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Abstract 

     This study presents the design, performance and economic feasibility 

of a centralized solar-powered reverse osmosis (RO) desalination system 

for a residential compound of 10 buildings in Tripoli, Libya. Pretreatment 

was modeled using Aspen Plus V.12, and the RO unit was simulated with 

IMSDesign. The FilmTec CPA5-LD-4040 membrane produced permeate 

meeting WHO and Libyan drinking-water standards (e.g., TDS of 335 

mg/L, pH of 7.6). A dosing-sensitivity analysis identified 93 mg/L of 5% 

Ca(OH)₂ solution as the optimal value for post-treatment stabilization. To 

minimize costs, the system was configured as a battery-free PV-powered 

design using 4 monocrystalline IBC Solar modules (395 W each, 1.58 

kWp total). CO₂-emission sensitivity analysis showed a reduction of 7 kg 

CO₂/day during fully solar operation. The RO unit’s energy demand (7.8 

kWh/day) is fully met by the PV array. The Levelized cost of water ranged 

between 8–21 LYD/m³ depending on lifetime and assumed discount rate. 

Compared to bottled water consumption for the 300-resident compound, 

the system provides substantial annual savings resulting in a payback 

period of 133 days. Overall, the results confirm the strong technical 

performance, economic viability, and long-term sustainability of 

deploying stand-alone PV-driven RO desalination for residential 

applications in Libya.  
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 الملخص: 

تقدددددددا دددددددلت الد اسددددددة ال وددددددميم صتقيدددددديم اليا  صال دددددددص  اق ودددددداي ة لن دددددداا ت ليددددددة ميددددددات 
لم مدددك سددد ن   (RO)  عمدددا طالةاقدددة البمسدددية طاسددد لداا تقنيدددة ال نا ددد  الع سددد 

مبددددا   ردددد  طددددرابلس، ليبيدددداع تمددددو م ابدددداا المعال ددددة الصليددددة طاسدددد لداا  10م ددددن  مدددد  
، صتمدددددددو م ابددددددداا صعددددددددا ال نا ددددددد  الع سددددددد  طاسددددددد لداا Aspen Plusبرندددددددام  
-FilmTec CPA5-LD صتددم اي يددا   بددا  مدد  نددن   IMSDesign برنددام  

الدددددلن تم ددددد  مددددد  ان دددددام مدددددا  معدددددال     ددددد  مدددددك معدددددا ير الوددددد ة العالميدددددة  4040
الم  ودددددددا يليهددددددا رددددددد  تر يددددددد   صمعددددددا ير ميدددددددات البددددددرم الليبيدددددددة صت م دددددددا  دددددددم الن دددددددائ 

 س ديددددددددددد صجين  ملدددددددددد  ل ر ص  335م مددددددددددن  المددددددددددناي الوددددددددددلبة طمقدددددددددددا       دددددددددداص  
عددددددديا ال  اليددددددا ال اجددددددة خلددددددر مرعلددددددة معال ددددددة  ييددددددرا صقددددددد ا  يمددددددة ع ص 6ع7 سدددددداصن 

ملدددددد  ل ر مدددددد  م لددددددني ديد ص سدددددديد الكالسددددددينا  ب ر يدددددد   93ال ريددددددة الم لددددددر ط ددددددنال  
%( لل أبددددددد مدددددد  مةاطقددددددة  ددددددا المعددددددا يرع ل قليددددددا ال كددددددالي  صال  ددددددا  يلددددددر البي ددددددة، 5

 يلدددددددددددن صا   8ع7تمدددددددددددو تلبيدددددددددددة اع ياجددددددددددداا الةاقدددددددددددة لنعددددددددددددا ال نا ددددددددددد  الع سددددددددددد   

http://www.doi.org/10.62341/istj-vol38-2-%20irego99
mailto:ab.arafa@uot.edu.ly
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 لدددددناي  مسدددددية مددددد   4سددددداية الينا( طالكامدددددا مددددد  يددددداي الةاقدددددة البمسدددددية، طاسددددد لداا 
ي ندددا   21-8بدددي   (LCOW(ع تراصعدددو ال كل دددة للميدددات  IBC Solar 395ندددن   

