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H I G H L I G H T S  

• Innovative system for BWRO plant driven by PV system and pumped hydro storage. 
• Economic assessment and GHG emissions analysis of the innovative system. 
• Comparison with the state of the art and conventional BWRO systems. 
• For off-grid operation, the innovative system is the most economical system. 
• For off-grid operation, the innovative system produces the lowest GHG emissions.  
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A B S T R A C T   

Brackish water reverse osmosis (BWRO) desalination driven by photovoltaic (PV) system as a primary energy 
source and pumped hydro storage (PHS) as an intermediate storage offers an energy-efficient and competitive 
solution to overcome freshwater scarcity. This innovative system for drinking water production from brackish 
groundwater was developed and technically analyzed in a prior work. In this paper, the entire system with two 
power supply scenarios: scenario 1 (PV, PHS and battery storage) and scenario 2 (PV, PHS and grid) is 
economically assessed and its greenhouse gas (GHG) emissions are analyzed. Thereafter, this system is compared 
with the state-of-the-art and BWRO systems powered by a conventional energy source (grid or diesel generator) 
to discuss and evaluate the future role of this innovative system in the BWRO desalination market. For off-grid 
operation, the innovative system with scenario 1 is the most economical system for drinking water production 
from brackish groundwater compared to the other examined systems as long as the diesel fuel price is equal to or 
more expensive than 0.58 US$/L. Moreover, the minimum specific GHG emissions produced per unit of drinking 
water production in scenario 1 is 46.8 % less than in the current system (PV and battery storage).   

1. Introduction 

Desalination of brackish water (BW) and seawater (SW) has become 
one of the most crucial solutions worldwide for the provision of drinking 
water (DW) in areas with inadequate freshwater resources [1,2]. 
Currently, about 16,000 desalination plants are operational in 177 coun
tries with a total production capacity of roughly 95.4 million m3/d (34.8 
billion m3/year) [3,4]. Thus, these desalination plants produce the daily 
needs of more than 300 million people around the world [5]. The challenge 
for desalination of BW and SW is that the desalination processes typically 
require a high energy demand compared to conventional water treatment 

processes [6]. The energy required by the desalination plants is mainly 
generated from fossil fuels [7,8]. However, the burning of fossil fuels 
produces significant amounts of greenhouse gas (GHG) emissions associ
ated with negative environmental impacts [9]. The heavy dependence on 
limited fossil fuel resources also ties the costs of DW production from BW 
and SW to variable prices of fossil fuel. Furthermore, the use of fossil fuels is 
characterized by supply uncertainties, especially in crisis situations [10]. 
Therefore, in recent years, renewable energy sources were used as an 
alternative to fossil fuels for the generation of the energy required for 
desalination applications [3,11]. 

Water desalination plants powered by renewable energies are 
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attractive, sustainable, and environmentally friendly solutions for 
providing DW where salt water (BW or SW) is available [12–15]. Water 
desalination plants can be operated with solar, wind, geothermal, 
biomass, wave, and/or tidal energy, depending on the desalination 
technology as well as locally available renewable energy sources [16]. 
Commercial water desalination technologies are categorized into two 
main process groups: thermal processes (mainly multiple effect distil
lation and multi-stage flash distillation) and membrane processes 
(mainly reverse osmosis (RO) and electrodialysis) [17]. Nowadays, RO is 
the most widely utilized desalination technology in the world as it is the 
most economical technology for freshwater production from BW and SW 
[18]. Moreover, RO technology is the most energy-efficient desalination 
technology [19] and thus has the lowest GHG emissions during the 
operation phase [7]. 

RO desalination plants require as energy primarily only electricity to 
operate the pumps of the whole plant [10]. The electricity consumption 
for DW production by BWRO desalination plants is typically one to four 
times less than by SWRO desalination plants [20]. Furthermore, solar 
irradiation is very high (up to 2750 kWh/m2 per year) in zones where 
the freshwater scarcity problem is very severe and rapidly increasing 
[21,22]. Therefore, BWRO plants powered by photovoltaic (PV) systems 
are interesting solutions to overcome freshwater scarcity worldwide 
[10]. 

The current systems for BWRO desalination based on PV are mostly 
either connected to the national power grid or include an electricity 
storage system in order to ensure a stable and continuous power supply 
[23–25]. In the grid connection case, these systems may overload the 
national power grid, especially in areas with underdeveloped electricity 
supply infrastructure, at night and on cloudy days, since the total elec
tric power required by the whole BWRO plant is drawn from the national 
power grid. In the off-grid case, battery storage (BS) systems are the 
most widespread electricity storage technologies, since BS systems are 
characterized by a comparatively high efficiency [3]. However, at least 
5 % of the electric energy to be stored is lost during charging and dis
charging the BS system [26]. Moreover, the BS systems have some 
drawbacks, such as environmental hazards due to its content of heavy 
metals, low energy density and comparatively high specific cost [27,28]. 

For the above reasons, an innovative system for a BWRO plant based 
on PV system as the main energy source and pumped hydro storage 
(PHS) system as intermediate storage was developed the year before 
last. The PS system is used to cover the hydraulic energy required by the 
BWRO desalination process when the required power for the BWRO 
desalination process cannot be provided by the PV system. The total 
energy efficiency of this PHS system is 2.4 % higher than the total energy 
efficiency for a BS system in the current designs for a BWRO plant 
powered by PV system and BS system [29]. This novel system was 
technically analyzed in [29] and investigated with two scenarios for 
power supply (off-grid and with grid connection). In the off-grid sce
nario, a BS system with a very low electric storage capacity was also 
needed. The BS system or the national power grid was only used to cover 
the electric power required by the pumps with low electric power con
sumption and by the disinfection processes if adequate electric power 
cannot be generated by the PV system [29]. Therefore, this innovative 
system contributes to avoid an overload of the national power grid even 
in the case with the grid connection. 

In this paper, the innovative system for a BWRO plant powered by PV 
system and PHS system is economically assessed, and its GHG emissions 
are determined and analyzed. This system is also compared with the 
state-of-the-art and the conventional BWRO systems for DW production 
in order to discuss and evaluate the future role of this innovative system 
in the BWRO desalination market. The comparison with the current and 
conventional BWRO systems for DW production is performed under the 
same framework conditions, such as BW composition, well depth, solar 
irradiation, and configuration of the BWRO plant. Therefore, the inno
vative system with the two power supply scenarios: off-grid scenario 
(scenario 1: PV, PHS and BS) and grid-connected scenario (scenario 2: 

PV, PHS and grid), two current systems as the state-of-the-art: off-grid 
design (system A: PV and BS) and grid-connected design (system B: PV 
and grid), as well as two conventional systems: off-grid design (system C: 
diesel generator) and grid-connected design (System D: grid) are 
modelled and investigated at the same reference site. Fig. 1 illustrates 
the energy resources and storage systems of the examined systems. 

The operation of the examined systems is simulated on an hourly 
basis for a whole year. Thus, the required nominal output of the energy 
resources as well as the necessary storage capacity of the used storage 
systems is identified. Since the required storage capacity of the storage 
system depends on the installed nominal output of the PV system, the 
costs and the GHG emissions for DW production by the innovative and 
current systems are calculated as a function of the installed nominal 
output of the PV system. Thereby, the minimum costs and GHG emis
sions for DW production by these systems are determined. The costs for 
DW production by the conventional systems are calculated in depen
dence of the price of diesel fuel and electricity. Thereafter, it is deter
mined at what price of diesel fuel and electricity the innovative and 
current systems become more economical than the conventional sys
tems. Moreover, a sensitivity analysis is conducted for all examined 
systems in order to discuss and evaluate the impact of changes in the 
input parameters used for the economic and GHG emissions analysis on 
the simulation results. 

2. Methodology 

In order to economically analyze the examined systems for DW 
production from brackish groundwater (BGW) and to determine their 
GHG emissions, the examined systems are first technically modelled 
under the same framework conditions. The methodological approaches 
for the technical modeling, as well as for the economic and GHG emis
sions analysis for the examined systems are presented below. 

2.1. Technical modeling 

The following shows how the below mentioned systems, for DW 
production from BGW, are simulated.  

• An innovative system with two power supply scenarios: scenario 1 
(PV, PHS and BS), and scenario 2 (PV, PHS and grid),  

• Two current systems as the state-of-the-art: system A (PV and BS), 
and system B (PV and grid), and  

• Two conventional systems: system C (diesel generator), and system D 
(grid) 

In the innovative system with scenarios 1 and 2 and in the two 
current systems (system A and system B), the PV system should cover the 
annual electricity demand of the entire system for DW production from 
BGW. Over the course of the year, the total amount of electricity that the 
BWRO plant draws from the national power grid in scenario 2 and 
system B is fed back from the PV system into the national power grid 
when the generated PV electric power cannot be used for the system. 
The annual amount of electricity fed into the national power grid from 
the PV system (Wfeed-in) should be equal to or greater than the annual 
amount of electricity that the BWRO plant draws from the national 
power grid (Wpg). 

In all examined systems, the BWRO plant is continuously (24 h/d) 
operated with a constant DW production capacity (QDW). The BWRO 
plant includes three treatment processes: BW pre-treatment, BWRO 
desalination, and permeate post-treatment. In the BWRO desalination 
process, a part of the brine flow is returned back into the feed flow by a 
booster pump to increase the water recovery of the BWRO desalination 
process. For disposal of the surplus brine, evaporation ponds consisting 
of shallow basins are used. Evaporation ponds are one of the most 
applied methods for evaporating the reject brine from inland BWRO 
plants using solar radiation in highly dry regions [30,31]. The individual 
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components of the examined systems (BWRO plant, evaporation ponds, 
PV system, PHS system, and BS system) are modelled using the same 
method as detailed in [29]. Thereafter, the operation of the examined 
systems is simulated on an hourly basis for a whole year in MATLAB- 
Simulink [32]. 

2.1.1. Innovative system 
The operation of the entire system is modelled in two power supply 

scenarios: off-grid scenario (scenario 1: PV, PHS and BS) and grid- 
connected scenario (scenario 2: PV, PHS and grid). In scenario 1, the 
electricity for running the entire innovative system (BWRO plant and 
energy storage (ES) system) comes only from the PV system. The ES 
system includes a PHS system as an intermediate storage device, as well 
as a BS system as an electric ES device. In scenario 2, the ES system 
consists only of the PHS system. Instead of using the BS system, the 
innovative system is connected to the national power grid (Fig. 2) [29]. 

