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a b s t r a c t
The need for water is certainly very alarming in the Middle East and North Africa (MENA) region 
where water demand for domestic, agriculture, and industrial applications continue to increase, 
and on the other hand, water resources are increasingly becoming scarce (low precipitation and 
depletion of renewable groundwater). Inland desalination process in off-grid or remote areas con-
tributes a significant portion to the water supply in Saudi Arabia. However, inland desalination 
systems have many challenges to be well implemented such as limited water distribution, water 
transmission cost from seawater desalination plants to the inland area. Many wells in Saudi Arabia 
have relatively high salinity water, which is not directly usable. This study aims to find the best 
hybrid diesel-photovoltaic powered reverse osmosis (RO) system to desalinate brackish water 
that has 6,000 ppm salinity for a remote area near Ummluj City in the Kingdom. Each RO system 
produces 202 m3/d for two purposes: drinking and household purposes. A batch mode that oper-
ates 5 h/d is studied. The hybrid system composed of conventional and renewable energy sys-
tems driven brackish RO system are modelled using ROSA and HOMER software. Besides, the 
advantages of adding a pressure exchanger (PX) and a second-stage are investigated. Further, 
the effect of the fuel price on the cost of water production is analysed. It was found that add-
ing a second storage tank for household applications with 1,000 ppm reduces the levelized cost 
of water by 11%. Furthermore, using a pressure exchanger leads to 26% reduction in the spe-
cific energy consumption (SEC) while adding a second-stage reduces the SEC by 22%. However, 
adding PX is economically feasible for fuel price higher than 40 USD/L.
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1. Introduction

The demand growth is more pronounced and rising 
in GCC, especially in KSA, with the desalination capac-
ity share of 22% worldwide and 54% in GCC by the year 
2017. In the year 2017, KSA has a total installed capacity of 
8.3 million m3/d with 48 operational plants and is expected 
to increase by up to 10.8 million m3/d by 2030. Moreover, 
Saudi Arabia has an abundant solar resource with an 
average annual solar radiation of about 2,200 kWh/m2. 

The global horizontal irradiance (GHI) varies through-
out the Arabian Peninsula ranging between 3.7–7.9 and 
4.1–7.5 kWh/m2/d for the east and west coasts, respectively, 
while the central part receives 4.0–7.7 kWh/m2/d KSA [1]. 
As a result, the kingdom of Saudi Arabia is set to target 
towards deployment of RE in general and solar photo-
voltaic (PV), in particular, to reach a planned capacity of 
20 GW by 2023 and a long term plan to reach 40 GW by 
2030 as stated by Renewable Energy Project Development 
Office. Further, the KSA government is looking for the 
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enhancement of efficiency and reducing the consumption 
of energy. Thus, the kingdom has to explore and develop 
sustainable production and supply of high quality fresh-
water by combining solar energy resources with the latest 
desalination technologies.

Inland desalination process in off-grid or remote areas 
contributes a significant portion to the water supply in 
Saudi Arabia. However, inland desalination systems have 
many challenges to be well implemented, such as limited 
water distribution water transmission cost from seawater 
desalination plants to the inland area. Inland desalina-
tion capacity in Saudi Arabia is over 3.600 million m3/d, 
with more than 750 brackish water reverse osmosis plants 
(BWRO) in operation. Most of these plants use a diesel 
generator to meet the power requirement. Additional cost 
associated with fuel transportation increases the water 
production cost and energy consumption. As Saudi Arabia 
tries to reduce diesel consumption, deployment of renew-
able energy sources compatible with the desalination 
technologies is needed.

Several small and medium-scale renewable energy 
powered desalination plants have been installed world-
wide. The reverse osmosis (RO) membrane desalination 
driven by solar PV energy is the most suitable combina-
tion of renewable energy and desalination as concluded by 
Karimi et al. [7]. Indeed 62% of global renewable energy 
installed capacity was used to power the reverse osmosis 
system in 2015 [2].