ا يلددددددر العمددددددر ا ر را دددددد  صمعدددددددي اللوددددددم الم  ددددددر ع  ن مقا نددددددة  ³ليبدددددد  ا اي مدددددداي 
مقدددددديم،  ددددددنرر الن دددددداا صرددددددن اا سددددددنن ة  300طاسدددددد هاا الميددددددات المضبددددددأا لم مددددددك   ددددددم 
اع طبدددد ا يدددداا، ت  ددددد دددددلت الن ددددائ   133ببيددددرا ممددددا  دددد ين خلددددر ر ددددرا اسدددد رياي تبلدددد    نمدددد 

اليا  ال نددددد  القدددددنن، صال ددددددص  ا ق وددددداي ة، صا سددددد دامة يلدددددر المدددددد  الةن دددددا لنبدددددر 
م ةددددداا ال  ليدددددة المع مددددددا تمامدددددا يلدددددر الةاقدددددة البمسدددددية لاسددددد لداماا السددددد نية رددددد  

 .مد نة طرابلس، ليبيا
وقد تم عرض هذه الورقة العلمية في جلسات المؤتمر الدولي للطاقة المتجددة والنفط  

 ليبيا  -طرابلس  م.2026ابريل  27-25والغاز وتغير المناخ "أيريقو" في الفترة 
ت لية الميات طالةاقة البمسية؛ ال نا   الع س ؛ جرياا : الكلمات المفتاحية

 .ديد ص سيد الكالسينا؛ ن اا الةاقة البمسية الكهرص نئية
 
 
1- Introduction 

Water scarcity is becoming one of the most critical global challenges, as 

only 2.5% of the Earth’s water is freshwater, and less than 1% is accessible 

for human use [1]. Libya faces an even more severe situation due to 

extremely low rainfall, over-extraction of fossil groundwater, and the 

concentration of nearly 75% of the population within less than 1.5% of the 

country’s land area. Groundwater supplies more than 97% of Libya’s 

water demand [2], but its quality often compromises of high salinity, 

hardness, ammonia, and dissolved minerals, requiring adequate treatment 

to meet WHO and Libyan drinking-water standards [3]. Desalination 

technologies vary depending on industry and product specifications. One 

of the most adopted technologies is reverse osmosis (RO) membranes 

which depend on selective ion separation through semi-permeable 

membranes. RO has gained dominance due to its lower energy 

http://www.doi.org/10.62341/istj-vol38-2-%20irego99
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consumption, high salt-rejection efficiency (>99%), and ease of operation, 

making it the preferred option in most developed regions. RO technology 

has revolutionized the desalination industry, now accounting for more 

than 80% of brackish water (BW) desalination capacity. This widespread 

adoption is also attributed to its relatively low cost, making it the preferred 

choice for many industrial and governmental applications [4]. 

Libya is known for having one of the highest solar irradiance levels in the 

MENA region, making small-scale photovoltaic (PV)-powered RO units 

an attractive solution for decentralized water production. Despite this 

potential, limited research has focused on the techno-economic feasibility 

of PV-driven RO systems for BW treatment in residential communities 

within Libya, particularly systems operating without any battery storage. 

The electricity consumption of a RO plant typically ranges between 4 and 

7 kWh/ m3 of produced water. For instance, the energy required to operate 

a RO plant serving approximately 48,000 households is equivalent to the 

electricity consumption of about 10,300 households of similar size [6]. 

This substantial energy demand often imposes a financial burden on water 

distribution systems, with electricity accounting for over 11% of the total 

cost in BW desalination [7]. 

The main goal of this paper is to design and evaluate a small-scale PV-RO 

system for treating BW in Tripoli, Libya, a region of annual horizontal 

radiation above 1972 kWh/m3, as shown in Fig. 1. The system is designed 

to fulfil drinking water requirements of a residential compound with 10 

buildings, each building with 6 flats. 5 distinct groundwater samples were 

collected and analysed, and their averaged properties were used to 

simulate the designed process. The system is configured to operate without 

batteries and sized to produce 1200 L/day. Hence, the study aims to assess 

the system’s technical performance and economic feasibility for 

decentralized residential applications. 

http://www.doi.org/10.62341/istj-vol38-2-%20irego99
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Figure (1): A scan of the global horizontal irradiation in Libya. [8] 

2- System Development and Design  
The process uses BW as the water source. Fig. 2 shows the process 

flowsheet. All process development stages and evaluation are explained in 

this section. 