In this work, the PHS system consists of two major components: a 
high-pressure pump and an elevated reservoir situated on a mountain. 
The PHS system in both scenarios is used to cover the hydraulic energy 
required by the BWRO desalination process partially or even completely 

when the electric power produced by the PV system (EPPV) is lower than 
the electric power consumption of the whole BWRO plant (EPBWRO). The 
BS system in scenario 1 or the national power grid in scenario 2 is used to 
cover the electric power consumption of the brine recirculation pump, 
the post-treatment process, and the disinfection of the BW stored in the 
elevated reservoir (EPBPPo) when the EPPV is lower than the EPBPPo [29]. 
The following briefly describes only the main operating rules for the 
entire system, depending on EPPV.  

• If EPPV ≥ EPBWRO, the whole BWRO plant is powered only by PV 
electric power. The surplus electric power produced by the PV sys
tem is used to charge the PHS system (in scenarios 1 and 2) and the 
BS system (in scenario 1) or fed into the national power grid (in 
scenario 2).  

• If EPBWRO > EPPV ≥ EPBPPo, the BWRO plant is powered by PV electric 
power and hydraulic power from the PHS system (in scenarios 1 and 
2). The stored BGW is fed back from the PHS system into the BWRO 
desalination process as feed flow.  

• If EPBPPo > EPPV > 0, the BWRO plant is powered by hydraulic power 
from the PHS system and electric power from the PV System (in 

Fig. 1. Energy resources and storage systems in the innovative system with two power supply scenarios (scenario 1 and scenario 2), as well as in two current systems 
(state-of-the-art) and two conventional systems for drinking water production from brackish groundwater. 

Fig. 2. Innovative system for drinking water production from brackish groundwater. The system can be operated with two power supply scenarios: scenario 1 (PV, 
PHS and BS) or scenario 2 (PV, PHS and grid) [29]. 

A. Sanna and W. Streicher                                                                                                                                                                                                                   



Desalination 570 (2024) 117081

4

scenarios 1 and 2), as well as by electric power from the BS System 
(in scenario 1) or from the national power grid (in scenario 2).  

• If EPPV = 0, the BWRO plant is powered by hydraulic power from the 
PHS system (in scenarios 1 and 2), as well as by electric power from 
the BS System (in scenario 1) or from the national power grid (in 
scenario 2) [29]. 

Both power supply scenarios are simulated as detailed in [29]. Thus, 
the minimum required nominal output of the PV system is first deter
mined. Thereafter, the installed nominal output of the PV system (Pn-PV) 
is increased to decrease the required storage capacity of the PHS system 
(VER-max) as well as the BS system (BSc-max) and thereby to optimize 
(minimize) the specific unit cost of DW production (UPCDW) (Section 
2.2) and the specific GHG emissions produced per unit of DW production 
(SEUPW) (Section 2.3). 

2.1.2. State-of-the-art 
Two current systems for BWRO desalination powered by PV with (BS 

system or power grid) are simulated [3,25,33]. 

2.1.2.1. System A: PV and BS. It is an off-grid design including a PV 
system as a main energy source, and a BS system as an electric ES device 
(Fig. A.1 in Appendix A). The BS system is designed to cover the EPBWRO 
when the EPPV is lower than the EPBWRO [3,29,34]. If the EPPV exceeds 
the EPBWRO, the whole BWRO plant is powered only by PV electric 
power. The surplus electric power produced by the PV system is used for 
charging the BS system. 

The operation of the entire system is simulated as detailed in [29]. 
Thus, the minimum required nominal output of the PV system is first 
determined. Thereafter, the Pn-PV is increased to reduce the BSc-max and 
thereby to optimize (minimize) the UPCDW (Section 2.2) and the SEUPW 
(Section 2.3). 

2.1.2.2. System B: PV and grid. The system is connected to the national 
power grid (Fig. A.1 in Appendix A) [12]. However, if the EPPV exceeds 
the EPBWRO, the whole BWRO plant is powered only by the electricity 
produced by the PV system. The surplus electric power from the PV 
system is fed into the national power grid (Eq. (1)). 

EPfeed− in = EPPV − EPBWRO (1) 

EPfeed-in is the feed-in electric power. The BWRO plant draws elec
tricity from the national power grid when the EPPV is lower than the 
EPBWRO (Eq. (2)) [29]. 

EPpg = EPBWRO − EPPV (2) 

EPpg is the electric power consumption from the national power grid. 
Based on the key criteria for the system operation outlined above, the 
minimum required nominal output of the PV system is determined. 

2.1.3. Conventional systems 
Two systems for BWRO desalination powered completely (100 %) by 

a conventional energy source (diesel generator or power grid) are 
simulated. Therefore, no PV system is used for these two conventional 
systems. 

2.1.3.1. System C: diesel generator. In system C, the EPBWRO is provided 
by a diesel generator. Therefore, the rated output of the required diesel 
generator (Pr-DG) should be equal to or greater than the EPBWRO. The 
hourly fuel consumption of the diesel generator (FDG) is calculated by 
using the following equation [35]. 

FDG = fs EPDG + fi Pr− DG (3) 

EPDG is the electric power produced by the diesel generator. fs and fi 
are the slope coefficient and the intercept coefficient for the generator 
fuel curve. 

2.1.3.2. System D: grid. In system D, the BWRO plant is connected to the 
national power grid. The EPBWRO is supplied by the national power grid 
24 h/d [12]. Therefore, in this case, the EPpg is exactly equal to the 
EPBWRO. 

2.2. Economic analysis 

In order to make the investigated innovative system with scenarios 1 
and 2, as well as the current and conventional systems comparable with 
each other with regard to their economic efficiency, the UPCDW is 
determined for all examined cases. The UPCDW is calculated based on the 
capital expenditure and the operating expenditure of the entire system 
(CAPEXsys and OPEXsys) using the annuity method [12,36] (Eq. (4)). 

UPCDW =
1

∑8760
t=1 QDW tBWRO

(

CAPEXsys
Ir (1 + Ir)n

(1 + Ir)n − 1
+OPEXsys

)

(4) 

Ir is the interest rate, n is the economic project lifetime, and tBWRO is 
the operating time of the BWRO plant. The CAPEXsys includes all costs 
related to the procurement and construction of the project (BWRO plant, 
evaporation ponds, energy resources, and ES system) as well as engi
neering and other costs. The OPEXsys reflective all costs for diesel fuel 
consumption and/or operation and maintenance of system equipment as 
well as replacement of consumables over the course of the year [37,38]. 
However, if the system is connected to the national power grid, the 
annual cost of the share of the PV electricity that is fed into the national 
power grid and exceeds the total electricity consumption for the whole 
BWRO plant from the national power grid (ΔECfeed-in) (Section 2.2.4) 
must be subtracted from the OPEXsys in order to determine the UPCDW. 
Therefore, the UPCDW in scenario 2 and system B is calculated by Eq. (5). 

UPCDW =
1

∑8760
t=1 QDW tBWRO

(

CAPEXsys
Ir (1+ Ir)n

(1+ Ir)n − 1
+OPEXsys − ΔECfeed− in

)

(5) 

The following describes how the capital expenditure (CAPEX) and 
the operating expenditure (OPEX) of the individual components of the 
examined systems for DW production from BGW are determined. 

2.2.1. BWRO plant 
The CAPEX of the whole BWRO plant (CAPEXBWRO) is determined 

based on the QDW and the specific capital cost of the whole BWRO plant 
(SCBWRO) (Eq. (6)) [39]. 

CAPEXBWRO = 24 QDW SCBWRO (6) 

The total annual OPEX of the whole BWRO plant (OPEXBWRO) is the 
sum of the replacement cost of the BWRO membranes (Cr-m), the in
surance cost (Cins), the labor cost (Clab), the chemical cost (Cch), and the 
maintenance cost (Cmain) (Eq. (7)) [36,40]. The costs of the required 
energy sources and storage for the operation of the BWRO plant are 
calculated separately in Sections 2.2.3, 2.2.4, 2.2.5, and 2.2.6. 

OPEXBWRO = Cr− m +Cins +Clab +Cch +Cmain (7) 

The following equations describe how Cr-m, Cins, Clab, Cch, and Cmain 
are calculated [36,40–42]. 

Cr− m = 0.2 Cm (8)  

Cins = 0.005 CAPEXBWRO (9)  

Clab = 0.01
∑8760

t=1
QDW tBWRO (10)  

Cch = 0.0225
∑8760

t=1
QFeed tBWRO (11)  

Cmain = 0.01
∑8760

t=1
QDW tBWRO (12) 

Cm is the total capital cost of the BWRO membranes, and QFeed is the 

A. Sanna and W. Streicher                                                                                                                                                                                                                   



Desalination 570 (2024) 117081

5

flow rate of the feed water to the BWRO membranes. 

2.2.2. Evaporation ponds 
The CAPEX of the evaporation ponds (CAPEXEP) is expressed as a 

function of the brine flow rate from the BWRO desalination process into 
the evaporation ponds (QB-EP) and the specific capital cost of the evap
oration ponds (SCEP) using Eq. (13). The SCEP depends mainly on 
evaporation rate (local climate), the land and earthwork costs, and the 
liner costs [30,38,43]. 

CAPEXEP = 24 QB− EP SCEP (13) 

The total annual OPEX of the evaporation ponds (OPEXEP) is calcu
lated by Eq. (14). 

OPEXEP = 0.01
∑8760

t=1
QB− EP tBWRO (14)  

2.2.3. PV system 
In this paper, the cost calculation of the PV system also includes the 

cost of the inverter. The CAPEX of the PV system (CAPEXPV) is calculated 
by Eq. (15) [39,44,45]. 

CAPEXPV = (SCPV − m + SCPV − i + SCPV − si) Pn− PV (15) 

SCPV-m, SCPV-i, and SCPV-si are the specific costs of the PV modules, the 
inverter, and the substructure as well as installation (including power 
cables and controller units), respectively. The total annual OPEX of the 
PV system (OPEXPV) is the sum of the annual costs for the operation and 
maintenance of the PV system (OMPV), and the annual replacement cost 
of the inverter (Cr-PV-i) [44,46] (Eq. (16)). 

OPEXPV = OMPV +Cr− PV− i = 0.02 CAPEXPV +
NoPV − i

n
CPV− i (16) 

CPV-i is the capital cost of the inverter, and NoPV-i is number of the 
inverters to be replaced over lifetime of the project. The levelized cost of 
electricity from the PV system (LCOEPV) is determined based on the 
CAPEXPV and the OPEXPV using the annuity method [47–49] (Eq. (17)). 