Alawaji et al. [3] built a PV-RO plant for a remote area 
in Saudi Arabia to desalinate brackish water for drinking 
purposes. The plant production was 15 m3/d, where the PV 
size was 10 kW with a battery. Further work was conducted 
in 1996 by making two options: battery and battery-less 
[4]. They state that the performance of the plant was excel-
lent, and the system was reliable. PV modules cost 42% of 
the total investment, while 31% for batteries and charge 
controllers. Another PV-RO setup evaluation was installed 
in Brazil in 2009. Riffel and Carvalho [5] compared two 
scenarios. In the first scenario, 2 PV modules were used to 
operate the RO pump and the module for the well pump. In 
the second scenario, all 3 modules are used for both loads. 
The study shows that the second scenario was the best. 
Elasaad et al. [6] evaluated a PV-RO setup in a remote area 
in Mexico, which was operating for 6 y. The setup desali-
nates well water with a 1 m3/d production rate and 800 W 
power generation. The study shows that 1 m3 of desalinated 
water costs USD9. Half of the capital cost was for the RO 
system, pre-treatment, and post-treatment, while 25% was 
for the PV modules and electronics. Regarding the opera-
tion expenditure (OPEX), 61.5% was for operation cost, and 
9.23% for RO maintenance cost. The system is efficient and 
reliable. Recently, a comparative study between electrodi-
alysis reversal (EDR) and RO systems integrated with PV 
modules was performed by Karimi et al. [7]. They concluded 
that for low salinity water, PV-EDR is more cost-efficient 
than PV-RO, while for high salinity water is the opposite.

2. Feasibility studies

PV-RO is technically effective solution to water short-
age for off-grid or remote areas. However, the cost for water 

production via PV-RO is characterized by high volatility and 
vary substantially by location, water types, system demand, 
and plant size [8]. The water cost for typical reverse osmo-
sis powered by PV reported in recent literature varies from 
1.65 to 15.6 USD/m3 [9,10]. A cost analysis of small PV pow-
ered brackish water reverse-osmosis with a battery sys-
tem for Egypt desert conditions was conducted [11]. Even 
feed water characterised by low salinity (<2,000 ppm), the 
estimated cost of producing 1 m3 of clean water is 3.73 USD.

Helal et al. [12] conducted a cost analysis of off-grid PV 
connected SWRO in the UAE. Three alternative power source 
cases are considered in this study: diesel generator, hybrid 
diesel-PV, and PV panels. The fresh water capacity for all 
the studied systems was 203/d. Simulated results showed 
that the specific water cost and specific energy consump-
tion are USD7.64 and 7.74 kWh for the fully-diesel case, 
USD7.21 and 7.73 kWh for the hybrid case, and USD7.34 
and 7.33 kWh for the fully-PV case.

Bilton and Kelley [13] developed a techno- economic 
approach based on optimization techniques to achieve the 
optimum lifetime cost of water production with respect to 
required water demand. The optimization variables consid-
ered in this study are the types of the power source (diesel 
generators, solar PV, wind and their combinations), design 
of RO, and water storage size. The developed methodology 
was used to design a RO system with a capacity of 10 m3/d for 
three different locations (Honduras, Eritrea, and Australia). 
They concluded the cost-effective configuration to sup-
ply water is a function of wind speed, solar radiation, and 
fuel price. Other studies confirm the critical role of location 
in determining the feasibility of PV-RO system [9,12,13].

Based on the above literature, the water desalination 
through PV-RO is technically feasible. However, the cost 
of water production and power consumption are still rela-
tively high, and vary substantially by location, water types, 
system demand, plant size, and local water transport cost 
[8,10]. A limited number of studies focusing on feasibil-
ity of PV-RO in the Saudi rural areas that suffer from clean 
water scarcity and high water cost, while Saudi Arabia has 
an abundant solar resource and large amounts of brackish  
waters.

The main objective of this study is to analyse the per-
formance and cost of a hybrid diesel-PV powered RO sys-
tem to desalinate brackish well water for a remote area in 
Saudi Arabia.

