 W, 18 V flexible 
photovoltaic module. The solar charge controller specifications include a rated 
voltage of 12 V/24 V, a rated current of 40 A, a maximum panel input voltage of 
50 V, and maximum input power of 480 W (12 V) or 960 W (24 V). A solar gen-
erator supplies energy to the pumps and other electrical components, as shown in 
Figure 6(a) and Figure 6(b) for the front and back views, respectively. The gen-
erator provides both DC (12 V) and AC (110/220 V) outputs. This setup enables 
efficient desalination, making the system well-suited for environmentally friendly, 
off-grid operations. 

 

  
(a) Solar panel                   (b) Solar charge controller 

Figure 5. Solar panels with solar charge controller. 
 

  
(a) Front view                          (b) Back view 

Figure 6. Solar generator. 

4. Methodology and Data Collection 
4.1. General View 

This study employed an integrated approach of design, implementation, and data 
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analysis to develop and assess a portable, solar-powered desalination unit opti-
mized for off-grid use across various water sources. The methodology involved 
designing and implementing a reverse osmosis (RO) desalination system powered 
by photovoltaic (PV) solar energy, ensuring sustainable and efficient water puri-
fication in Al-Baha region, Saudi Arabia. The desalination system design began 
with component selection, including the solar panels, charge controllers, and 
pumps, as well as pre-filtration and RO filtration units. Key design parameters 
focused on energy efficiency, durability, and the adaptability of the system to var-
iable environmental conditions. The solar power generation system was designed 
to match the energy demands of the RO desalination unit and pumps, accounting 
for solar radiation levels, water demand rates, and desalination capacity require-
ments. For data collection and analysis, the System Advisor Model (SAM) soft-
ware was employed to evaluate solar radiation data specific to the Al-Baha region. 
Using this data, SAM provided insights into the expected performance of the PV 
system under varying sunlight conditions, allowing for adjustments in system siz-
ing to maximize power availability. Field tests on the installed system at Al-Baha 
University provided empirical data on water quality from different sources. The 
collected data was analyzed to evaluate the desalination efficiency. Regarding wa-
ter quality, the best quality of desalinated water was determined based on the fol-
lowing parameters: 
• Total Dissolved Solids (TDS): Ideal drinking water should have TDS levels less 

than 500 mg/L [16]. 
• pH: The recommended pH range for drinking water is between 6.5 and 8.5, 

with an optimal pH of 7 [17]. 
• Electrical Conductivity (EC): EC values for potable water should be less than 

1000 µS/cm [18]. 
• Salt: The concentration of salts in desalinated water should be low, ideally un-

der 500 mg/L to ensure safe consumption and optimal taste [19]. 
• Specific Gravity (SG): The specific gravity of fresh water should ideally be close 

to 1.0, as it indicates the absence of significant dissolved solids or impurities 
[20]. 

4.2. Measurement Instrument 

In this study, we employ the PH-W3988 WiFi Water Quality Monitor, as illus-
trated in Figure 7, to perform comprehensive water quality assessments by lever-
aging its multi-parameter capabilities for in-depth analysis. The PH-W3988 is an 
advanced, multi-parameter water analysis device that enables real-time monitor-
ing of six essential water quality indicators: pH, electrical conductivity (EC), total 
dissolved solids (TDS), salinity (SALT), specific gravity (SG), and temperature. 
This 6-in-1 monitor is equipped with WiFi connectivity, allowing seamless data 
transfer to a smartphone application for remote monitoring. This functionality 
makes it particularly well-suited for professional and industrial contexts where 
ensuring consistent water quality is critical.  
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Figure 7. PH-W3988 WiFi water quality monitor. 

4.3. Data Collection 

In the present study, data collection involved obtaining water samples from vari-
ous sources in the Al-Baha region, including seawater, groundwater, rainwater, 
local network water, and brackish water. Each sample was carefully collected fol-
lowing standard water sampling procedures to ensure accuracy and reliability in 
measuring quality parameters. Samples were analyzed both before and after de-
salination to assess the performance of the PV-RO desalination system. Parame-
ters measured included total dissolved solids (TDS), pH, electrical conductivity 
(EC), salinity (SALT), specific gravity (SG), and temperature. These measurements 
were conducted using the PH-W3988 WiFi Water Quality Monitor, a multi-pa-
rameter instrument chosen for its precision and ability to provide real-time data 
via smartphone connectivity. This device enabled consistent monitoring across 
diverse water sources, ensuring a comprehensive evaluation of desalination effec-
tiveness. 