 

Figure (2): Illustration of the of the solar-powered raw water treatment 

system. Note: drawn units for demonstration only. 

http://www.doi.org/10.62341/istj-vol38-2-%20irego99
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2-1. Water Sampling and Characteristics 
Representative BW samples were collected from 5 distinct water wells in 

Tripoli. Each well is in a different district to represent spatial variation in 

feedwater quality. Water quality analyses were conducted to characterise 

the feedwater quality of collected samples, and results of all 5 samples are 

summarised in Table 1.  

The raw BW analysed samples exhibit high salinity and hardness with 

TDS and E.C. ranges surpassing both WHO and Libyan drinking water 

standards [9]. Sodium (Na⁺), calcium (Ca²⁺) and magnesium (Mg²⁺) levels 

in some samples are also above the permissible limits of 200 mg/L, 200 

mg/L, and 150 mg/L, respectively. Potassium (K+) and total suspended 

solids (TSS) show moderate variation, while pH remains within 

acceptable bounds. Organic pollution levels suggest negligible biological 

content. Overall, the collected and mixed samples require further 

treatment prior to human consumption. 

 

Table (1): raw brackish groundwater quality. 

Parameter Unit Range 

TDS mg/ L 1141 – 3577 

pH - 7.1 – 7.7 

Ca²⁺ mg/ L 72 – 268 

Mg²⁺ mg/ L 50 – 158 

Na⁺ mg/ L 180 – 475 

TSS mg/ L 9 – 31 

K+ mg/ L 3.5-30 

E.C. µs/ cm 1681 – 4450 

COD mg/ L < 0.01 

BOD mg/ L < 0.06 

Ammonia mg/ L 0.01– 0.11 

 

2-2. Pretreatment Process Simulation  
The main purpose of the pretreatment process is to condition the raw 

feedwater, by removing suspended solids and safeguarding membrane 

performance i.e., prevent membrane fouling. The process was modelled 

using Aspen Plus V.12 where all samples were mixed in the raw water 

tank, then pumped to a sand filter, to remove coarse suspended solids and 

turbidity, followed by a microfilter to further eliminate any fine particles 

which provides a protective barrier for the RO membrane. Then, a high-

http://www.doi.org/10.62341/istj-vol38-2-%20irego99
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pressure pump is used to deliver the filtered water to about 7.6 bars 

ensuring stable hydraulic condition for the RO operation. Table 2 

summarised input to the RO unit. The volumetric flowrate reflects 

suitability for small-scale RO systems. In this case, designed to produce 

1.2 m3/day of drinking water, considering daily 6 h operation. 

Table (2): Pretreatment resulting water condition. 

Property Unit Value 

H₂O composition 
Weight 

fraction 
0.99 

Temperature oC 25 

Pressure Bar 7.6 

Mass density kg/m³ 998.5 

Average molecular 

weight 
- 18 

Volume flow m³/h 0.29 

pH - 6.66 

TDS mg/L 1635 

 

2-3. Reverse Osmosis Unit Design  
The RO unit was designed using IMSDesign software, incorporating 1 

vessel containing 4 elements of CPA5-LD-4040 low-fouling spiral-wound 

membrane manufactured by Hydranautics. This membrane features a 

composite polyamide active layer of 7.43 m2, with excellent resistance to 

fouling due to it is Low ∆P design, a long operational lifespan of 3 – 5 

years with proper maintenance, and a minimum salt rejection of 99.5%, 

making it suitable for BW treatment (desalination). A snapshot of the 

simulated process is shown in Fig. 3. The feed water (Table 2) was 

supplied at a flow rate of 0.29 m³/h. Concentrate recirculation (1.50 m³/h) 

was employed to stabilize flux and reduce scaling risk. The system 

achieved a permeate recovery of 70%, producing 0.20 m³/h of permeate 

and 0.09 m³/h of reject.  

http://www.doi.org/10.62341/istj-vol38-2-%20irego99
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Figure (3): Illustration of the simulated single-pass RO membrane via 

IMSDesign, with recirculation and Ca (OH)2 dosing. 

Permeate quality analysis (Table 3) reveal significant reductions in ionic 

concentrations.  

Table (3): Permeate quality. 

Parameter Unit Range 

Flow m3/h 0.2 

Pressure bar 2.5 

TDS mg/ L 133 

pH - 5.95 

E.C. µs/ cm 185 

LSI - -4.21 

CCPP mg/L -198.98 

 

2-4. Post-treatment and Stabilisation  
Results in Table 3 indicate the necessity of a post-treatment process to 

adjust the pH, reintroduce minerals, and assess scaling and corrosive 

potential of the post-treated water using the Langelier Saturation Index 

(LSI) and calcium carbonate precipitation potential (CCPP).    