3. Mathematical model

3.1. Reverse osmosis modelling

A schematic of a reverse osmosis system in batch mode 
is depicted in Fig. 1. A second storage tank for household 
purposes with a salinity of 1,000 ppm. Excess cleaned water 
for drinking use is blended with the pre-treated water to 
reduce the total salinity to meet the required salinity for 
household applications. In addition, the studied system is 
included a pressure recovery (PX) converting the mechan-
ical (in form of pressure) from high-pressure brine flow 
to low-pressure feed flow.

A simple model was developed to predict the flow, the 
pressure and the salinity of fresh water out of the mem-
brane. The main equations for the RO process simulation and 
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design can be found in [8,14]. The developed model assisted 
reverse osmosis system analysis (ROSA) software is used to 
determine design parameters of the RO system (desalination, 
capacity, membrane pressure, and power required).

3.2. Energy source modelling with HOMER

The energy requirements for the RO system were deter-
mined based on water salinity and water depth. The energy 
sources considered in this study are provided by three 
sources: photovoltaic Panels, batteries, and diesel generator. 
For the PV-RO, it is assumed that the system will operate 
when solar energy is available. The average permeate flow 
rate during operation is calculated by dividing the daily RO 
production capacity in m3/d by the number of daylight hours.

The rated power equation for photovoltaic panels is 
given by [15]:

P A GPV rated PV PV STC� � �  (1)

where PPV–rated is the rated power generated by the solar panel 
in W, APV is the panel area, ηPV is the panel efficiency and 
GSTC is the incident solar energy at the standard test condi-
tion. The solar module efficiency is affected by the ambient 
temperature. The actual PV power output from the solar PV 
operating under real weather conditions can be estimated 
using the following equation.
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where PPV–output is the real power generated by the solar 
panel, G is the incident solar energy on the panel FPV is the 
derating factor which account for the loss due to wiring, 
shading, snow and αp is the cell temperature coefficient. Tcell 
and Tcell–STC are the cell temperatures at real condition and 
standard test conditions, respectively.

To model the power system composed of PV, die-
sel generator and batteries, Hybrid Optimization Model 
for Electric Renewable software (HOMER) is used in this 

study. It is a tool for designing, analysing, and optimizing 
hybrid energy system configurations based on their techni-
cal and economic merits. For each simulated configuration, 
HOMER calculates its life-cycle cost including the capi-
tal, operating and maintenance costs and fuel and inter-
est rate [15]. The schematic diagram of the hybrid system 
considered in this study is shown in Fig. 2.

3.3. Economic analysis

For an economic analysis of hybrid diesel-PV powered 
brackish water RO system, an excel program based on the 
annualized life-cycle method was developed to calculate the 
capital expenditure (CAPEX), operational and maintenance 
expenditure (OPEX) of all the components of the hybrid 
system. The levelized cost of water (LCOW), the levelized 
cost of energy (LCOE), the payback period was estimated 
by varying the price of fossil fuel. The total equivalent annul 
cost is the summation of the total equivalent annual cost of 
the power source (PV and diesel generator) and RO system. 
A detailed explication of the economic approach can be 
found in [8].

The LCOW is calculated using the following equation:

LCOW
CAPEX CRF OPEX

cap

�
� �

�
�

365� Q
 (3)

Fig. 1. Schematic diagram RO system with second storage tanks and PX.

Fig. 2. Schematic diagram of the hybrid system.
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CAPEX is the total capital costs of all components of 
reverse osmosis system and the power system. CAPEX is 
converted into equivalent annual costs using the capital 
recovery factor (CRF) given by is given by:

CRF �
�� �
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z z

z

n

n

1

1 1
 (4)

where z is discount rate and n the amortization period.
The LCOE is the total annualised cost of the power sys-

tem divided by the yearly electrical load served.

3.4. Input data and methodology

For predicting performance and cost analysis for hybrid 
diesel-PV powered well RO system; we used ROSA and 
HOMER simulations. The first step involves obtaining 
environment resources, water quality and capacity, and 
hybrid system configuration. Design parameters of RO sys-
tem is then calculated using (ROSA). The second step con-
sists in modelling and simulating ad optimizing the power 
energy system. Finally, economic analysis of the whole sys-
tem is performed using the excel sheet program. The input 
data for of hybrid diesel-PV powered RO system used 
in this study are listed in Table 1.