4.4. Desalination Efficiency Calculation 

Desalination efficiency typically refers to how effectively a desalination system re-
moves salts and other dissolved solids from water. It can be evaluated in several 
ways. First with the most common metrics focusing on salt rejection rate and wa-
ter recovery rate. Salt rejection rate measures how effectively the system removes 
dissolved salts (usually in terms of TDS) from the input water [20]. 

 ( )    % 1 100OUT

IN

TDS
salt rejectionrate

TDS
 

= − × 
 

 (1) 
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where: 
TDSin: Total Dissolved Solids in the feed (input) water before desalination 

(measured in mg/L). 
TDSout: Total Dissolved Solids in the feed (input) water after desalination 

(measured in mg/L). 
A higher salt rejection rate indicates a more efficient desalination process in 

terms of removing dissolved solids. Second with water recovery rate refers to the 
percentage of input water that is converted into purified water (permeate) in the 
desalination process. This rate indicates the amount of purified water generated 
from a given volume of raw (feed) water. A high-water recovery rate means that 
the system produces more clean water with less waste. This rate is calculated as 
[21] [22]: 

 ( )        % 100
     

Volumeof PermeateWater Recovery Rate
Volumeof FeedWater
 

= × 
 

 (2) 

While the two metrics above are usually evaluated separately, they can also be 
combined to give an overall idea of system efficiency. A system with high salt re-
jection and high-water recovery is generally considered more efficient, which is 
calculated from the following equation [23]: 

( ) ( )
1
2    %Overall Desalination Efficiency Salt Rejection Rate X Water Recovery Rate=  (3) 

This combined efficiency gives a balanced view of both salt removal and water 
productivity. 

5. Results and Discussions 
5.1. Data Collected Analysis 

The solar photovoltaic (PV)-powered reverse osmosis (RO) desalination system’s 
performance was evaluated using samples from various Al-Baha water sources, 
including seawater, groundwater, rainwater, municipal water, and brackish water. 
Table 1 shows pre- and post-desalination results, highlighting effective reductions 
in TDS, with the most notable drops in seawater (from 25,000 mg/L to 420 mg/L, 
98.32% reduction) and brackish water (from 11,900 mg/L to 100 mg/L, 99.16% 
reduction). Groundwater and rainwater also experienced TDS reductions from 
lower initial values. Post-desalination pH levels stayed within potable standards 
(6.5 - 8.5), with minor adjustments observed. Significant EC reductions occurred 
in all samples, especially seawater and brackish water (from 50,000 and 12,000 
µS/cm to 484 and 95 µS/cm, respectively), confirming reduced ion concentrations. 
Salinity decreased notably, from 30,000 mg/L in seawater to 0.282 mg/L, and from 
14,000 mg/L in brackish water to 114 mg/L, indicating high salt rejection effi-
ciency. SG values were minimal post-desalination, approximating 1.0 (pure water 
SG). The system’s water recovery rates varied from 70% to 95%, with higher re-
covery in low-salinity sources like rainwater and groundwater, while seawater and 
brackish water required more filtration effort. 
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Table 1. Overview of various water samples. 

Sample No. 1 2 3 4 5 

Water source Seawater Groundwater Rainwater Network water Brackish water 

Desalination Before After Before After Before After Before After Before After 

TDS, mg/L 25,000 420 468 378 50 10 742 190 11,900 100 

pH 8.5 8 8.06 7.92 7 7.5 8.07 7.86 7.4 8 

EC, µS/cm 50,000 484 930 750 50 20 980 370 12,000 95 

SALT, mg/L 30,000 0.282 543 241 241 130 863 219 14,000 114 

SG 1.03 1 1.005 0.997 1.001 0.997 1 0.997 1.011 0.997 

Volume, L 15 10.5 15 14.3 15 12.3 15 12.6 15 10.8 

Temperature 25.6˚C (During measurements) 

 
Table 2 summarizes the desalination efficiency for different water sources, de-

tailing salt rejection, water recovery, and overall efficiency. The salt rejection rate 
varied significantly, from 19.23% in sample 2 to 99.16% in sample 5, demonstrat-
ing strong salt removal capability in most samples, especially Samples 1 (98.32%) 
and 5 (99.16%). A low salt rejection rate, such as the 19.23% observed in sample 
2, may result from membrane fouling, improper membrane selection, suboptimal 
operating conditions or initial salt concentrations might affect performance [23]. 
Water recovery rates were generally high, ranging from 70% (sample 1) to 95.33% 
(sample 2), with most samples achieving over 80%. Overall efficiency ranged from 
42.81% (sample 2) to 84.5% (sample 5), with samples 1 and 5 showing the highest 
efficiencies. These results indicate that while the system is effective overall, per-
formance varies depending on water sample characteristics, suggesting possible 
benefits from pre-treatment or adjustments for samples with lower rejection rates 
like sample 2. 
 

