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a b s t r a c t

Water scarcity in many regions of the world and global demographic growth make the desalination of
seawater and/or brackish an effective solution to meet the growing demand for fresh water. Nowadays,
reverse osmosis has the largest share of the global installed desalination capacity. The impelling need to
reduce greenhouse gas emissions has been pushing the search for sustainable technologies to produce
the electricity needed to power reverse osmosis plants. Among solar technologies, little attention
has been paid to the possibility of powering reverse osmosis with electricity from the dish-Stirling
solar concentrator. To fill this knowledge gap, this paper assesses the energy-saving potential of a
reverse osmosis plant coupled with a cogenerative dish-Stirling concentrator on a small island in the
Mediterranean Sea. A model of the integrated systems was developed based on data measured on a real
dish-Stirling concentrator. Moreover, the variation of the energy consumption of the reverse osmosis
plant with the temperature of the feedwater solution was also accounted for. Hourly simulations
showed that almost 36% of the annual water demand could be covered by driving the plant using
electricity from the concentrator, and the solar fraction of the electricity consumed by the reverse
osmosis plant accounted for 48%. Finally, economic and environmental analyses revealed that the
levelized cost of water of =C1.08 per cubic meter of fresh water, consistent with the literature, and
the system could avoid emitting 34.16 tons of carbon dioxide equivalent emissions per year.

© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

It is widely recognized that desalination technologies play a
ey role in addressing water scarcity in both arid regions and
ensely populated areas in the world. However, recent climate
hange will exacerbate water scarcity issues, making desalination
echnologies essential not only in arid regions but also in those
hat currently rely on fresh water from natural sources (Unfried
t al., 2022). According to recent statistics (Eke et al., 2020),
he global installed desalination capacity amounts to about 100
illion m3/day. More specifically, reverse osmosis (RO) accounts

for about 69%, multi-stage flash (MSF) for 17%, and multi-effect
distillation (MED) for only 7%.

RO is a process in which solvent molecules are forced to
ove from the more concentrated solution to the less concen-

rated solution through a semi-permeable membrane (Greenlee
t al., 2009). For this purpose, a pressure greater than the os-
otic pressure is applied to the more concentrated solution. For
esalination purposes, the membrane allows the solute (brine)
ontained in the treated seawater or brackish water to be sep-
rated from the pure solvent, thus obtaining permeate water.

∗ Corresponding author.
E-mail address: stefania.guarino@unipa.it (S. Guarino).
ttps://doi.org/10.1016/j.egyr.2023.09.053
352-4847/© 2023 The Authors. Published by Elsevier Ltd. This is an open access a
c-nd/4.0/).
Therefore, desalination technology based on RO essentially re-
quires electrical energy or mechanical energy to drive pumps that
increase the pressure of the feed water to be treated before it can
pass through the semi-permeable membrane. The specific energy
consumption (SEC) of the RO process typically ranges between
1.5 and 4 kWh/m3 (Alsarayreh et al., 2020; Kim et al., 2019;
Xevgenos et al., 2016). Worth noting that, the RO share on global
installed capacity steeply increased after 1960–1970, thanks to
the technological improvement in membranes manufacturing,
which allowed to overcome issues related to membrane fouling
(Shenvi et al., 2015).

During the decades, several studies were published with the
scope of reducing the SEC of RO systems (Zapata-Sierra et al.,
2021). For instance, some authors investigated alternative flow
arrangements (Sayyad et al., 2022) or optimized the operation
while accounting for the daily variation of fresh water demand
and seawater temperature (Sassi and Mujtaba, 2013). Others eval-
uated the benefits achievable by hybridizing RO with other de-
salination technologies such as MED or electrodialysis (Almulla
et al., 2005; Feria-Díaz et al., 2021). Other authors investigated
the possibility to boost the performance of the RO plants by using
waste heat or thermal energy from renewable energy sources
(RES) to preheat the feedwater (Kelley and Dubowsky, 2013;
Shalaby et al., 2022). In this respect, as proven by Karabelas et al.
rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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2018), the control of the temperature of the feedwater could help
o reduce the SEC value compared to cases where the temperature
s not monitored.

Considering the large share of RO plants in the worldwide
esalination capacity, it is interesting to investigate if RES may
e alternatively used to supply these systems (Nassrullah et al.,
020). Indeed, the achievable benefits are twofold. First, it would
ncrease the sustainability of the produced fresh water, thanks
o the avoided carbon dioxide (CO2) emissions which would be
mitted if the electricity was produced by fossil-fueled power
lants. Secondly, it could solve the water scarcity in places not
asily reachable by the power grid. Research studies focused on
he coupling of RES with RO systems were published during
hese years (Okampo and Nwulu, 2021). RESs such as geother-
al (Loutatidou and Arafat, 2015), ocean (Leijon et al., 2018),
ind (Gökçek and Gökçek, 2016), solar energy (Shalaby, 2017),
nd their combinations (Lee et al., 2018) were considered as
solution to drive desalination plants. However, the high unit
ost of the fresh water produced from RES-RO plants has rep-
esented a barrier to their widespread. In this respect, in Al-
araghouli and Kazmerski (2013) it was found that wind energy
ould be highly suitable to power desalination plants, with sev-
ral projects already implemented, featuring capacities ranging
rom 50 to 2000 m3/day. The associated costs vary between 6.6
nd 9.0 US$/m3 for seawater desalination and between 1.95 and
.2 US$/m3 for brackish water desalination. On the other hand, in
l-Karaghouli and Kazmerski (2013) it was found that RO systems
ntegrated with solar photovoltaic setups are mainly used in
mall-scale installations with capacities below 100 m3/day. In
his case, the production costs for these systems typically range
etween 11.7 and 15.6 US$/m3 for seawater desalination and
etween 6.5 and 9.1 US$/m3 for brackish water desalination (Al-
araghouli and Kazmerski, 2013). To meet the water demand
n a cost-effective, efficient, and environmentally friendly man-
er, it is essential to effectively combine RES and desalination
echnologies (Ghazi et al., 2022).