LCOEPV =
1

∑8760
t=1 EPPV tPV

(

CAPEXPV
Ir (1 + Ir)n

(1 + Ir)n − 1
+OPEXPV

)

(17) 

tPV is the operating time of the PV system. 

2.2.4. Power grid 
In the innovative system with scenario 2 (PV, PHS and grid) and in 

system B (PV and grid), the PV system is designed at the reference site to 
cover mainly the total electricity consumption for the operation of the 
whole BWRO plant (24 h/d over the year). Therefore, the net metering 
scheme is applied [50,51]. Over the course of the year, the Wpg is 
compensated by the electricity that the PV system feeds into the national 
power grid. If the Wfeed-in is higher than the Wpg at the end of the year, the 
ΔECfeed-in is calculated by using Eq. (18). 

ΔECfeed− in =

(
∑8760

t=1
EPfeed− in tfeed− in −

∑8760

t=1
EPpg tpg

)

STPV− surplus (18) 

tfeed-in is the feed-in time of electricity into the national power grid, tpg 
is the time of electricity consumption from the national power grid, and 
STPV-surplus is the specific tariff for purchasing surplus PV electricity by 
the distribution company. 

In system D (grid), the annual cost of electricity that the BWRO plant 
draws from the national power grid (ECpg) is determined by Eq. (19). 

ECpg =
∑8760

t=1
PEpg EPpg tpg (19) 

PEpg is the price of electricity from the national power grid. 

2.2.5. Diesel generator 
The CAPEX of the diesel generator (CAPEXDG) is determined based on 

the Pr-DG and the specific capital cost of the diesel generator (SCDG) (Eq. 
(20)) [52]. 

CAPEXDG = SCDG Pr− DG (20) 

The total annual OPEX of the diesel generator (OPEXDG) is calculated 
by Eq. (21) [46,53–55]. 

OPEXDG = OMDG +CDF +Cr− DG (21) 

OMDG is the annual cost for the operation and maintenance of the 
diesel generator, CDF is the annual cost of diesel fuel, and Cr-DG is the 
annual replacement cost of the diesel generator. The OMDG is given by 
Eq. (22). 

OMDG =
∑8760

t=1
EPDG tDG SCOM− DG (22) 

tDG is the operating time of the diesel generator, and SCOM-DG are the 
specific costs for the operation and maintenance of the diesel generator. 
The CDF is given by Eq. (23) [53,56]. 

CDF =
∑8760

t=1
PDF FDG tDG (23) 

PDF is the diesel fuel price. The Cr-DG is calculated by Eq. (24). 

Cr− DG =

∑8760
t=1 tDG
NDG

Pr− DG SCr− DG (24) 

NDG is the lifetime of the diesel generator and SCr-DG are specific costs 
for replacement of the diesel generator. 

2.2.6. ES system 

2.2.6.1. PHS system. The CAPEX of the PHS system (CAPEXPHS) com
prises the capital costs of the high-pressure pump of the PHS system 
(CHPPHS), the water pipeline between the BWRO plant and the elevated 
reservoir (CPi), and the elevated reservoir (CER), as well as the costs for 
the electrical equipment, the controller units, and the installation (Ceci) 
(Eq. (25)) [44,57]. The CHPPHS, CPi, CER, and Ceci are determined by Eq. 
(26), (27), (28), and (29), respectively [12,44,58,59]. 

CAPEXPHS = CHPPHS +CPi +CER +Ceci (25)  

CHPPHS = 52 (PHPPHS− max QHPPHS− max) (26)  

CPi = LPi SCPi (27)  

CER = VER− max SCER (28)  

Ceci = 0.2 (CHPPHS +CPi +CER) (29) 

PHPPHS-max, and QHPPHS-max are the maximum operating pressure and 
the maximum operating flow rate of the high-pressure pump of the PHS 
system, LPi is the total length of the water pipeline between the BWRO 
plant and the elevated reservoir, SCPi is the specific capital cost of the 
water pipeline between the BWRO plant and the elevated reservoir, and 
SCER is the specific capital cost of the elevated reservoir. For small PHS 
systems, as in this work, the total annual OPEX of the PHS system 
(OPEXPHS) can be calculated using Eq. (30) [60,61]. However, the 
OPEXPHS does not include the cost for the electricity consumption of the 
high-pressure pump of the PHS system, since the PHS system is powered 
only by the PV system. 

OPEXPHS = 0.03 CAPEXPHS (30)  

2.2.6.2. BS system. The CAPEX of the BS system (CAPEXBS) is deter
mined based on the maximum electric storage capacity of the BS system 
(BSc-max), as well as the specific capital costs for the storage battery (SCB) 
and the inverter with control units (SCBS-con) (Eq. (31)). 

CAPEXBS = (SCB + SCBS− con) BSc− max (31) 
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The total annual OPEX of the BS system (OPEXBS) includes the annual 
costs for the operation and maintenance of the BS system (OMBS) and the 
replacement cost of the storage battery (Cr-B) (Eq. (32)) [62]. Since the 
BS system is charged only with the electricity from the PV system, the 
OPEXBS does not include the cost of electricity for charging the BS 
system. 

OPEXBS = OMBS +Cr− B = 0.014 CAPEXBS +
NoB
n

CB (32) 

NoB is number of the storage batteries to be replaced over lifetime of 
the project, and CB is the capital cost of the storage battery. 

2.3. GHG emissions analysis 

For all cases studied, the total annual amount of GHG emissions from 
the entire system (TEsys), and the SEUPW are determined. The SEUPW are 
calculated in scenario 1, system A, system C and system D by using Eq. 
(33). 

SEUPW =
TEsys

∑8760
t=1 QDW tBWRO

(33) 

The TEsys includes the annual GHG emissions from all system com
ponents for each investigated case. If the system is connected to the 
national power grid, the annual amount of GHG emissions caused by the 
share of the PV electricity that is fed into the national power grid and 
exceeds the total electricity consumption for the whole BWRO plant 
from the national power grid (ΔEfeed-in) must be subtracted from the TEsys 
in order to determine the SEUPW. Therefore, the SEUPW in scenario 2 and 
system B are defined according to Eq. (34). 

SEUPW =
TEsys − ΔEfeed− in
∑8760

t=1 QDW tBWRO
(34) 

The following describes how the annual amount of GHG emissions 
from the individual components of the examined systems for DW pro
duction from BGW is determined. 

2.3.1. BWRO plant 
The power supply system for the BWRO plant is primarily respon

sible for most of the GHG emissions from the entire system for DW 
production from BW [63–66]. Therefore, the GHG emissions from the 
BWRO plant are not simulated at the component level. However, the 
total annual amount of GHG emissions from the whole BWRO plant 
(EBWRO) is estimated based on the total annual amount of GHG emissions 
from the use of a conventional energy system to cover the total electric 
energy demand of the whole BWRO plant as described in Section 3.1.1. 

2.3.2. Evaporation ponds 
Brine disposal using the evaporation ponds is a natural process in 

which the water is evaporated from the reject brine by solar radiation 
[18,67]. In addition, the evaporation ponds require very low mainte
nance [68]. Therefore, no special GHG emissions from the evaporation 
ponds are considered, as in the current studies [7,30,63]. 

2.3.3. PV system 
Electricity generation from the PV system is associated with GHG 

emissions caused primarily during manufacturing of materials for the PV 
system (which include PV modules, inverter, wiring, and the assembly 
structure), but also from the assembly and operation of the PV system 
[69,70]. The total annual amount of GHG emissions from the use of the 
PV system for electricity generation (EPV) is determined by Eq. (35) [71]. 

EPV =
∑8760

t=1
EPPV tPV SEPV (35) 

SEPV is the specific GHG emissions for electricity generation from the 
PV system. 

2.3.4. Power grid 
The GHG emissions due to electricity consumption from the national 

power grid depend on the production, transmission and distribution 
processes of electricity. In system D, the total annual amount of GHG 
emissions caused by the BWRO plant's electricity consumption from the 
national power grid (Epg) is calculated by Eq. (36) [72,73]. 

Epg =

∑8760
t=1 EPpg tpg SEpg

(1 − LFTD)
(36) 

SEpg is the specific GHG emissions related to the electricity genera
tion for the national power grid, and LFTD is the factor for transmission 
and distribution losses. 

In scenario 2 and system B, the ΔEfeed-in can be calculated by using 
Eq. (37). 

ΔEfeed− in =

(
∑8760

t=1
EPfeed− in tfeed− in −

∑8760

t=1
EPpg tpg

)

SEPV (37)  

2.3.5. Diesel generator 
The annual amount of GHG emissions caused by the use of the diesel 

generator (EDG) is calculated by Eq. (38) [71,74,75]. 

EDG =
∑8760

t=1
FDG tDG EFDG (38) 

EFDG is the emission factor for the diesel fuel burned with the diesel 
generator. 

2.3.6. ES system 

2.3.6.1. PHS system. The temporary storing of hydraulic energy using 
the PHS system is associated with GHG emissions, which are mainly 
caused during the construction of the PHS system. The total annual 
amount of GHG emissions from the use of the PHS system (EPHS) is 
calculated by Eq. (39) [76]. 

EPHS =
VER− max SEPHS

NPHS
(39) 

SEPHS is the specific GHG emissions produced by the construction of 
the PHS system, and NPHS is the lifetime of the PHS system. 

2.3.6.2. BS system. The total annual amount of GHG emissions caused 
by the use of the BS system (EBS) is calculated based on the BSc-max, the 
lifetime of the BS system (NBS), and the specific GHG emissions produced 
by the manufacturing processes of the BS system (SEBS) (Eq. (40)) 
[77–79]. During the operating process, the BS system has no direct GHG 
emissions [35,78]. 

EBS =
BSc− max SEBS

NBS
(40)  

3. Case study 

The innovative system with scenarios 1 and 2, as well as the current 
and conventional systems for DW production from BGW (Section 2.1) 
are investigated at a reference site in Jordan (Al-Karameh zone, latitude 
31.95

◦

, longitude 35.60
◦

). The characteristics of the considered well 
water are summarized in Table 1. 

The electricity generation by the PV system is calculated based on 
meteorological conditions (hourly values of the global solar radiation, 
air temperature and wind speed) for the year 2007 (the mean year in a 
ten-year period from 2007 to 2016) at the reference site. These meteo
rological data are obtained from the satellite database PVGIS-SARAH 
[80]. Fig. 3 illustrates the hourly values of the global solar radiation 
and the air temperature over the year 2007. 