4. Result and discussion

4.1. One stage RO simulation

Detailed economics related to the batch mode config-
uration of the optimized diesel-PV-RO were simulated 
using input data listed in Table 1. Table 2 shows the sys-
tem configuration for different renewable energy fraction 
used to generate annual electricity and estimate annual 
CO2 savings. With almost 51.6% renewable energy frac-
tion, the system is estimated to generate annual energy 
of 81,869 kWh and save almost 31,591 kg of CO2 annually. 
The LCOE and LCOW for various combinations of renew-
able energy fraction range between 0.12 to 0.18 USD/kWh 
and 0.8 to 0.9 USD/m3, respectively as shown in Table 3. 
The optimal configuration was obtained using a diesel 
generator only, because of the low price of fossil fuel of 
0.13 USD/L. With increasing renewable energy penetra-
tion, the costs associated with renewable energy compo-
nents also increase resulting in a substantial rise in total 
equivalent annual cost for the hybrid system. For the 
value of RE penetration higher than 30%, the cost function 
decreases. The second optimal configuration after the die-
sel-only configuration is another combination of PV with 
90.8% (99.3 kW) penetration with a 47 kW generator and 
1 kWh battery connected to a 46.9 kW converter. This is 
because, at high renewable energy fraction, the number of 

Table 1
Main input parameters for diesel-PV-RO analysis

Component Parameters Value

RO system Recovery ratio (one-stage) 50%
Capital cost of RO system 163,000 USD
Capital cost of PX 72,000 USD
O&M of RO 10,500USD
HPP replacement (15 y) 23,700 USD
Pump efficiency [8] 80%
ERD efficiency (PX) [16] 96.7%
Pre-treatment and post treatment power required 15% HPP power

Flat plate PV PV cost for capacity <1 kW 2,500 USD/kW
PV cost for capacity <10 kW 2,000 USD/kW
PV cost for capacity <100 kW 1,500 USD/kW
Efficiency [17] 17%
Temperature coefficient [17] –0.45%/oC

Lead acid battery Nominal capacity [17] 1 kWh
Capital cost [17] 300 USD
Life time [17] 5 y
Discount rate 5%

Diesel generator Lower heating value [17] 43.2 MJ/kg
Carbon content (%) [17] 88%
Capital cost [17] 500 USD/kW
Life time [17] 15,000 USD
O&M [17] 0.03 USD/h
Initial fuel price 0.13 USD
Fuel transportation 325 USD/y
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batteries has been reduced; only one battery is considered 
for RE fraction higher than 81%.

Fig. 3 shows the LCOW variation with renewable energy 
penetration. The LCOW is slightly higher when using 
renewable energy power to drive the RO system due to the 
high cost associated with the renewable. As the power cost 
has a high share contribution to the total cost of water pro-
duction, LCOW and LCOE have the same variation with 
renewable energy fraction. The same optimal configuration 
containing a 47 kW generator and 1 kWh battery connected 
to a 46.9 kW converter is obtained for LCOW and LCOE.

4.2. Effect of number of stage and ERD

Fig. 4 depicts the variation of LCOW with RE power 
penetration for one and two-stage RO system with and with-
out ERD system. Adding a stage would indeed increase the 
recovery ratio of the RO system and reduce the LCOW of 
the hybrid diesel-PV powered RO. The two-stage RO con-
figuration includes two trains of pressure vessels allow-
ing for maximum recovery of permeate which positively 
affects the energy consumed. The recovery ratio is increased 
from 50% to 65% for one-stage and two-stage RO systems, 

respectively, leading to 22% reduction in the specific energy 
consumption. As a result, the two-stage RO system has the 
lowest total cost of water compared with one stage config-
uration. Besides, using a pressure exchanger as an energy 
recovery device in this mode is not cost-effective due to the 
initial high investment of the energy recovery system (PX).