Focusing on solar-powered RO plants, in a review paper from
halaby et al. (2022), it was pointed out that photovoltaic (PV)
s the most used RES. Almost all RO desalination plants powered
y solar thermal energy rely on Organic Rankine cycle systems
Li et al., 2013). However, according to Fiorenza et al. (2003),
he integration of RO with PV systems seems to be cheaper
han solar-driven thermal desalination plants. Abdelgaied et al.
roposed an innovative system based on a photovoltaic–thermal
olar collector (PVT) coupled with a solar dish concentrator to
rive an RO desalination unit. More specifically, the PVT mod-
les were used to power the RO unit while the thermal energy
ecovered from the PV modules and the solar dish concentrator
as used to pre-heat the feedwater to be desalted. Thanks to
he preheating step, which increased membrane permeability and
educed fluid friction losses across the membrane, an average 35%
eduction in specific power consumption was achieved in the case
f brackish water desalination, and a 20% reduction was found for
eawater (Abdelgaied et al., 2022).
The integration of RO plants with concentrating solar power

ystems (CSP) is an attractive option for those regions charac-
erized by both severe water shortage and high solar irradiation
e.g., the Middle East and North Africa region) (Aboelmaaref et al.,
020).
Al-Dafaie et al. investigated the possibility to use the heat

ecovered from a dish-Stirling concentrator to supply a mem-
rane distillation unit (Al-Dafaie et al., 2016). Aboelmaaref et al.
stimated that fresh water produced by an RO plant powered
y a parabolic trough is more economical than the one ob-
ained by a parabolic trough-MED-TVC plant (Aboelmaaref et al.,

020). Palenzuela et al. presented a simulation tool for assessing a

2261
ower generation and fresh water production from solar-driven
esalination plants in different locations. Among all proposed
onfigurations, the integration of a RO desalination plant with a
SP system was found to be the best combination in southern
urope, with maximum water and electricity production (Palen-
uela et al., 2020). In Casimiro et al. (2017), the physical perfor-
ance of a water and electricity co-generation system consisting
f a CSP plant using a parabolic trough system and a seawater RO
nit located in Trapani (southern Italy) was examined. The CSP-
O system was compared to a CSP plant-powered MED unit at the
ame location. The results indicated that the CSP-RO system can
enerate approximately 46% of the total output of the full-scale
lant in Trapani while providing around 14% more water and 20%
ore electricity compared to the CSP-MED system. Conversely,

ew studies focused on the coupling of RO plants with a dish-
tirling concentrator. Geng et al. analyzed an RO desalination
ystem powered by using the mechanical energy produced by
solar dish-Stirling concentrator. The authors found that wa-

er productivity is highly sensitive with the temperature of the
bsorber (Geng et al., 2021).
The previous literature review points out that there is a large

nterest in research for using solar energy for desalination pur-
oses. In addition, the limited number of published papers on RO
lants coupled with a dish-Stirling concentrator suggests that an
nexplored potential of this technology in this field may exist. In
his respect, to the authors’ knowledge, the possibility to oper-
te the dish-Stirling concentrator in a cogenerative mode, when
upplying RO systems, has not been investigated yet. Indeed,
wofold benefits could arise from the exploitation of thermal
nergy recovered from the concentrator to pre-heat the feed
ater supplied to RO plant: (i) an increase in the membrane
ermeability which leads to greater fresh water production (Ab-
elgaied et al., 2022), and (ii) an increase of the energy output of
he solar concentrator (i.e., the recovery of waste heat from the
old side of the Stirling engine) which is usefully exploited during
he operation of the concentrator (Guarino et al., 2021).

In this framework, the present study aims at investigating the
ossibility of powering an RO desalination system for seawater
reatment (here follow indicated as SWRO) through a cogenera-
ive dish-Stirling system. More specifically, an energy, assessment
f the layout of the proposed integrated plant was carried out,
onsidering that all or part of the electric energy required to
roduce desalinated water is covered with renewable energy
rom the solar source. For this purpose, a dynamic simulation
odel was developed on Transient System Simulation (TRNSYS)
nvironment of the integrated plant layout including the dish-
tirling system and an RO system. The model was developed by
sing real data collected from a dish-Stirling system installed
t the University of Palermo. Meantime, the simulation relied
n performance maps of the RO plant which accounted for the
ffect of seawater temperature on the SEC. As a case study, it
as assumed that the integrated desalination plant is located on
small Mediterranean island, such as Lampedusa (Sicily, Italy).

n addition, economic and environmental analyses were carried
ut, evaluating the levelized cost of water (LCOW) produced
y the examined solar-driven SWRO plant and the amount of
O2 equivalent emissions avoided thanks to the production of
lectricity from solar sources.
The paper was structured as follows. In the second section,

schematic representation of the solar-driven desalination plant
s provided, along with an explanation of the energy model uti-
ized for the energy analysis, and the methodologies employed
o conduct the economic and environmental analyses. The third
ection outlines the case study, which includes a description of
he reference dish-Stirling system, the RO system under consider-

tion, a brief overview of the chosen location for the desalination
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Fig. 1. A schematic representation of the solar-SWRO desalination plant layout.
lant, and the preliminary assumptions made for the economic
nalysis. In the fourth section, the results obtained from the study
re presented in detail. Finally, the fifth section contains the
oncluding remarks drawn from the study’s findings.