The economic project lifetime is set at 25 years [36,81] and the in
terest rate at 7 % [82]. The rest of this section defines and describes the 
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key assumptions, input parameters and criteria used for the technical 
modeling, as well as for the economic and GHG emissions analysis for 
the required components of the examined systems for DW production 
from BGW. In addition, a sensitivity analysis is defined for important 
input parameters to evaluate the impact of these parameters on the 
simulation results. 

3.1. Components of examined systems 

3.1.1. BWRO plant 
In all examined systems, the BWRO plant is designed with a DW 

production capacity of 100 m3/d (4.17 m3/h). However, since in the 
innovative system the BGW to be stored is pre-treated before it is 
pumped to the elevated reservoir, the maximum capacity of the pre- 
treatment process must be adequate for pre-treating the maximum BW 
flow rate to the elevated reservoir (Section 3.1.6) and the required BW 
flow rate to the BWRO desalination process (QBWRO). The latter is 
assumed to be 25 % of the maximum BW flow rate from the well [29]. In 
the current and conventional systems, the capacity of the pre-treatment 
process should only be adequate for pre-treating the QBWRO. The length 
and the inner diameter of the well pipe are 100 m and 0.1 m [29]. 

The specific capital cost of the whole BWRO plant is estimated at 
1100 US$/(m3/d) [83,84]. In the conventional and current systems, the 
capital costs for the well pumping station, the pre-treatment process, 
and the post-treatment process are determined to be 8 %, 0.5 % and 1 % 
of the total CAPEX of the whole BWRO plant, respectively [43]. How
ever, in the innovative system with scenarios 1 and 2, the capacity of the 
well pumping station and the pre-treatment process are four times the 
capacity of the well pumping station and the pre-treatment process in 
the conventional and current systems (Section 3.1.6). Therefore, it is 
assumed that the capital costs of the well pumping station and the pre- 
treatment process for the innovative system are four times the capital 
costs of the well pumping station and the pre-treatment process in the 
conventional and current systems. The replacement cost of the BWRO 
membrane elements is determined 765 US$/element [85]. 

The annual amount of GHG emissions from the whole BWRO plant is 
assumed to be 14.6 % of the annual amount of GHG emissions caused by 

the use of the diesel generator to cover the total electric energy demand 
of the whole BWRO plant [86–89]. This value includes the GHG emis
sions during the construction (including equipment manufacturing), 
assembly and operation phases of the whole BWRO plant. 

3.1.2. Evaporation ponds 
The potential evaporation rates are high in Jordan [90]. At the site of 

the brine evaporation ponds, the evaporation rate for the freshwater is 
2450 mm/year [91,92]. The specific capital cost of the evaporation 
ponds is estimated at 320 US$/(m3/d) [43,93]. 

3.1.3. PV system 
Fixed-tilt crystalline silicon modules with an operational life span of 

25 years are simulated to calculate the hourly values of the PV generated 
electric power [33]. However, the life span of the inverter is only 10 
years [94,95]. Within the PV system, the total internal losses are esti
mated at 14 % [33,80]. The specific costs of the PV modules, the 
inverter, and the substructure as well as installation (including power 
cables and controller units) are determined 650 US$/kW, 200 US$/kW, 
and 300 US$/kW, respectively [45,96–99]. The specific GHG emissions 
for electricity generation from the PV system are 47.2 g CO2-eq/kWh 
[70,100]. 

3.1.4. Power grid 
The application of the net metering scheme in Jordan is allowed for 

PV systems [101] including water desalination projects driven by PV 
systems [50]. However, the nominal output of the PV system should be 
<1 MW [102]. The electricity that the PV system feeds into the national 
power grid and exceeds the total electricity consumption for the BWRO 
plant from the national power grid is priced at the levelized cost of 
electricity from the PV system. For system D (grid), the current elec
tricity price is 0.13 US$/kWh [103]. Since the electricity price is sub
sidized by the government [104] and may vary significantly over time, 
the influence of the variation of the electricity price on the UPCDW is 
investigated. The electricity price is varied between 0 and 1 US$/kWh. 
In Jordan, the grid losses through the transmission and distribution 
processes are 13.8 % of the electricity generation [105,106]. The spe
cific GHG emissions related to the electricity generation for the national 
power grid are 542.5 g CO2-eq/kWh [50]. Renewable energy systems 
feeding into the national power grid only 20 % of the total electricity 
generated in the Jordanian power grid. The rest is generated from fossil 
fuel energy [51,107,108], although Jordan is a net-fossil energy 
importing country [69]. 

3.1.5. Diesel generator 
For small diesel generators, the slope coefficient of the generator fuel 

curve and the intercept coefficient of the generator fuel curve have 
typical values of 0.246 L/(kW h) and 0.08145 L/(kW h), respectively 
[54,109]. The specific capital cost of the diesel generator is regarded to 
be 241 $/kW [110]. The specific costs for the operation and mainte
nance of the diesel generator typically has a value of 0.05 US$/kWh 
[55]. The lifetime of the diesel generator and the specific costs for 
replacement of the diesel generator are equal to 15,000 h [53,54] and 
241 $/kW [110], respectively. The current diesel fuel price in Jordan is 
1.11 US$/L [111]. Since the diesel fuel price is strongly dependent on 
the location and may vary significantly over time, the influence of the 
variation of the diesel fuel price on the UPCDW is investigated. The diesel 
fuel price is varied between 0 and 3 US$/L. The emission factor for the 
diesel fuel burned with the diesel generator is 2.69 kg CO2-eq/L 
[112,113]. 

3.1.6. ES system 
The main parameters used for the technical modeling, as well as for 

the economic and GHG emissions analysis for the ES system (PHS system 
and BS system) are summarized in Table 2. 

Table 1 
Characteristics of groundwater [29].  

Parameter Value 

Total dissolved solids (NaCl) 5000 mg/L 
pH 8 
Temperature 25 ◦C 
Depth of BGW table 100 m 
Maximum BGW flow rate from well 500 m3/d  

Fig. 3. Hourly values of global solar radiation and air temperature in the year 
2007 (mean year) [80]. 
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3.2. Sensitivity analysis 

The specific GHG emissions caused by the use of the energy resources 
and storages of the examined systems can vary depending on the 
installed power, the storage capacity, production processes, the con
struction materials used, and the location [78,103,120]. Furthermore, 
the specific costs of the components of the examined systems mainly 
depend on the location, the manufacturers, the prices of production 
materials and the quality of the components [96,116,121]. Therefore, a 
sensitivity analysis for all examined systems is conducted, where 
important input parameters used for the economic and GHG emissions 
analysis are changed by − 50 % to +50 %. The sensitivity variables are 
the specific capital costs of the PV system, the PHS system and the BS 
system, as well as the specific GHG emissions caused by the PV system, 
the PHS system, the BS system and the electricity generation for the 
national power grid. 

4. Results and discussion 

The results for the economic and GHG emissions analysis of all 
examined systems are presented, evaluated and discussed in detail in 
Sections 4.1 and 4.2. 

4.1. Economic analysis 

4.1.1. Innovative system 
The results of the economic analysis of the innovative system are 

presented individually for scenario 1 and scenario 2. 

4.1.1.1. Scenario 1: PV, PHS and BS. In scenario 1, the CAPEX and 
OPEX of the entire system as well as the UPCDW are 313,140 US$, 9244 
US$/year, and 0.99 US$/m3, respectively, when only the minimum 
required nominal output of the PV system of 34 kW is installed. If the 
Pn-PV is increased by 41.2 %, the UPCDW is reduced to its minimum value 
(UPCDW-min) of 0.78 US$/m3 (Fig. 4). The CAPEX and OPEX of the entire 
system are reduced by 20.4 % and 22.1 %, respectively. The reason is 
that by this increasing of the Pn-PV, the required electric storage capacity 

of the BS system is reduced to its minimum value and the VER-max is 
reduced by 82 % (Fig. B.1 in Appendix B). A further increase in the Pn-PV 
leads to an increase in the CAPEX and OPEX of the entire system, since 
the increase in the CAPEX and OPEX of the PV system is greater than the 
decrease in the CAPEX and OPEX of the PHS system. Therefore, the 
UPCDW is increased. 

4.1.1.2. Scenario 2: PV, PHS and grid. In scenario 2, the CAPEX and 
OPEX of the entire system are 307,030 US$ and 8738 US$/year, respec
tively, when only the minimum required nominal output of the PV system 
of 34 kW is installed. The ΔECfeed-in and the UPCDW are 129 US$/year and 
0.96 US$/m3. If the Pn-PV is increased by 47 %, the UPCDW is reduced to its 
minimum value (UPCDW-min) of 0.71 US$/m3 (Fig. 5). The reason is that 
by this increasing of the Pn-PV, the VER-max is reduced by 84 % (Fig. B.1 in 
Appendix B). Therefore, the CAPEX and OPEX of the entire system are 
greatly reduced by 19.6 % and 19.8 %, respectively. Additionally, the 
surplus PV electricity is fed into the national power grid (Section 2.2.4). A 
further increase of the Pn-PV has almost no influence on the UPCDW, since 
the VER-max is only very slightly reduced (Fig. B.1 in Appendix B). 

4.1.2. State-of-the-art 
The results of the economic analysis for the two current systems 

(system A and system B) are presented below. 

4.1.2.1. System A: PV and BS. In system A, the CAPEX and OPEX of the 
entire system as well as the UPCDW are 2,397,325 US$, 190,910 US$/year, 
and 10.87 US$/m3, respectively, when only the minimum required nom
inal output of the PV system of 34.5 kW is installed. By increasing the Pn-PV 

Table 2 
Technical and economic parameter as well as GHG emissions specifications of 
the storage system.  