Permeate water quality was adjusted via dosing calcium hydroxide 

(Ca(OH)2) 5% solution, which is a common chemical used in the industry, 

with a dosing rate of about 93 mg/L and a total consumption of 0.4 kg/h. 

This treatment elevated the quality of water and confirmed absence of any 

scaling risk. Results are shown in Table 4.  

 

 

http://www.doi.org/10.62341/istj-vol38-2-%20irego99
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Table (4): Post-treatment permeate quality 

Parameter Unit Range 

Flow m3/h 0.2 

Pressure bar 2.5 

TDS mg/ L 335 

pH - 7.58 

E.C. µs/ cm 445 

LSI - 0.00 

CCPP mg/L 1.02 
 

Overall, the RO unit effectively transformed raw brackish groundwater into 

low salinity permeate, suitable for further conditioning and drinking 

(potable) use. Moreover, sensitivity analyses were conducted to further 

investigate the effect of dosing and feed pressure on the membrane 

performance and permeate water quality. Fig. 4 illustrates the effect of 

Ca(OH)2 dose concentration on important metrics such as pH, TDS, and 

LSI of treated water. The used dose of 92.7 mg/L of 5% Ca(OH)2 

represents the optimum condition.  

 

Figure (4): Effect of Ca(OH)2 dosing concentration on TDS, LSI and pH 

of the permeate water. 

To maintain permeate quality within acceptable ranges and attain the 2.5 

bar limit, required to supply water to the roof top of a typical 2 story 

building, the effect of varying the feed pressure was analysed as shown in 

http://www.doi.org/10.62341/istj-vol38-2-%20irego99
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Fig. 5. In which lower feed pressure reduces permeate recovery and 

increases reject flow, while TDS shows a non-linear trend, indicating 

improved water quality at lower pressures but reduced overall efficiency. 

The optimum selected, condition is the 70% recovery as it corresponds to 

a low reject flow, i.e., the brine solution which requires adequate disposal.  

 

 

Figure (5): Effect of feed pressure on permeate recovery, reject flow, and 

TDS in a BWRO system. 

3 - Energy Requirements and PV System Sizing  
The solar-powered BWRO system was sized to supply drinking water 

based on the calculated pumping requirements, as conservative figures, 

the pre-treatment pump demands 0.1 kW while the RO high-pressure 

pump requires 0.9 kW, resulting in a total instantaneous power 

consumption of approximately 1 kW for the desalination unit. For the 

residential complex comprising 10 buildings, each containing 6 

apartments, a centralized solar-powered RO system was considered to 

supply potable water to all buildings. Each building is equipped with a 

storage tank, placed on the roof top, that distributes the treated permeate 

to each apartment. Table 5 summarised the results from simulations. The 

30% safety margin in daily required demand account for any system 

inefficiencies, inverter losses, cloudy weather, etc… 

  

http://www.doi.org/10.62341/istj-vol38-2-%20irego99
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Table (5): PV array sizing and specifications for the BWRO 
designed system. 

Parameter Unit Value 

Daily permeate production L/ day 1200 

Daily energy demand kWh/ day 6 

Daily operating hours h/ day 6 

Required daily PV energy (30% safety 

margin) 
kWh/ day 7.8 

Average peak sun hours (Tripoli) h/ day 5 

Required PV size kWp 1.56 

Selected PV module rating Wp 395 

Optimal tilt angle Degree 30 

Number of PV modules required - 4 

Maximum power voltage V 31.3 

Maximum power current A 12.6 

Open circuit voltage V 37.2 

Short circuit current A 13.4 

Maximum system voltage V (DC) 1000 

Total installed PV power kWp 1.58 

VFD (inverter-based) kW 1.5 

Inverter voltage V 200-240 

The specification of the PV module IBC SOLAR 395 W module (GS10-

HC series) is selected due to its efficiency, widespread availability in the 

Libyan market. The efficiency is 20.2% and dimensions of 1722x1134x30 

mm. The modules are IEC 61215/61730 certified, which is adequate to 

power the small RO unit during daytime operation. As the system is 

designed to operate without batteries, the use of a dedicated solar pump 

drive variable frequency drive (VFD) is essential. This allows direct 

coupling of the PV array to the pump, ensuring reliable performance 

during daylight hours. The selected VFD, ABB Solar Pump Drive, rated 

at 1.5 kW [10] was selected to operate the high-pressure pump and 

regulate motor speed to match the RO system’s flow and pressure 

requirements. The ABB drive is a well-established product in the Libyan 

market [11], offering robust performance, integrated motor protection, and 

compatibility with solar direct-drive applications. 