. Material and methods

This section describes the examined plant layout to produce
resh water by using an SWRO desalination system driven by a
ish-Stirling system. Then, the mathematical models of each sub-
ystem are shown together with the implementation in TRNSYS.

.1. Schematic description of a solar-powered desalination system

Fig. 1 shows a schematic layout of the examined solar-powered
lant for the production of fresh water, which includes: a RO
esalination system, a dish-Stirling solar concentrator, and a heat
ecovery unit.

The dish-Stirling system is a point-focusing CSP technology
hat enables the conversion of solar energy into electricity by
chieving high conversion efficiency. Specifically, the direct solar
rradiation collected by the paraboloidal reflector is concentrated
nto a receiver that transfers the high-temperature thermal en-
rgy to a working fluid. Once the working fluid has achieved
he required pressure and temperature operating conditions, it is
laborated in the Stirling engine according to the four thermody-
amic transformations of the homonymous cycle. The mechanical
nergy generated by the engine is finally converted into electric-
ty by an electric generator. The high efficiency of the Stirling
ngine is ensured by the cooling of its cold side by a system that
issipates the waste of low-temperature heat in the environment.
As shown in Fig. 1, the operation of the proposed integrated

esalination plant involves both the electricity and thermal en-
rgy produced by the dish-Stirling system: the renewable elec-
ricity produced from solar power is used to power the pumps
f the seawater circuit, and the low-temperature thermal energy,
therwise dissipated in the environment, is recovered by a ther-
al recovery unit to pre-heat the seawater before to be processed

n the RO system. It was also assumed that, when no electricity
s available from the solar concentrator, the SWRO plant uses

lectricity supplied from the grid; on the other hand, when the

2262
solar concentrator produces electricity and this is not required
by the SWRO plant or exceeds its demand, it was assumed that
any surplus electricity produced is fed into the grid.

2.2. Energy modeling of the solar-driven SWRO plant

This subsection describes and defines the mathematical model
developed to simulate the operation of the proposed integrated
system and, thus, to evaluate its energy performance.

2.2.1. Energy modeling of the dish-Stirling system
According to the mathematical model developed by some of

the authors of this study (Buscemi A. et al.), it is possible to state
that there is a linear correlation between the electrical outpower
of the dish-Stirling system and the incident direct solar irradiance
(Buscemi et al., 2020).

Dish-Stirling solar concentrators convert direct solar irradia-
tion into electricity and the solar input power collected by the
paraboloidal reflector

(
Q̇solar

)
can be defined by Eq. (1):

Q̇solar = Ib · Adish (1)

where, Ib is the solar beam irradiance, expressed in [W/m2], and
Adish indicates the net effective area of the reflector.

Then, as shown in Eq. (2), the solar power focused on the
receiver

(
Q̇r,in

)
can be evaluated by reducing the solar input

power of the reflector by a fraction accounting for the total optical
losses.

Q̇r,in = ηo · ηcle · Q̇solar (2)

In the latter equation: ηo is the optical efficiency of the concen-
trator which is obtained as a product of the reflectivity of clean
mirrors (ρ), the intercept factor (γ ), and the absorbance of the
receiver cavity (α); and ηcle is the cleanliness index of the mirrors.

Due to the difference in temperature between the receiver
surface and the environment, the receiver is affected by convec-
tive and radiative thermal losses. Thus, the thermal power output
from the receiver

(
Q̇r,out

)
can be calculated as follows:

Q̇r,out = Ar ·
{
hr ·

(
T ave
r − Tair

)
+ σ ·ε ·

[(
T ave

+ 273.15
)4

−
(
T + 273.15

)4]} (3)
r sky
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here:
- Ar is the aperture area of the receiver.
- hr is the free convective heat-transfer coefficient at the

eceiver surface.
- T ave

r is the average value of the receiver surface temperature.
- Tair is the external air temperature.
- σ is the Stefan–Boltzmann constant.
- ε is the emissivity of the receiver surface.
- Tsky is the effective sky temperature, i.e. the equivalent black-

ody temperature of the sky calculated as (Ahmadi, 2012; Băde-
cu, 1991; Kongtragool and Wongwises, 2005):

sky = 0.0552 · (Tair + 273.15)1.5 − 273.15

Then, the high-temperature thermal power delivered to the
tirling engine

(
Q̇S,in

)
corresponds to the thermal input power

f the receiver reduced by the convective and radiative thermal
osses towards the environment

(
Q̇r,out

)
, as defined by Eq. (4):

˙S,in = Q̇r,in − Q̇r,out (4)

As it was experimentally validated in the study conducted
y the same authors of this study (Buscemi et al., 2020), the
echanical power produced by the Stirling engine

(
ẆS

)
can be

valuated by a linear relation as a function of the thermal input
ower of the engine as follows:

˙ S =
(
a1 · Q̇S,in − a2

)
· RT (5)

here, a1 and a2 are two fitting parameters, and RT is a tem-
erature correction factor which is the ratio between the air
emperature and the reference air temperature (set at 25 ◦C), both
xpressed in Kelvin.
Therefore, the low-temperature thermal power discharged

rom the cold side of the Stirling engine
(
Q̇S,out

)
can be de-

ined as a difference between the thermal input power and the
echanical power at the crankshaft as follows:

˙S,out = Q̇S,in − ẆS (6)

While on the hot side of the engine, the receiver supplies high-
emperature thermal power, on the cold side, the thermal power
efined by Eq. (6) is dissipated into the environment through
dry cooler. Otherwise, it could be recovered to pre-heat the

eawater feeding the RO system as proposed in this work.
Finally, it is possible to deduce the net electrical output power

f the dish-Stirling system from Eq. (7) below:

˙n = ηe · ẆS − Ėp (7)

here, ηe is the conversion efficiency of the electric generator and
˙p is the electric power absorbed by the parasitic components,
uch as the tracking solar system and the cooling system.
As can be seen from Eq. (1), the solar power input to the

oncentrator depends on the value of direct solar irradiance and
he size of the reflecting surface constituting the paraboloidal
ollector. In this respect, the solar concentrator is typically sized
o operate for solar beam radiation values within a range whose
inimum and maximum limit values represent operational limits

or the conversion power unit: for Ib values below the lower
perating limit of the system, the solar power input to the con-
entrator is insufficient to allow the fluid evolving in the Stirling
ngine to reach the nominal temperature and pressure condi-
ions; on the contrary, for Ib values above the upper operating
imit of the system, the thermal power that would be delivered
o the Stirling engine would be higher than the maximum power
t would be able to handle, causing its failure.

When choosing a location, it is essential to verify compatibility
n terms of the weather and climate characteristics of the site for
he installation of the solar concentrator. Then, it is also worth
2263
nvestigating whether the system sizing can be optimized. In this
espect, in a recent paper published by the authors Buscemi et al.
2021), a methodology for the optimal sizing of the dish-Stirling
oncentrator was proposed. More specifically, from the analysis
f characteristic solar data for a specific installation location and
y reconstructing the hourly frequency distribution of Ib, it may
merge that the most frequent Ib value in a year does not coincide
ith the Ib value for which the dish-Stirling system was designed.
particular case would be if the most frequent Ib value is lower

han the solar beam irradiance value that identifies the maximum
perability limit for which the solar concentrator was sized, and
his last value occurs for only a few hours in a year. This means
hat the dish-Stirling system will operate for very few hours per
ear at its maximum potential. In this case, to maximize the
nergy production of the system, it would be possible to increase
he reflecting surface of the collector until the maximum solar
ower that can be processed is obtained precisely at the most
requent Ib value typical of the selected location while keeping the
ower conversion unit unchanged. For the few hours of the year
hen the solar beam irradiance value exceeds the most frequent

b value for the selected location, which has become the new
pper limit of system operability, it may be possible to activate a
pecific air cooler for the receiver to dissipate the excess thermal
ower concentrated.

.2.2. Specific energy consumption of the RO system
In the case SWRO plant, it is first necessary to pre-treat the

eed water to remove large particles and solids that would oth-
rwise foul the surfaces of the RO membranes. Then, as shown
n Fig. 1, the pressure level of the feed seawater is raised to
bove osmotic pressure using a High-Pressure Pump (HPP), to
roceed with the desalination process by crossing the membranes
f the various modules constituting the pressure vessel. Finally, at
he outlet of the pressure vessel, the permeate is treated before
eing supplied to the user and the brine is delivered to the
nergy Recovery Device (ERD) before being disposed of. The most
dvanced RO systems use an ERD to recover residual pressure
nergy from the brine flow reducing the electricity consumption
equired by the high-pressure pump. In this way, part of the feed
eawater flow will reach the setpoint pressure (at the pressure
essel inlet) by a booster pump (BP) bypassing the HPP (Amr
mar et al., 2022). To evaluate the energy performance of the
lant, the SEC is used. This indicator is defined as the energy per
olume unit required to produce the permeate water and it is
sually measured in [kWh/m3]. As it was stated in (Kim et al.,
019), the SEC of a RO desalination plant depends on several
actors, such as the temperature and salinity conditions of the
eed seawater, the quality of the fresh water to be obtained, and
he efficiency of the RO system. Moreover, the efficiency of the
PP and booster pump, along with the one of ERD, affects the
otal SEC value (Karabelas et al., 2018; Koutsou et al., 2020).

Starting from the energy balance of the RO unit and assuming
hat the HPP and BP have the same efficiency, it is possible
o deduce the following SEC expression (Karabelas et al., 2018;
outsou et al., 2020):

EC =
Wtot

V̇p
=

1
R

·

[
Pf − Pp

η

]
+ (1 − β) ·

[
1 − R
R

]
·

[
Pp + ηE · ∆P − ηE · Pf

η

]
(8)

In the latter equation:

- Wtot is the total power required by the HPP and BP, ex-
pressed in [kW].

- V̇ is the permeate water flow rate, expressed in [m3/h].
p
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c
a

Fig. 2. TRNSYS layout for modeling the operation of the solar-powered SWRO desalination plant.
- R is the permeate recovery ratio, i.e., the ratio between the
permeate flow rate and feed seawater flow rate.

- Pf and Pp are pressure levels of feed seawater and permeate,
respectively, expressed in [bar].