Main 
component 

Parameter Value Reference 

PHS system Maximum flow rate for PHS charging 
(QHPPHS-max) 

3 QBWRO [29] 

Total length (LPi) and inner diameter ( 
dPi) of the water pipeline between the 
elevated reservoir and the BWRO plant 

LPi: 400 m, 
dPi: 0.1 m 

[29] 

Specific capital cost of the water 
pipeline between the elevated 
reservoir and the BWRO plant (SCPi) 

17.5 US 
$/m 

[114] 

Specific capital cost of the elevated 
reservoir (SCER) 

27 US$/m3 [115,116] 

Specific GHG emissions produced by 
the construction of the PHS system 
(SEPHS) 

18 kg CO2- 
eq/m3 

[76] 

Lifetime of the PHS system (NPHS) 40 years [59,117] 
BS system Specific capital cost of the storage 

battery (SCB): 
546.3 US 
$/kWh 

[118] 

Lifetime of the storage battery (NBS) 10 years [26] 
Specific capital cost of the inverter 
with control units (SCBS-con): StorEdge 
inverter with HD-wave technology 

87.4 US 
$/kWh 

[119] 

Lifetime of the inverter with controller 
units (SolarEdge) 

25 years [119] 

Specific GHG emissions produced by 
the manufacturing processes of the BS 
system (SEBS) 

172 kg 
CO2-eq/ 
kWh 

[78] 

QBWRO is the required BW flow rate to the BWRO desalination process. 

Fig. 4. Drinking water production costs by innovative system with scenario 1 
(PV, PHS and BS), depending on the installed nominal output of PV system. 

Fig. 5. Drinking water production costs by innovative system with scenario 2 
(PV, PHS and grid), depending on the installed nominal output of PV system. 
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by 27.5 %, the UPCDW is greatly reduced by 78.6 % (Fig. 6). The CAPEX and 
OPEX of the entire system are reduced by 76.9 % and 80.4 %, respectively, 
because the required electric storage capacity of the BS system is greatly 
reduced by 82.8 % as illustrated in Fig. B.2 in Appendix B. The UPCDW-min of 
1.55 US$/m3 is achieved by increasing the minimum required nominal 
output of the PV system by 317.4 %. A further increase in the Pn-PV leads to 
an increase in the UPCDW, since the increase in the CAPEX and OPEX of the 
PV system is greater than the decrease in the CAPEX and OPEX of the BS 
system. 

4.1.2.2. System B: PV and grid. The CAPEX and OPEX of the entire sys
tem are 155,951 US$ and 5042 US$/year, respectively, when only the 
minimum required nominal output of the PV system of 33 kW is installed. 
The ΔECfeed-in and the UPCDW are 28 US$/year and 0.5 US$/m3. The 
UPCDW-min is also at the minimum required nominal output of the PV 
system, since for this system no energy storages are needed. In addition, 
the Wpg is compensated by the Wfeed-in at the same price (Section 2.2.4). 

4.1.3. Conventional systems 
The results of the economic analysis for the two conventional sys

tems (system C and system D) are presented below. 

4.1.3.1. System C: diesel generator. In system C, the CAPEX of the entire 
system is 119,688 US$. The OPEX of the entire system and the UPCDW with 
the current price of diesel fuel at the reference site are 28,212 US$/year, 
and 1.05 US$/m3, respectively. Fig. 7 illustrates the influence of the vari
ation of the diesel fuel price between 0 and 3 US$/L on the DW production 
costs. By increasing the diesel fuel price, the UPCDW is increased linearly by 
0.01 US$/m3 for each additional 0.02 US$/L on the diesel fuel price. 

4.1.3.2. System D: grid. The CAPEX of the entire system is 118,001 US$. 
The OPEX of the entire system and the UPCDW with the current price 
of electricity from the national power grid at the reference site are 
11,212 US$/year, and 0.58 US$/m3, respectively. Fig. 8 illustrates 
the influence of the variation of the electricity price between 0 and 1 
US$/kWh on the DW production costs. By increasing the electricity 
price, the UPCDW is increased linearly by 0.03 US$/m3 for each addi
tional 0.02 US$/kWh on the electricity price. 

4.1.4. Comparison of examined systems 
In all examined systems with or without grid connection, at 

the current price of diesel fuel and electricity, the lowest UPCDW of 
0.5 US$/m3 is in system B (PV and grid) (Fig. 9). The reason is that this 
system does not require any ES. Moreover, the total amount of electricity 
that the BWRO plant draws from the national power grid is compensated 
by the electricity that the PV system feeds into the national power grid at 
the same price. The lowest CAPEX of all examined systems is in system D 

(grid), since no PV system and no diesel generator are used. However, 
the OPEX of this system is 122.4 % higher than in system B, since the 
total electricity consumption of the BWRO plant is covered by the na
tional power grid with the current price of electricity. Therefore, the 
UPCDW-min in system D is 16 % higher than in system B. The UPCDW-min in 
system D is 17.5 % less than in the innovative system with scenario 
2 (PV, PHS and grid) because the price of electricity from the national 
power grid for DW treatment plants is subsidized by the government. If 
the price of electricity from the national power grid is equal to or more 
expensive than 0.22 US$/kWh, the UPCDW-min in system D will be higher 
than in scenario 2 (Fig. 10). Thus, for grid connected operation (as in this 
work: innovative system with scenario 2, system B and system D), the 
innovative system with scenario 2 will come second after system B (the 
most economical system) when the price of electricity is equal to or more 
expensive than 0.22 US$/kWh. The UPCDW-min in system B is 28.9 % 
lower than in scenario 2. In addition, the UPCDW-min in system B remains 
lower than in system D as long as the price of electricity is more 
expensive than 0.08 US$/kWh. 

The highest CAPEX of all examined systems of 418,941 US$ and the 
highest UPCDW-min of 1.55 US$/m3 are in system A (PV and BS) (Fig. 9). The 
main reason is that system A requires a BS system with a large electric 
storage capacity of 213.6 kWh. This required storage capacity of the BS 
system is about 54 times larger than in the innovative system with scenario 
1 (PV, PHS and BS). Therefore, the UPCDW-min in scenario 1 is 49.4 % lower 
than in system A. Furthermore, the UPCDW-min in scenario 1 is 25.7 % lower 
than in system C (diesel generator) at the current price of diesel fuel. The 
UPCDW-min in scenario 1 remains less than in system C as long as the diesel 
fuel price is equal to or more expensive than 0.58 US$/L (Fig. 10). Thus, for 
off-grid operation (as in this work: innovative system with scenario 1, 

Fig. 6. Drinking water production costs by system A (PV and BS) in depen
dence on the installed nominal output of PV system. 

Fig. 7. Drinking water production costs by system C (diesel generator), 
depending on the diesel fuel price. 

Fig. 8. Drinking water production costs by system D (grid), depending on the 
electricity price. 
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system A and system C), the innovative system with scenario 1 is the most 
economical system for DW production from BGW. Then, system C comes 
second as long as the diesel fuel price is cheaper than 2.08 US$/L. If the 
diesel fuel price is equal to or more expensive than 2.08 US$/L, system A 
will be more economical than system C. 

4.1.5. Sensitivity analysis 
The results of the sensitivity analysis for the examined systems with 

off-grid operation: innovative system with scenario 1 (PV, PHS and BS), 
system A (PV and BS), and system C (diesel generator) are illustrated in 
Fig. 11. When the specific capital costs of the PV system, the PHS system 
or the BS system change by − 50 % to +50 %, the UPCDW-min varies 
between 0.69 US$/m3 and 0.87 US$/m3 in scenario 1 and between 1.24 
US$/m3 and 1.86 US$/m3 in system A. Thus, the innovative system with 
scenario 1 remains more economical than system A. Furthermore, the 
UPCDW-min in scenario 1 is less than in system C as long as the diesel fuel 
price is equal to or more expensive than 0.76 US$/L. 

The change in the specific capital costs of the BS system has a sig
nificant impact on the UPCDW-min in system A compared to scenario 1, as 
the required storage capacity of the BS system in system A is about 54 
times larger than in scenario 1. By decreasing the specific capital costs of 
the BS system by 50 %, the UPCDW-min in system A is reduced by 20.2 %. 

Nevertheless, the UPCDW-min in scenario 1 is 37.1 % lower than in system 
A. By increasing the specific capital costs of the PHS system by 50 %, the 
UPCDW-min in scenario 1 is increased by 5.1 %. Nevertheless, the UPCDW- 

min in scenario 1 is 46.9 % lower than in system A. 
Due to the use of the PHS system in scenario 1, a PV system with a 

nominal output about 66,7 % less than in system A is required in sce
nario 1 to achieve the UPCDW-min (Sections 4.1.1.1 and 4.1.2.1). There
fore, the change in the specific capital costs of the PV system has a 
significant impact on the UPCDW-min in system A compared to scenario 1. 
When the specific capital costs of the PV system change by − 50 % to 
+50 %, the UPCDW-min varies between 0.69 US$/m3 and 0.87 US$/m3 in 
scenario 1 and between 1.28 US$/m3 and 1.82 US$/m3 in system A. 
With this change in the UPCDW-min, the UPCDW-min in scenario 1 is at least 
45.8 % lower than in system A. 

Fig. 12 illustrates the results of the sensitivity analysis for the 
examined systems with grid connected operation: innovative system 
with scenario 2 (PV, PHS and grid), system B (PV and grid), and system 
D (grid). When the specific capital costs of the PV system and the PHS 
system change by − 50 % to +50 %, the UPCDW-min varies between 0.65 
US$/m3 and 0.77 US$/m3 in scenario 2 and between 0.44 US$/m3 and 
0.57 US$/m3 in system B. Thus, the system B remains more economical 
than the innovative system with scenario 2. However, the UPCDW-min in 

Fig. 9. Minimum drinking water production costs by innovative system with scenario 1 (PV, PHS and BS) and scenario 2 (PV, PHS and grid), as well as by two 
current systems: system A (PV and BS) and system B (PV and grid). In addition, drinking water production costs by two conventional systems: system C (diesel 
generator) and system D (grid) at current price of diesel fuel and electricity. 

Fig. 10. Comparison of specific unit costs of drinking water production for (a) off-grid operation (innovative system with scenario 1 (PV, PHS and BS), system A (PV 
and BS), and system C (diesel generator)), depending on the diesel fuel price and for (b) grid connected operation (innovative system with scenario 2 (PV, PHS and 
grid), system B (PV and grid), and system D (grid)), depending on the electricity price. 
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scenario 2 is less than in system D as long as the price of electricity is 
equal to or more expensive than 0.26 US$/kWh. 

By increasing the specific capital costs of the PHS system by 50 %, the 
UPCDW-min in scenario 2 is increased by 5.2 %. Therefore, the difference 
between the UPCDW-min in system B and the UPCDW-min in scenario 2 
increases from 0.2 US$/m3 to 0.24 US$/m3. By changing the specific 
capital costs of the PV system by − 50 % to +50 %, the UPCDW-min varies 
with a maximum difference of ±8.8 % around the average value of 0.71 
US$/m3 in scenario 2 and with a maximum difference of ±12.3 % 
around the average value of 0.5 US$/m3 in system B. With this change in 
the UPCDW-min in scenario 2 and system B, the UPCDW-min in system B is 
between 26.6 % and 31.6 % lower than the UPCDW-min in scenario 2. 