4- Preliminary Environmental Impact Assessment  
Emissions were calculated using the Libyan grid emission factor, 

accounting for roughly an average of 0.857 kgCO2/kWh [12]. In a grid 

only scenario, the system would produce around 7 kg of CO2 a day (2,442 

http://www.doi.org/10.62341/istj-vol38-2-%20irego99
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kg/ year). A European car emits about 104 g CO2 per km [13], running this 

system on grid electricity for one year is equivalent to driving a typical car 

from Tripoli to Tokyo and back. Alternatively, fully relying on the solar 

PV modules eliminates such emissions.  

5- Levelized Cost of Water (LCOW) Analysis  
LCOW is a widely used economic indicator that expresses the average unit 

cost of producing 1 m3 of water over the entire operational lifetime of a 

desalination system. Unlike simple payback calculations, LCOW 

incorporates both the CAPEX and the OPEX, distributed across the total 

volume of water produced during the system’s lifetime. This approach 

provides a fair and standardized basis for comparing different desalination 

technologies and energy supply options. The PV modules and solar pump 

drive were priced based on the official 2025 pricelist of INSIAB Libya 

solar company, which provides reliable market values for photovoltaic 

system in the Libyan context. The CAPEX includes costs of installation, 

distribution piping, and BOS components represent, pretreatment units, 

mounting system, etc.  The OPEX were estimated based on components 

requiring periodic maintenance or replacement: membranes every 3-4 

years, microfilters every 6 months, chemical cleaning twice a year, and 

annual calculations for chemical dosing and labour based on system 

output. Since this design is still at its feasibility stage, a 40% additional 

margin was added to the obtained costs. Over a 20-year operational 

lifetime, the LCOW is given by:  

𝐿𝐶𝑂𝑊 =
𝑇𝑜𝑡𝑎𝑙 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝑐𝑜𝑠𝑡

(𝑇𝑜𝑡𝑎𝑙 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝑤𝑎𝑡𝑒𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛) 
                                          (1) 

Equation (1) is used when 0% discount rate is assumed.  

To assess the system economics, ± 10 years of operation have been 

assumed with various discount rates. Results shown in Fig. 6, indicate that 

the maximum LCOW would result from the shortest life span and highest 

discount rate, which is around 21 LYD/m3. 

http://www.doi.org/10.62341/istj-vol38-2-%20irego99
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Figure (6): LCOW under various lifetimes and discount rates ranging 

from 0% to 10% for the developed solar powered BWRO system. 

A simple payback period calculation, and taking the recent cheapest price 

for bottled water in the Libyan market which 2 LYD/ 7 L. Then, the 

payback period is given by:  

𝑃𝑎𝑦𝑏𝑎𝑐𝑘 𝑝𝑒𝑟𝑖𝑜𝑑 (𝑦𝑒𝑎𝑟𝑠) =
𝐶𝐴𝑃𝐸𝑋

𝐴𝑛𝑛𝑢𝑎𝑙 𝑛𝑒𝑡 𝑟𝑒𝑣𝑒𝑛𝑢𝑒
                          (2) 

 

The annual net revenues = 123, 237 LYD. Hence, the payback period = 

0.362 years i.e., 133 days. Which exceptional considering the system offer 

a sustainable drinking water production relying only on solar energy.  
 

6- Conclusion 
This study presents a conceptual design of a small-scale PV-powered RO 

desalination system for residential use in Libya. The IMSDesign results 

confirmed that the CPA5-LD-4040 membrane is the most suitable option 

for the target 1.2 m³/day capacity, providing high recovery and excellent 

permeate quality at relatively low operating pressure and cost. Dosing 

sensitivity demonstrated that a 5% Ca(OH)₂ solution at about 93 mg/L 

achieves optimal stabilisation of pH and LSI. CO₂-emission analysis 

showed a dramatic reduction as a battery-free PV system is integrated. The 

LCOW ranged between 8–21 LYD/m³, while the system outperformed 

bottled-water costs for the 300-resident compound. Overall, the project 

achieved an outstanding payback period of 133 days, confirming the 

http://www.doi.org/10.62341/istj-vol38-2-%20irego99
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strong technical, environmental, and economic feasibility of the proposed 

PV-RO system. 
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