- ∆P is the pressure difference across the RO unit, i.e., the
difference in pressure between the feed seawater and brine.

- β is the leakage water flow rate fraction of the ERD.
- ηE is the efficiency of the ERD.
- η is the efficiency of the two pressure pumps in the circuit.

The salinity and temperature of the feed water are the factors that
most influence the energy demand of the RO system. For the same
temperature of the feed water, according to van’t Hoff’s equation
(Ghaffour et al., 2014), a higher salinity of the seawater implies
a higher osmotic pressure and, therefore, more energy required
by the pumps to get the water to the operating pressure level.
On the other hand, as the temperature increases, essentially both
the water and salt permeability coefficient of the semi-permeable
membrane increase. Under these conditions, the desalination pro-
cess requires less pressure energy and, thus, less SEC will be
achieved (Kim et al., 2019).

For seawater, a salinity of between 35000 and 40000 mg/l
an be considered, and modern SWRO systems generally have
n SEC lower than 2.5 kWh/m3 (Ghaffour et al., 2014). Note that

the energy consumption required for water pre-treatment should
be included. This consumption typically ranges between 0.2 and
0.8 kWh/m3 (Ghaffour et al., 2014).

2.2.3. Modeling the operation of the proposed solar-driven SWRO
desalination plant

Fig. 2 shows the TRNSYS layout used to model the oper-
ation of the proposed plant scheme. On the left-hand side of
the layout, there are placed the components (Types) modeling
the dish-Stirling solar concentrator with its dry-cooler, whereas,
on the right-hand side, those modeling the RO system. A Heat
EXchanger (HEX) is placed between the two sides allowing the
transfer of the heat rejected from the dish-Stirling to the circuit
feeding the RO System with the seawater. The temperature of
the fluid leaving the cooling circuit of the dish-Stirling is set at
approximately 40 ◦C. The heat rejected by the dry-cooler of the
dish-Stirling, however, changes as a function of the direct normal
irradiance (DNI) variations and, therefore, depends on the partial-
load functioning of the Stirling engine. Thus, both diverter and
mixer valves (‘‘bypass-1’’ and ‘‘mixer-1’’ in Fig. 2, respectively)
were inserted into the hydraulic circuit to handle these variations
in the heat to be rejected. In other words, the flow of hot water
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leaving the dry cooler and directed to the source side of the HEX
is partly diverted (‘‘bypass-1’’ in Fig. 2) and mixed (‘‘mixer-1’’
in Fig. 2) with the cold water returning from the source side
of the HEX, before entering the dry-cooler again. This approach
permits the control of the water temperature at the dry-cooler
inlet, which always works with a constant water flow rate.

On the right side of the plant layout, seawater enters the load
side of the exchanger to be pre-heated with the heat transferred
from the dish-Stirling cooling system, before being delivered to
the RO system. Two valves were also inserted in this part of the
hydraulic circuit: a diverter and a mixing valve (‘‘bypass-2’’ and
‘‘mixer-2’’ in Fig. 2, respectively). These valves operate whenever
the temperature exiting the load side of the HEX exceeds a value
of 30 ◦C. Based on the results shown in (Koutsou et al., 2020) and
here discussed in Section 3.2, this value was selected in order to
obtain the minimum SEC, when seawater is used as feed solution.
If this happens, part of the cold seawater flow is diverted, before
entering the source side of the HEX (‘‘bypass-2’’ in Fig. 2) and
mixed (‘‘mixer-2’’ in Fig. 2) with the cold water coming from the
load side of the HEX before to be delivered to the RO system.

2.3. Economic analysis

The cost of producing desalinated water through reverse os-
mosis depends on various factors, such as the size of the plant,
the technology used, the salinity of the feed water, the cost of
electricity, and the cost of feed water. In general, reverse osmosis
is considered one of the most efficient and cost-effective desali-
nation technologies available, as it requires less energy compared
to other commercially widespread technologies. However, the ac-
tual cost depends on the specific conditions of each plant (Elazhar
et al., 2015).

On average, the cost of producing desalinated water through
RO can range from about 0.5 to 2 eper cubic meter of wa-
ter produced, depending on the specific conditions of the plant
(Caldera et al., 2016). However, it is important to note that the
cost can vary significantly depending on local conditions and
the above-mentioned factors, so each case needs to be evaluated
individually to determine the actual cost of producing desalinated
water through reverse osmosis (Goosen et al., 2023). The sus-
tainable commercialization of renewable energy technologies for
solar desalination is a complex process that involves not only eco-
nomic and environmental considerations but also local markets
and the policies/regulations of various governments, which may
either drive or pose a barrier to market development (Goosen

et al., 2023).
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The LCOW is an important economic metric for determining
the competitiveness of a seawater desalination plant. The lev-
elized cost of produced desalinated water represents the average
cost of the water produced, including all the costs associated
with the water production facility, such as capital expenditures,
operating costs, maintenance costs, financing costs, and any other
costs that may affect the production of water. The LCOW can
be compared with the price of conventional water (from sources
such as rivers, lakes, wells, etc.) and can be used to compare the
cost of producing water from different sources or using different
technologies. According to (Papapetrou et al., 2017), the LCOW
can be obtained by using Eq. (9):

LCOW =

I0 +
∑N

t=1
Ct

(1+i)t∑N
t=1

Mw,t
(1+i)t

(9)

where, I0 is the initial capital investment, Ct is the annual opera-
tion cost, Mw,t is the total amount of desalinated water produced
in year tth, the variable N represents the lifespan of the plant
under consideration (expressed in years), and i is the discount
ate.