4.2. GHG emissions analysis 

4.2.1. Innovative system 
The results of the GHG emissions analysis of the innovative system 

are presented individually for scenario 1 and scenario 2. 

4.2.1.1. Scenario 1: PV, PHS and BS. By installing the minimum 
required nominal output of the PV system of 34 kW, the TEsys and the 
SEUPW are 11,509 kg CO2-eq/year and 0.32 kg CO2-eq/m3. If the Pn-PV is 
increased by 17.6 %, the SEUPW are slightly reduced by 3.2 % to its 
minimum value of 0.31 kg CO2-eq/m3 (Fig. 13). The reason is that by 
this increasing of the Pn-PV, the required electric storage capacity of the 
BS system is reduced to its minimum value and the VER-max is reduced by 
58 % (Fig. B.1 in Appendix B). Therefore, the EBS and EPHS are reduced 
99.1 kg CO2-eq/year and 750.3 kg CO2-eq/year, respectively. However, 
the EPV is increased only 480,2 kg CO2-eq/year. Thus, the TEsys is 
reduced 369.3 kg CO2-eq/year. A further increase in the Pn-PV leads to an 
increase in the TEsys, since the increase in the EPV is greater than the 
decrease in the EPHS. Therefore, the SEUPW are increased (Fig. 13). If the 
Pn-PV is increased to 48 kW to minimize the UPCDW (Section 4.1.1.1), the 
SEUPW are increased only slightly by 3 %. 

4.2.1.2. Scenario 2: PV, PHS and grid. If only the minimum required 

Fig. 11. Impact of change in specific capital costs of PV system, PHS system and BS system, as well as variation of diesel price on specific unit costs of drinking water 
production of examined systems with off-grid operation: innovative system with scenario 1 (PV, PHS and BS), system A (PV and BS), and system C (diesel generator). 

Fig. 12. Impact of change in specific capital costs of PV system and PHS system, as well as variation of electricity price on specific unit costs of drinking water 
production of examined systems with grid connected operation: innovative system with scenario 2 (PV, PHS and grid), system B (PV and grid), and system D (grid). 

A. Sanna and W. Streicher                                                                                                                                                                                                                   



Desalination 570 (2024) 117081

12

nominal output of the PV system of 34 kW is installed, the TEsys is 
11,343 kg CO2-eq/year. The ΔEfeed-in and the SEUPW are 75 kg CO2-eq/ 
year and 0.31 kg CO2-eq/m3, respectively. If the Pn-PV is increased by 
47 %, the TEsy is increased only by 190 kg CO2-eq/year, while the 
ΔEfeed-in is increased by 1280 kg CO2-eq/year. Thus, the SEUPW are 
reduced to its minimum value of 0.28 kg CO2-eq/m3 (Fig. 14). The 
reason is that by increasing the Pn-PV, the VER-max is reduced by 84.3 % 
(Fig. B.1 in Appendix B). Therefore, the EPHS is reduced by 1090 kg CO2- 
eq/year. Additionally, the surplus electricity produced by the PV system 
is fed into the national power grid. A further increase of the Pn-PV has 
almost no influence on the SEUPW, since the VER-max is only very slightly 
reduced (Fig. B.1 in Appendix B). 

4.2.2. State-of-the-art 
The results of the GHG emissions analysis for the two current systems 

(system A and system B) are presented below. 

4.2.2.1. System A: PV and BS. By installing the minimum required 
nominal output of the PV system of 34.5 kW, the TEsys and the SEUPW are 
70,882 kg CO2-eq/year and 1.94 kg CO2-eq/m3, respectively. The SEUPW 
are reduced to its minimum value of 0.57 kg CO2-eq/m3 when the Pn-PV 
is increased by 33.3 % (Fig. 15). The TEsys is reduced by 70.4 %, because 
the required electric storage capacity of the BS system is greatly reduced 
(Fig. B.2 in Appendix B). The EBS is reduced 50,848 kg CO2-eq/year, 

while the EPV is increased only 920 kg CO2-eq/year. A further increase in 
the Pn-PV leads to an increase in the TEsys, since the increase in the EPV is 
greater than the decrease in the EBS. Therefore, the SEUPW are increased 
(Fig. 15). If the Pn-PV is increased to 144 kW to minimize the UPCDW 
(Section 4.1.2.1), the SEUPW are increased only by 7.5 %. 

4.2.2.2. System B: PV and grid. By installing the minimum required 
nominal output of the PV system of 33 kW, the ΔEfeed-in is only 16 kg 
CO2-eq/year. The TEsys and the SEUPW are 9970 kg CO2-eq/year and 
0.27 kg CO2-eq/m3, respectively. If the Pn-PV is increased, the SEUPW 
remain the same. The reason is that system B does not require any ES. In 
addition, the Wpg can be compensated by the Wfeed-in even at the mini
mum required nominal output of the PV system (Section 2.1.2.2). 

4.2.3. Conventional systems 
The results for GHG emissions from the two conventional systems 

(system C and system D) are presented below. 

4.2.3.1. System C: diesel generator. In system C, the TEsys and the SEUPW 
are 57,588 kg CO2-eq/year and 1.58 kg CO2-eq/m3, respectively. 

4.2.3.2. System D: grid. In system D, the TEsys and the SEUPW are 
42,351 kg CO2-eq/year and 1.16 kg CO2-eq/m3, respectively. 

Fig. 13. GHG emissions for drinking water production by innovative system 
with scenario 1 (PV, PHS and BS), depending on the installed nominal output of 
PV system. 

Fig. 14. GHG emissions for drinking water production by innovative system with scenario 2 (PV, PHS and grid), depending on the installed nominal output of 
PV system. 

Fig. 15. GHG emissions for drinking water production by system A (PV and BS) 
in dependence on the installed nominal output of PV system. 
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4.2.4. Comparison of examined systems 
In all examined systems with or without grid connection, the lowest 

SEUPW of 0.27 kg CO2-eq/m3 are in system B (PV and grid) (Fig. 16). The 
reason is that this system does not require any ES. Nevertheless, the total 
electricity consumption for the operation of the whole BWRO plant is 
covered by the PV system. The total amount of electricity that the BWRO 
plant draws from the national power grid (when EPPV < EPBWRO) is 
compensated by the electricity that the PV system feeds into the national 
power grid (when EPPV > EPBWRO) over the course of the year (Section 
2.1.2.2). 

The minimum specific GHG emissions produced per unit of DW 
production (SEUPW-min) in system B are only 2.2 % lower than the SEUPW- 

min in the innovative system with scenario 2 (PV, PHS and grid) because 
the EPHS is comparatively low (Table 3). However, the SEUPW in system D 
(grid) are 325.5 % higher than the SEUPW-min in system B and 316 % 
higher than the SEUPW-min in scenario 2. The reason is that the total 
electricity demand of the BWRO plant in system D is supplied by the 
national power grid and about 80 % of the total electricity of the na
tional power grid at the reference site is generated from fossil fuels 
(Sections 2.1.3.2 and 3.1.4). Therefore, for grid connected operation (as 
in this work: innovative system with scenario 2, system B and system D), 
the innovative system with scenario 2 comes second after system B with 
a very small difference in terms of GHG emissions. System D comes last 
with a very great difference to scenario 2 in terms of GHG emissions. The 
minimum annual amount of GHG emissions for DW production from 
BGW by system B, scenario 2, and system D (without the ΔEfeed-in) are 
9954 kg CO2-eq/year, 10,179 kg CO2-eq/year, and 42,351 kg CO2-eq/ 
year, respectively. These minimum values are also achieved when the 
above systems are designed to minimize the UPCDW. Moreover, the share 
of the PV electricity that is fed into the national power grid in scenario 2 
as well as system B and exceeds the total electricity consumption for the 
whole BWRO plant from the national power grid (Figs. B.1 and B.2 in 
Appendix B) contributes to reducing the GHG emissions related to the 
electricity generation for the national power grid. 

The highest SEUPW-min of all examined systems with or without grid 
connection is in system C (diesel generator) (Fig. 16), since the total 
electricity demand of the BWRO plant in this system is completely pro
vided by the diesel generator (Section 2.1.3.1). The SEUPW-min in system C 
are 1.58 kg CO2-eq/m3. This value is 174.8 % higher than the SEUPW-min in 
system A (PV and BS) and 416.9 % higher than the SEUPW-min in the 
innovative system with scenario 1 (PV, PHS and BS). The SEUPW-min in 
scenario 1 are 46.8 % less than the SEUPW-min in system A because the 

required electric storage capacity of the BS system is very small compared 
to system A (Figs. B.1 and B.2 in Appendix B). Therefore, the EBS in sce
nario 1 is very low compared to the EBS in system A (Table 4). If the Pn-PV in 
scenario 1 and system A is increased to minimize the UPCDW (Sections 
4.1.1.1 and 4.1.2.1), the SEUPW-min increase only slightly by 3 % in sce
nario 1 and by 7.5 % in system A. Thus, for off-grid operation (as in this 
work: innovative system with scenario 1, system A and system C), the 
innovative system with scenario 1 is the most ecological system (in terms 

Fig. 16. Minimum GHG emissions for drinking water production by innovative system with scenario 1 (PV, PHS and BS) and scenario 2 (PV, PHS and grid), as well as 
by two current systems: system A (PV and BS) and system B (PV and grid). In addition, GHG emissions for drinking water production by two conventional systems: 
system C (diesel generator) and system D (grid). 

Table 3 
GHG emissions from energy resources and storages of examined systems with 
grid connected operation at minimum specific GHG emissions per unit drinking 
water production.  

GHG emissions from energy resources and 
storages/examined systems 

EPV EPHS Epg ΔEfeed- 

in 

[kg CO2-eq/year] 

Scenario 2 (PV, PHS and grid) 4002 203 – − 1354 
System B (PV and grid) 2641 – – − 16 
System D (grid) – – 35,022 – 

EPV is the annual amount of GHG emissions from the use of the PV system for 
electricity generation. 
EPHS is the total annual amount of GHG emissions from the use of the PHS sys
tem. 
Epg is the total annual amount of GHG emissions caused by the BWRO plant's 
electricity consumption from the national power grid. 
ΔEfeed-in is the annual amount of GHG emissions caused by the share of the PV 
electricity that is fed into the national power grid and exceeds the total elec
tricity consumption for the whole BWRO plant from the national power grid. 