Table 2. Desalination efficiency values obtained in this study across various water sources. 

Sample No. Salt rejection rate (%) Water Recovery Rate (%) Overall efficiency (%) 

1 98.32 70 82.96 

2 19.23 95.33 42.81 

3 80 82 81 

4 74.39 84 79.05 

5 99.16 72 84.5 

5.2. Parametric Study of Water Sources Quality 

The parametric study in this research, summarized in Table 1 and Table 2, exam-
ined desalination performance across various water sources through a series of 
comparative figures. Figure 8 illustrates the reduction in Total Dissolved Solids 
(TDS) before and after desalination, highlighting significant improvements, 
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especially for seawater and brackish water. Specific Gravity (SG) values before and 
after treatment are shown in Figure 9, where post-desalination values approach 
that of pure water. Figure 10 displays Electrical Conductivity (EC) changes, with 
substantial reductions across samples, further evidencing ion removal. The pH 
adjustments shown in Figure 11 indicate that desalination has minimal impact on 
pH, maintaining it within potable standards. Salinity (SALT) levels, captured in 
Figure 12, show effective salt removal, particularly in higher-salinity sources. Fig-
ure 13 demonstrates water volume recovery, which remained high, reflecting ef-
ficient water use.  
 

 
Figure 8. TDS before and after desalination for all samples.  

 

 
Figure 9. SG before and after desalination for all samples. 
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Figure 10. EC before and after desalination for all samples. 

 

 
Figure 11. pH before and after desalination for all samples. 

 

 
Figure 12. SALT before and after desalination for all samples. 

https://doi.org/10.4236/ojmh.2025.151001


O. S. Abd El-Kawi 
 

 

DOI: 10.4236/ojmh.2025.151001 13 Open Journal of Modern Hydrology 
 

 
Figure 13. Water volume before and after desalination for all samples. 

 
Rejection rates for all samples are illustrated in Figure 14, with strong perfor-

mance on higher-salt samples. Water recovery rates, shown in Figure 15, were 
highest in samples with lower initial TDS. Finally, Figure 16 combines salt rejec-
tion and water recovery to show overall desalination efficiency, with optimal re-
sults achieved for seawater and brackish water samples. This study thus reveals 
the system’s adaptability and effectiveness across diverse water sources. 
 

 
Figure 14. Rejection rates for all samples. 
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Figure 15. Water recovery rates for all samples. 

 

 
Figure 16. Overall desalination efficiency for all samples. 

6. Conclusions 

Scaling solar-powered RO systems requires careful consideration of energy sup-
ply, infrastructure, and environmental impact. Large-scale implementations de-
mand substantial solar panel installations and energy storage solutions to ensure 
continuous operation. Additionally, the disposal of concentrated brine byprod-
ucts must be managed to minimize environmental harm. Despite these challenges, 
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successful large-scale projects, such as the Hassyan desalination plant in Dubai, 
demonstrate the viability of scaling up, with capacities reaching up to 818,000 cu-
bic meters per day [3]. The current study assessed a solar PV-powered reverse os-
mosis (RO) desalination system for water sources in Al-Baha, Saudi Arabia, focus-
ing on seawater, brackish water, groundwater, rainwater, and municipal water. 
Key findings indicate: 

1) High salt rejection rates: 98.32% for seawater and 99.16% for brackish water, 
highlighting strong salt removal capabilities. 

2) Effective water recovery, with rates up to 95.33% for rainwater and ground-
water, showing efficient conversion of input water into potable water. 

3) Water quality improvements by significant reductions in TDS, EC, and sa-
linity across samples, achieving potable standards. In addition, stable pH adjust-
ments, maintaining levels within potable water standards (6.5 - 8.5). 

4) Performance variability since lower salt rejection efficiency observed in low-
salinity sources (e.g., certain groundwater), suggesting possible benefits from sys-
tem optimization for specific water chemistries. 

This research confirms the PV-RO system as a viable, sustainable desalination 
solution for diverse water sources, particularly valuable in off-grid and energy-
limited regions. 
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