In the case of the proposed solar-driven SWRO plant, deter-
ining the LCOW requires some considerations. This integrated
lant uses both on-site electricity generated by the dish-Stirling
olar concentrator and electricity drawn from the grid when
he solar concentration system is not functioning. Additionally,
t is necessary to consider that when the dish-Stirling system
roduces more electricity than the SWRO system requires, any
urplus energy is sold to the national electrical grid. Therefore, in
q. (9), the term I0 was calculated as the sum of the capital invest-

ment cost for the SWRO plant
(
IRO0

)
and that for the dish-Stirling

facility
(
IDS0

)
.

The overall operational costs were calculated by considering
operational costs for the SWRO plant and those for the dish-
Stirling systems (respectively indicated as CRO

t and CDS
t ). The for-

er of these two terms was assessed by taking into account the
aintenance costs of the desalination plant

(
CRO
M, t

)
and the costs

related to the required portion of energy that was purchased from
the national grid

(
CRO
energy, t

)
. In addition, it was also considered the

revenue resulting from the sale of surplus electricity produced by
the solar concentrator (Rt). Under these considerations, the LCOW
can be evaluated as follows:

LCOW =

(
IRO0 + IDS0

)
+

∑n
t=1

CRO
t +CDS

t −Rt
(1+i)t∑n

t=1
Mw,t
(1+i)t

(10)

where:

CRO
t = CRO

M, t + CRO
energy, t (11)

As can be observed in Eq. (12), the cost term CRO
energy, twas

evaluated by multiplying the annual energy demand of the SWRO(
ERO
t

)
by the cost related to the purchased electricity

(
cenergy

)
by

the complement of the solar fraction (fsol).

CRO
energy, t = ERO

t · cenergy · (1 − fsol) (12)

Finally, the revenue term Rt was evaluated as follows:

Rt = EDS
exs, t · pex (13)

where, EDS
exs, t is the annual surplus of energy produced by the solar

concentrator and exported to the grid at the selling price pex.

2.4. Environmental analysis

In this work, it was assumed that the energy produced by
the solar field is mainly used to produce fresh water and, in the
2265
Fig. 3. The dish-Stirling CSP plant installed at the university campus in Palermo
(Italy).

remaining part, to supply the national power grid. The amount of
avoided CO2 emissions was quantified by assuming that all the
mount of energy had been produced from fossil fuels. It was
ssessed by multiplying the energy produced from solar sources
y the median value of lifecycle greenhouse gas (GHG) emissions
hat are associated with the Italian energy production context.

The median values of greenhouse gas emissions over the
ifecycle refer to the average amount of greenhouse gases (such as
arbon dioxide, methane, and nitrous oxide) emitted throughout
he entire life cycle of a product, process, or technology. The
edian value is often used to represent the central tendency
f a set of data, and it provides a measure of typical green-
ouse gas emissions that can be used for comparison between
ifferent products, processes, or technologies (Hondo, 2005). The
orresponding values for technologies fueled by non-renewable
ources reach 0.469, 0.84, and 1.001 kgCO2e/kWh for natural gas,
oil, and coal, respectively (Edenhofer et al., 2011). According to
data and statistics published by the International Energy Agency
(IEA), from the fossil fuel energy mix that characterizes Italy,
it was possible to deduct the median value of lifecycle GHG
emissions that amounts to 0.546 kgCO2e/kWh (Guarino et al.,
2022). Considering this median value of lifecycle GHG emissions
(expressed in kgCO2e/kWh), that is indicated as µ

CO2
fuel
mix

, and the an-

nual production of electricity from solar energy
(
Er renew.

)
, it was

then possible to determine the amount of avoided CO2 emissions
in terms of tons per year

(
CO2

av) by using the following equation:

CO2
av

= Er renew.
· µ

CO2
fuel
mix

· 10−3 (14)

. Case study

.1. The dish-Stirling reference plant

In this study, the dish-Stirling system that has been taken as a
eference is the demonstration plant installed at the university
ampus in Palermo (southern Italy) (see Fig. 3). It has a net
lectric peak output power of 31.5 kW (when DNI is 960 W/m2,
e
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Table 1
Main technical characteristics of the dish-Stirling plant of Palermo and parameters of the related model.
Technical data Value Unit

Net effective area of the dish (Adish) 106 m2

Aperture area of the receiver (Ar) 0.0314 m2

Average parasitic electric consumption (Ėave
p ) 1600 W

Clean mirrors’ optical efficiency (ηo) 0.85 –
Convective heat transfer coefficient of the receiver (hr) 10 W/(m2 K)
Emissivity of the receiver (ε) 0.88 –
Focal length 7.45 m
Geometric concentration ratio 3517 –
Max operating pressure of hydrogen 200 bar
Mirror cleanliness index (ηcle) 0.85 –
Parameter a1 in Equation (5) 0.475 –
Parameter a2 in Equation (5) 3318.66 W
Reference temperature (T0) 25 ◦C
Reflectivity of clean mirror (ρ) 0.95 –
Average temperature of the receiver (T ave

r ) 720 ◦C
Table 2
Data referring to the RO system (Karabelas et al., 2018; Koutsou et al., 2020).
Data Value Unit

Salinity of seawater 40,000 ppm
Desalination capacity 300 m3/day
Recovery ratio 0.5 –
No. of pressure vessel 1 –
Elements in each pressure vessel 7 (Spiral Wound Membrane) –
Membrane area of module 37 m2

Number of envelopes 15 –
Membrane sheet length 0.96 m
Membrane sheet width 1.285 m
Water membrane permeability (for seawater at T=25 ◦C) 1.23 [l/(m2 h)]/bar
∆P for friction losses per pressure vessel 136,1 kPa
the temperature of the air is 25 ◦C, and the mirrors are clean)
nd represents the state-of-the-art in parabolic dish technology
ith a solar-to-electric energy conversion efficiency of up to 32%
a record achieved in a similar plant installed by Ripasso Energy
n the Republic of South Africa) (Coventry and Andraka, 2017).