Table 4 
GHG emissions from energy resources and storages of examined systems with 
off-grid operation at minimum specific GHG emissions per unit drinking water 
production.  

GHG emissions from energy resources and 
storages/examined systems 

EPV EPHS EBS EDG 

[kg CO2-eq/year] 

Scenario 1 (PV, PHS and BS) 3201 543 67 – 
System A (PV and BS) 3681 – 9943 – 
System C (diesel generator) – – – 50,258 

EPV, EPHS, EBS, and EDG are the total annual amount of GHG emissions caused by 
the use of the PV system, the PHS system, the BS system and the diesel generator, 
respectively. 
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of GHG emissions) for DW production from BGW when the above systems 
are designed to minimize the SEUPW or/and the UPCDW. System A then 
comes second with a great difference to scenario 1 in terms of GHG 
emissions. System C comes last with a very great difference to system A in 
terms of GHG emissions. The minimum annual amount of GHG emissions 
for DW production from BGW by scenario 1, system A and system C is 
11,140 kg CO2-eq/year, 20,954 kg CO2-eq/year, and 57,588 kg CO2-eq/ 
year, respectively. 

4.2.5. Sensitivity analysis 
Fig. 17 illustrates the results of the sensitivity analysis for the 

examined systems with off-grid operation: innovative system with sce
nario 1 (PV, PHS and BS) and system A (PV and BS). When the specific 
GHG emissions caused by the PV system, the PHS system, or the BS 
system change by − 50 % to +50 %, the SEUPW-min vary between 0.26 kg 
CO2-eq/m3 and 0.35 kg CO2-eq/m3 in scenario 1 and between 0.44 kg 
CO2-eq/m3 and 0.71 kg CO2-eq/m3 in system A. Thus, the innovative 
system with scenario 1 remains more ecological (in terms of GHG 
emissions) than system A. Furthermore, the SEUPW in system C (diesel 
generator) of 1.58 kg CO2-eq/m3 (Section 4.2.3.1) are at least 352 % 
higher than the SEUPW-min in scenario 1. 

The change in the specific GHG emissions caused by the use of the BS 
system has a significant impact on the SEUPW-min in system A compared to 
scenario 1, as the required electric storage capacity of the BS system in 
system A is very large compared to scenario 1 (Figs. B.1 and B.2 in Ap
pendix B). By decreasing the specific GHG emissions caused by the use of 
the BS system by 50 %, the SEUPW-min are reduced by 23.7 % in system A 
and only by 0.3 % in scenario 1. Nevertheless, the SEUPW-min in scenario 1 
are 30.5 % lower than in system A. By increasing the specific GHG 
emissions caused by the use of the PHS system by 50 %, the SEUPW-min in 
scenario 1 are increased by 2.4 %. Nevertheless, the SEUPW-min in scenario 
1 are 45.5 % lower than in system A. 

When the specific GHG emissions caused by the use of the PV 
system change by − 50 % to +50 %, the SEUPW-min vary between 0.26 kg 
CO2-eq/m3 and 0.35 kg CO2-eq/m3 in scenario 1 and between 0.52 kg 
CO2-eq/m3 and 0.62 kg CO2-eq/m3 in system A. With this change in the 
SEUPW-min, the SEUPW-min in scenario 1 are at least 44.1 % lower than in 
system A. 

The results of the sensitivity analysis for the examined systems with 

grid connected operation: innovative system with scenario 2 (PV, PHS 
and grid), system B (PV and grid), and system D (grid) are illustrated in 
Fig. 18. When the specific GHG emissions caused by the PV system, the 
PHS system, or the electricity generation for the national power grid 
change by − 50 % to +50 %, the SEUPW-min vary between 0.243 kg 
CO2-eq/m3 and 0.315 kg CO2-eq/m3 in scenario 2, between 0.237 kg 
CO2-eq/m3 and 0.309 kg CO2-eq/m3 in system B, and between 0.68 kg 
CO2-eq/m3 and 1.64 kg CO2-eq/m3 in system D. Thus, the innovative 
system with scenario 2 remains in second place after system B with a 
small difference in terms of GHG emissions. System D remains in last 
place with a great difference to scenario 2 in terms of GHG emissions. 

By decreasing the specific GHG emissions related to the electricity 
generation for the national power grid by 50 %, the SEUPW in system D 
are reduced by 41.3 %. Nevertheless, the SEUPW in system D are 144 % 
higher than the SEUPW-min in scenario 2 and 149.5 % higher than the 
SEUPW-min in system B. By increasing the specific GHG emissions caused 
by the use of the PHS system by 50 %, the SEUPW-min in scenario 2 become 
3.3 % higher than the SEUPW-min in system B. 

When the specific GHG emissions caused by the use of the PV system 
change by − 50 % to +50 %, the SEUPW-min vary with a maximum dif
ference of ±13 % around the average value of 0.28 kg CO2-eq/m3 in 
scenario 2 and with a maximum difference of ±13.2 % around the 
average value of 0.27 kg CO2-eq/m3 in system B. With this change in the 
SEUPW-min, the SEUPW-min in system B are between 2.1 % and 2.4 % lower 
than the SEUPW-min in scenario 2. 

5. Conclusions 

The innovative system for a BWRO plant powered by a PV system as a 
main energy source and a PHS system as an intermediate storage offers a 
competitive solution for providing DW from BGW. To discuss and 
evaluate the future role for this innovative system in the BWRO desali
nation market, this paper economically assessed the entire system with 
two power supply scenarios: scenario 1 (PV, PHS and BS) and scenario 2 
(PV, PHS and grid), as well as analyzed its GHG emissions. Thereafter, 
this system was compared with two current systems for BWRO desali
nation powered by a PV system with (BS system or power grid) as the 
state-of-the-art, and two systems for BWRO desalination powered by a 
conventional energy source (diesel generator or power grid). The 

Fig. 17. Impact of change in specific GHG emissions caused by PV system, PHS system and BS system on specific GHG emissions produced per unit of drinking water 
production of examined systems with off-grid operation: innovative system with scenario 1 (PV, PHS and BS), system A (PV and BS). 
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innovative system as well as the selected current and conventional 
systems were simulated and investigated under the same framework 
conditions. Furthermore, the same specific capital costs and the same 
specific GHG emissions were considered for the components of the 
examined systems. By evaluating and comparing the simulation results, 
the following outcomes were obtained.  

• The UPCDW-min in the innovative system with scenario 1 is 49.4 % 
lower than in the current system (PV and BS), since the required 
storage capacity of the BS system in this current system is about 54 
times larger than in the innovative system with scenario 1. In addi
tion, the UPCDW-min in scenario 1 is 25.7 % lower than in the con
ventional system (diesel generator) at the current price of diesel fuel. 
Moreover, the UPCDW-min in scenario 1 remains less than in the 
conventional system as long as the diesel fuel price is equal to or 
more expensive than 0.58 US$/L. Thus, in remote off-grid areas, the 
innovative system with scenario 1 is the most economical system for 
DW production from BGW compared to the other examined systems. 
Then, the conventional system (diesel generator) comes second as 
long as the diesel fuel price is cheaper than 2.08 US$/L. If the diesel 
fuel price is equal to or more expensive than 2.08 US$/L, the current 
system (PV and BS) will be more economical than the conventional 
system (diesel generator).  

• For grid connected operation, the current system (PV and grid) is the 
most economical system for DW production from BGW compared to 
the innovative system with scenario 2 and the conventional system 
(grid) at the current price of electricity from the national power grid. 
The innovative system with scenario 2 comes second after this cur
rent system when the price of electricity is equal to or more expen
sive than 0.22 US$/kWh. The UPCDW-min in the current system is 
28.9 % lower than in the innovative system with scenario 2. The 
UPCDW-min in the current system (PV and grid) remains lower than in 
the conventional system (grid) as long as the price of electricity is 
more expensive than 0.08 US$/kWh.  

• The SEUPW-min in the innovative system with scenario 1 are 0.31 kg 
CO2-eq/m3. This value is 46.8 % less than the SEUPW-min in the current 
system (PV and BS). Additionally, the SEUPW in the conventional 
system (diesel generator) are 416.9 % higher than in the innovative 

system with scenario 1. If the installed nominal output of the PV 
system in scenario 1 and the current system (PV and BS) is increased 
to minimize the UPCDW, the SEUPW-min increase only slightly by 3 % in 
scenario 1 and by 7.5 % in the current system. Thus, in remote off- 
grid areas, the innovative system with scenario 1 is the most 
ecological system (in terms of GHG emissions) for DW production 
from BGW when the examined systems are designed to minimize the 
SEUPW or/and the UPCDW.  

• For grid connected operation, the innovative system with scenario 2 
comes second after the current system (PV and grid) with a small 
difference in terms of GHG emissions. The SEUPW-min in this current 
system are only 2.2 % lower than in scenario 2 because the GHG 
emissions from the use of the PHS system in scenario 2 are 
comparatively low. However, the SEUPW in the conventional system 
(grid) are 316 % higher than the SEUPW-min in scenario 2. The 
SEUPW-min in scenario 2 are only 0.28 kg CO2-eq/m3. Furthermore, 
this value and the SEUPW-min in the current system (PV and grid) are 
also achieved when these two systems are designed to minimize the 
UPCDW. 

For all examined systems, a sensitivity analysis was also conducted to 
evaluate the impact of changes in the specific capital costs and GHG 
emissions for energy resources and storages of the examined systems on 
the results.  

• When the specific capital costs of the PV system, the PHS system or 
the BS system change by − 50 % to +50 %, the innovative system 
with scenario 1 remains the most economical system for DW pro
duction from BGW compared to the other examined systems with off- 
grid operation. However, only where the diesel fuel price is equal to 
or more expensive than 0.76 US$/L. For grid connected operation, 
the innovative system with scenario 2 remains in second place after 
the current system (PV and grid) when the price of electricity is equal 
to or more expensive than 0.26 US$/kWh.  