4.3. Effect of fuel price

Sensitivity analysis is performed to study the effect 
of fuel prices on the cost of water production as shown in 
Fig. 5. It is clear that the fuel price has a great impact on the 
cost of water production. LCOW linearly increases with 
the increase of the fuel price. Besides, for the three stud-
ied configurations (Batch, batch with PX and batch with 
two stages), the lowest LCOW was found at low fuel price. 
Fig. 5 shows that the use of PX as ERD becomes economi-
cally feasible when the diesel price increases to USD 0.4/L 
which can be considered as the breakeven point between 
batch and batch with PX configuration. As the fuel price 
increases, its cost-sharing in the total cost of water pro-
duction increases also until reaching the breakeven point 
at USD 40/L. it is concluded that the two-stage RO system 

Table 2
Overall optimization results

Renewable 
fraction (%)

PV 
(kW)

Gen 
(kW)

Battery 
(kWh)

Converter 
(kW)

Excess electricity 
(kWh/y)

Percentage of 
excess electricity

CO2 emission 
(kg/y)

CO2 saving 
(kg/y)

100% 141 0 0 49 146,893 62% – 63,380
91% 99.3 47 1 46.9 85,816 50% 6,012 57,368
81% 91.6 47 1 46.9 81,484 48% 12,472 50,908
73% 87 47 4 46.6 81,267 48% 17,927 45,453
63% 80.9 47 17 47.9 79,778 48% 24,290 39,090
52% 76.3 47 5 51.6 81,869 49% 31,789 31,591
43% 72 47 13 48 82,473 49% 37,491 25,889
33% 66.9 47 17 48.8 83,026 49% 44,293 19,087
22% 54 47 21 49.6 71,240 46% 51,574 11,806
13% 38 47 1 19.8 51,759 38% 51,221 12,159
0% 0 47 0 0 0 0% 63,380 0

Table 3
Detailed cost results for batch mode option 2 with ERD

PV penetration Antotal (USD) LCOW (USD/m3) LCOE (USD/kWh) Energy cost percentage RO cost percentage

100% 44,159 0.90 0.18 65% 35%
91% 42,164 0.86 0.16 68% 32%
81% 42,195 0.86 0.16 68% 32%
73% 42,980 0.87 0.17 67% 33%
63% 44,306 0.90 0.19 65% 35%
52% 44,132 0.90 0.18 65% 35%
43% 45,445 0.92 0.2 63% 37%
33% 46,326 0.94 0.21 62% 38%
22% 46,450 0.94 0.21 62% 38%
13% 43,807 0.89 0.18 65% 35%
0% 39,193 0.80 0.12 73% 27%
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Fig. 3. Levelized cost of water variation with RE penetration.
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Fig. 5. LCOW for different fuel price at diesel powered RO system.
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has the lowest total cost of water independent of fuel price  
variation.

5. Conclusion

Performance and cost analyses of hybrid diesel-PV pow-
ered brackish water RO system for supplying fresh water 
to a small rural community in KSA was studied. It was 
found that the power cost has a high share contribution to 
the total cost of water production with about 65%. The sim-
ulated results showed that LCOE and LCOW for different 
combinations of renewable energy system with RO system 
range between 0.12–0.18 USD/kWh and 0.8–0.9 USD/m3. 
Further, it is concluded that the two-stage RO configura-
tion positively affects the recovery ration leading to leading 
to 22% reduction in the specific energy consumption com-
pared with one-stage system. For the integration of pressure 
exchanger (PX), it is demonstrated that it is cost effective 
solution for the diesel prices higher than 40 USD/L. At lower 
fuel prices (<40 USD/L), it is not cost-effective due to the 
high initial investment of the pressure exchanger.

The obtained results will be very valuable to identify the 
cost effective and technical efficient systems for best hybrid 
diesel-PV powered reverse osmosis (RO) systems for dif-
ferent rural areas in KSA. Thus, this proposed study would 
lead to the acceleration of Solar PV distribution in the inland 
desalination market and the reduction of fossil fuel use in 
KSA as well as ensure sustainable use of water resources.
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