This CSP plant has a high geometric concentration ratio of
517 and a high conversion efficiency ensured by the good optical
fficiency of the concentrator, the high precision of the biaxial
racking system, and the high-performance Stirling engine as it
onsists of four double-acting cylinders equipped with regenera-
ors. Moreover, the used working fluid is hydrogen, which under
he system’s operating conditions has a low viscosity, minimizing
luid-dynamic friction losses (Lo Brano et al., 2022). The main
echnical characteristics of this plant are reported in Table 1.

.2. The RO system

Unlike the modeling of the dish-Stirling system, which is
ased on operating data collected experimentally during the mea-
urement campaign of a real existing plant, a black-box model
s used to assess the energy required by the RO unit during its
peration. This model is based on data found in the literature
Karabelas et al., 2018; Koutsou et al., 2020). Some data of the RO
lant, such as membrane properties and other technical data, are
ummarized in Table 2. However, for more information, readers
re invited to refer to (Karabelas et al., 2018; Koutsou et al., 2020).
As shown in Fig. 4, to consider the effect of the temperature

f the feed water (Tf ) on the total specific energy consumption
f the RO unit, a second-order fitting function was derived from
he data plotted in the following graph, by taking a fixed salinity
alue (Koutsou et al., 2020). More in detail, as shown in (Koutsou
t al., 2020), the SEC curve plotted in Fig. 4 is a result of dif-
erent counterbalancing effects. Indeed, although the increase in
emperature of the feed seawater leads to a beneficial decrease
n water viscosity (thus reducing the energy consumption of
2266
the pump), it involves a substantial increase in solution osmotic
pressure (thus increasing the minimum energy required for the
separation process). For this reason, a minimum SEC value is
found.

Finally, worth noting that the feed water temperature may not
be the same as the seawater temperature (Tsea) if, for example, a
pre-heating unit is provided in the desalination system.

3.3. Details on the installation site

Lampedusa (35.519 N, 12.564 E) is a small island in the Italian
archipelago of the Pelagie Islands in Sicily, with an area of 20.2
km 2 and approximately 5,800 inhabitants.

This island is not connected to the mainland electricity grid
and uses electricity generated through a diesel-fueled thermo-
electric power plant. On the other hand, the water demand is
met by using seawater desalination plants. Lampedusa could be
suitable to host a solar-driven desalination plant such as the one
proposed because of its high level of solar radiation of about
2,107.9 kWh/m2/year.

Fig. 5 shows the hourly direct normal irradiance and air tem-
perature data which were extrapolated from the Typical Meteoro-
logical Year provided by the PVGIS-SARAH2 solar database, with
reference to the decade between 2005 and 2016 (Pfeifroth et al.,
2019). These data were used as input in the dish-Stirling model
to assess the energy producibility of the solar system.

Furthermore, using the same solar data, the hourly frequency
distribution of DNI was derived for frequency classes of 50 W/m2,
and the mean value of air temperature was obtained for each
class (see Fig. 6). It can be noted that the most frequent DNI
value for Lampedusa falls within the DNI range between 800
and 850 W/m2, and the number of annual hours in which a
DNI value higher than 950 W/m2 is observed is less than 10. In
cases like this, as also anticipated in Section 2.2.1, the reference
dish-Stirling solar concentrator, which has been designed for a
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Fig. 4. The specific energy consumption as a function of the feed water temperature
(
Tf

)
(Koutsou et al., 2020).
Fig. 5. Hourly direct normal irradiance and air temperature for the locality of Lampedusa.
.

aximum DNI value of 960 W/m2, if installed in Lampedusa,
ill almost always operate at a power level below its maximum
nd therefore could be optimized to maximize its annual energy
roduction.
To evaluate the specific energy consumption of the RO unit,

he variable value of the seawater temperature was determined
s a sinusoidal function of the progressive day of the year (see
ig. 7). This function, calibrated on the monthly average seawa-
er temperature values for Lampedusa (Weather stats: forecast,
tatistics, analysis, 2022), is reported in Eq. (14) below.

sea = 20.6553 + 6.1699 · sin
[
3.72936 +

2πn
365

]
(15)

In this work, it was considered the water demand of a district
f Lampedusa (about 600 people) is approximately 61,161 m3/year
ig. 8 shows the monthly aggregate water demand and the hourly
verage water demand for each month.
2267
3.4. Assumptions for the economic analysis

As previously mentioned in Section 2.3, the LCOW values
enable the comparison of different technologies for the produc-
tion of desalted water. Table 3 provides the values of all input
variables used to calculate the LCOW (see Eqs. (10) to (13)) for
the proposed solar-driven seawater reverse osmosis plant.