• When the specific GHG emissions caused by the PV system, the PHS 
system, the BS system, or the electricity generation for the national 
power grid change by − 50 % to +50 %, the innovative system with 
scenario 1 remains the most ecological system (in terms of GHG 

Fig. 18. Impact of change in specific GHG emissions caused by PV system, PHS system, and electricity generation for national power grid on specific GHG emissions 
produced per unit of drinking water production of examined systems with grid connected operation: innovative system with scenario 2 (PV, PHS and grid), system B 
(PV and grid), and system D (grid). 
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emissions) for DW production from BGW compared to the other 
examined systems with off-grid operation. For grid connected oper
ation, the innovative system with scenario 2 remains in second place 
after the current system (PV and grid) with a small difference in 
terms of GHG emissions. The conventional system (grid) remains in 
last place with a great difference to scenario 2 in terms of GHG 
emissions. 
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Appendix A. Technical modeling: state-of-the-art
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Fig. A.1. Schematic diagram for drinking water production by a BWRO plant powered by PV and BS (system A) or by PV and grid (system B).  

Appendix B. Results: technical modeling 

The results for the technical modeling of the BWRO plant, evaporation ponds, PV system, PHS system, and BS system are evaluated and discussed in 
detail in the prior paper [29]. The EPBWRO is 6.35 kW when the BW flow rate from the groundwater well is equal to the QBWRO. The total daily energy 
consumption of the whole BWRO plant is 152.5 kWh/d. 

Figs. B.1 and B.2 illustrate the effect of increasing the Pn-PV on the required storage capacity of the energy storages (BS system and/or PHS system) 
in scenario 1 (PV, PHS and BS), scenario 2 (PV, PHS and grid) and system A (PV and BS), as well as on the electricity exchange between the national 
power grid and the entire system in scenario 2 and system B (PV and grid). 

For system C (diesel generator), a diesel generator with a rated output of 7 kW is required. The annual fuel consumption is 18,688 L/year. In system 
D (grid), the Wpg is 55,667 kWh/year. 
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Fig. B.1. Effect of nominal output of PV system on (a) required storage capacity of PHS system as well as BS system in scenario 1 (PV, PHS and BS) and (b) required 
storage capacity of PHS system as well as electricity exchange between national power grid and entire system in scenario 2 (PV, PHS and grid). 
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Fig. B.2. Effect of nominal output of PV system on required electric storage capacity of BS system in system A (PV and BS) and electricity exchange between national 
power grid and system B (PV and grid). 

Nomenclature 

Acronyms 

BGW brackish groundwater 
BS battery storage 
BW brackish water 
DW drinking water 
ES energy storage 
CO2-eq carbon dioxide equivalent 
GHG greenhouse gas 
PHS pumped hydro storage 
PV photovoltaic 
RO reverse osmosis 
SW seawater 

Variables 

BSc-max maximum electric storage capacity of the BS system (kWh) 
CB capital cost of the storage battery (US$) 
Cch annual chemical cost for the BWRO plant (US$/year) 
CDF annual cost of diesel fuel required for the operation of the diesel generator (US$/year) 
Ceci total costs for the electrical equipment, the controller units, and the installation for the PHS system (US$) 
CER capital cost of the elevated reservoir (US$) 
CHPPHS capital cost of the high-pressure pump of the PHS system (US$) 
Cins annual insurance cost for the BWRO plant (US$/year) 
Clab annual labor cost for the BWRO plant (US$/year) 
Cm total capital cost of the BWRO membranes (US$) 
Cmain annual maintenance cost for the BWRO plant (US$/year) 
CPi capital cost of the water pipeline between the BWRO plant and the elevated reservoir (US$) 
CPV-i capital cost of the inverter for the PV system (US$) 
Cr-B annual replacement cost of the storage battery (US$/year) 
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Cr-DG annual replacement cost of the diesel generator (US$/year) 
Cr-PV-i annual replacement cost of the inverter for the PV system (US$/year) 
Cr-m annual replacement cost of the BWRO membranes (US$/year) 
CAPEX capital expenditure (US$) 
CAPEXBS CAPEX of the BS system (US$) 
CAPEXBWRO CAPEX of the whole BWRO plant (US$) 
CAPEXDG CAPEX of the diesel generator (US$) 
CAPEXEP CAPEX of the evaporation ponds (US$) 
CAPEXPHS CAPEX of the PHS system (US$) 
CAPEXPV CAPEX of the PV system (US$) 
CAPEXsys CAPEX of the entire system (US$) 
dPi inner diameter of the water pipeline between the BWRO plant and the elevated reservoir (m) 
EBS annual amount of GHG emissions from the use of the BS system (kg CO2-eq/year) 
EBWRO annual amount of GHG emissions from the whole BWRO plant (kg CO2-eq/year) 
EDG annual amount of GHG emissions from the use of the diesel generator (kg CO2-eq/year) 
Epg annual amount of GHG emissions caused by the BWRO plant's electricity consumption from the national power grid (kg CO2-eq/year) 
EPHS annual amount of GHG emissions from the use of the PHS system (kg CO2-eq/year) 
EPV annual amount of GHG emissions from the use of the PV system for electricity generation (kg CO2-eq/year) 
ECpg annual cost of electricity that the BWRO plant draws from the national power grid (US$/year) 
EFDG emission factor for the diesel fuel burned with the diesel generator (kg CO2-eq/L) 
EPBPPo electric power consumption of the brine recirculation pump, the post-treatment process, and the disinfection of the BW stored in the 

elevated reservoir (kW) 
EPBWRO electric power consumption of the whole BWRO plant (kW) 
EPDG electric power produced by the diesel generator (kW) 
EPfeed-in electric feed-in power into the national power grid (kW) 
EPpg electric power consumption from the national power grid (kW) 
EPPV electric power produced by the PV system (kW) 
FDG hourly fuel consumption of the diesel generator (L/h) 
fi intercept coefficient of the generator fuel curve (L/(kW h)) 
fs slope coefficient of the generator fuel curve (L/(kW h)) 
Ir interest rate (− ) 
LPi total length of the water pipeline between the BWRO plant and the elevated reservoir (m) 
LCOEPV levelized cost of electricity from the PV system (US$/kWh) 
LFTD factor for transmission and distribution losses (− ) 
n economic project lifetime (year) 
NBS lifetime of the BS system (year) 
NDG lifetime of the diesel generator (h) 
NPHS lifetime of the PHS system (year) 
NoB number of the storage batteries to be replaced over lifetime of the project (− ) 
NoPV-i number of the inverters to be replaced over lifetime of the project (− ) 
OMBS costs for the operation and maintenance of the BS system (US$/year) 
OMDG costs for the operation and maintenance of the diesel generator (US$/year) 
OMPV costs for the operation and maintenance of the PV system (US$/year) 
OPEX operating expenditure (US$/year) 
OPEXBS OPEX of the BS system (US$/year) 
OPEXBWRO OPEX of the whole BWRO plant (US$/year) 
OPEXDG OPEX of the diesel generator (US$/year) 
OPEXEP OPEX of the evaporation ponds (US$/year) 
OPEXPHS OPEX of the PHS system (US$/year) 
OPEXPV OPEX of the PV system (US$/year) 
OPEXsys OPEX of the entire system for DW production from BGW (US$/year) 
PDF diesel fuel price (US$/L) 
PHPPHS-max maximum operating pressure of the high-pressure pump of the PHS system (bar) 
Pn-PV installed nominal output of the PV system (kW) 
Pr-DG rated output of the diesel generator (kW) 
PEpg price of electricity from the national power grid (US$/kWh) 
QB-EP flow rate of brine from the BWRO desalination process into the evaporation ponds (m3/h) 
QBWRO required BW flow rate to the BWRO desalination process (m3/h) 
QDW flow rate of DW produced by the BWRO plant (m3/h) 
QFeed flow rate of feed water to the BWRO membranes (m3/h) 
QHPPHS-max maximum flow rate for PHS charging (m3/h) 
SCB specific capital cost of the storage battery (US$/kWh) 
SCBS-con specific capital cost of the inverter with control units for the BS system (US$/kWh) 
SCBWRO specific capital cost of the whole BWRO plant (US$/(m3/d)) 
SCDG specific capital cost of the diesel generator (US$/kW) 
SCEP specific capital cost of the evaporation ponds (US$/(m3/d)) 
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SCER specific capital cost of the elevated reservoir (US$/m3) 
SCOM-DG specific cost for the operation and maintenance of the diesel generator (US$/h) 
SCPi specific capital cost of the water pipeline between the BWRO plant and the elevated reservoir (US$/m) 
SCPV-i specific costs of the inverter for the PV system (US$/kW) 
SCPV-m specific costs of the PV modules (US$/kW) 
SCPV-si specific costs for the substructure and installation of the PV system (US$/kW) 
SCr-DG specific costs for replacement of the diesel generator (US$/kW) 
SEBS specific GHG emissions produced by the manufacturing processes of the BS system (kg CO2-eq/kWh) 
SEpg specific GHG emissions related to the electricity generation for the national power grid (kg CO2-eq/kWh) 
SEPHS specific GHG emissions produced by the construction of the PHS system (kg CO2-eq/m3) 
SEPV specific GHG emissions for electricity generation from the PV system (kg CO2-eq/kWh) 
SEUPW specific GHG emissions produced per unit of DW production (kg CO2-eq/m3) 
SEUPW-min minimum specific GHG emissions produced per unit of DW production (kg CO2-eq/m3) 
STPV-surplus specific tariff for purchasing surplus PV electricity by the distribution company (US$/kWh) 
tBWRO operating time of the BWRO plant (h) 
tDG operating time of the diesel generator (h) 
tfeed-in feed-in time of PV electricity into the national power grid (h) 
tpg time of electricity consumption from the national power grid (h) 
tPV operating time of the PV system (h) 
TEsys total annual amount of GHG emissions from the entire system (kg CO2-eq/year) 
UPCDW specific unit cost of DW production (US$/m3) 
UPCDW-min minimum specific unit cost of DW production (US$/m3) 
VER-max maximum storage capacity of the elevated reservoir (m3) 
Wfeed-in annual amount of electricity fed into the national power grid from the PV system (kWh/year) 
Wpg annual amount of electricity that the BWRO plant draws from the national power grid (kWh/year) 

Greek letters 

ΔEfeed-in annual amount of GHG emissions caused by the share of the PV electricity that is fed into the national power grid and exceeds the total 
electricity consumption for the whole BWRO plant from the national power grid (kg CO2-eq/year) 

ΔECfeed-in annual cost of the share of the PV electricity that is fed into the national power grid and exceeds the total electricity consumption for the 
whole BWRO plant from the national power grid (US$/year) 
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