Specifically, to evaluate the investment cost related to the
desalination unit, literature data were used, and a capital ex-
penditure (capex) of e3,914/(m3 year) was considered for the
investigated SWRO plant, which has a small desalination capacity
of less than 1000 m3 per day. This led to an investment cost(
IRO0

)
of e239,378.00 (Caldera and Breyer, 2017). For the same

plant, regarding the operating expenses (opex), it was assumed
that they were equal to 5% of the capital expenditures (Caldera
et al., 2016).

Unlike the assumed costs for the SWRO plant, the investment
and operational costs assumed for the dish-Stirling plant consider
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Fig. 6. Hourly-frequency distribution of DNI and mean values of air temperature for each class of DNI for Lampedusa.
Fig. 7. The plot of the sinusoidal function of seawater temperature (Tsea) as a function of the progressive day of the year.
Table 3
Input variables of the LCOW metric.
LCOW input variables Value Unit

Seawater reverse osmosis plant

Capital expenditure (capex) (Caldera and Breyer, 2017) 3.914 [=C/(m3 year)]
Operating expenses (opex) (Caldera et al., 2016) 0.195 [=C/(m3 year)]
Purchase cost of electricity from the grid

(
cenergy

)
0.223 [=C/kWh]

Solar fraction (fsol) 48 [%]
Annual energy demand

(
ERO
t

)
110.32 [MWh/year]

Annual amount of produced fresh water
(
Mw,t

)
61,161 [m3/year]

Lifespan (N) 20 [years]
Discount rate (i) (Papapetrou et al., 2017) 8 [%]

Dish-Stirling solar concentrator

Total investment cost
(
IDS0

)
172,028.00 [=C]

Annual operating cost
(
CDS
t

)
2,622.31 [=C/year]

Annual exported energy surplus to the grid
(
EDS
exs, t

)
9.49 [MWh/year]

Selling price (pex) 0.04 [=C/kWh]
2268
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Fig. 8. Monthly aggregate water demand and the hourly average water demand for each month of Lampedusa.
Fig. 9. Global weighted average installed costs of solar technologies.. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
the actual costs incurred for the installation of the prototype plant
referred to in Section 3.1, which occurred in 2017. Starting from
the total installed cost incurred in 2017, which was e6,391.4/kW,
cost reduction assumption over time was applied, taking into
ccount the possible effect of increased installed capacity re-
ulting from greater market diffusion. Parabolic dish technology
s currently the least commercially mature among other CSP
echnologies. For this study, it was assumed that starting from
017, the total installed costs of the parabolic dish concentrator
echnology were affected by the same negative trend that has
een seen in the costs of other CSP technologies, namely parabolic
roughs, central towers, and Fresnel reflectors, in accordance with
ata published by the International Renewable Energy Agency
IRENA) (see green line in Fig. 9).
2269
Under these assumptions, capital expenditure of e5,375.88/kW
(reduced by 16% compared to the actual costs incurred for the in-
stallation of the Palermo dish-Stirling system) and an annual cost
for the maintenance and operation of the system of e2,622.31
per year were assumed. The same reduction trend was applied to
these latter maintenance costs as to the total investment cost.

For the calculation of costs corresponding to the purchase of
electricity from the grid

(
cenergy

)
, a purchase cost of e0.223/kWh

(see Table 3) was considered. This value was calculated as the
mean of the annual average purchase cost of electricity (in Italy
indicated as Prezzo Unico Nazionale – PUN) for the years 2021,
2022, and 2023. As shown in Fig. 10, a forecast was made for
2023, assuming that, given the values for the first quarter, the
purchase price of electricity would continue to rise for the rest
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Fig. 10. The assumption for the forecast of the purchase price of electricity from the grid in 2023.
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f the year with the same growth trend recorded for 2021. The
rend in purchasing costs on the national grid for 2022 was not
onsidered because, as can be seen from Fig. 17, it was extremely
ariable due to interruptions in gas supply through Ukraine that
aused instability in the prices of gas and other fossil fuels in
estern Europe and the consequent increase in electricity prices,

ince in Italy electricity is produced for about 50% from natural
as (IEA, 2023).

. Results and discussion

This section presents the results obtained from the study
onducted on fresh water production using the reverse osmosis
esalination system integrated with a dish-Stirling solar concen-
rator, operating in a purely electric mode or cogeneration mode
when the waste heat from the Stirling engine is recovered to
re-heat the seawater feeding the desalination plant). In addition,
esults obtained from economic and environmental analyses for
he same integrated system are also outlined.

.1. The optimal dish-stirling system configuration for Lampedusa

As shown in Fig. 6, the peak of the hourly DNI frequency
btained for Lampedusa corresponds to an average DNI value of
25 W/m2, while the reference dish-Stirling plant was designed

for a maximum DNI value of 960 W/m2. Therefore, as explained
n Section 2.2.1, an optimization study was carried out to find
suitable geometric configuration of the solar concentrator for

he solar characterization of Lampedusa. In other words, different
onfigurations of the solar concentrator were explored, each with
n increasingly reflective surface to lower the maximum operat-
ng limit of the Stirling engine to the most probable DNI value
i.e. the peak value of the hourly DNI frequency distribution) for
ampedusa. As shown in Fig. 11, this optimization objective was
chieved for a reflective surface of the collector increased by 20%
127.2 m2) compared to that of the reference system (106 m2).
his optimized dish-Stirling system configuration allows for an
nnual energy production of about 62.6 MWh, 25% more than the
eference system configuration (∼50 MWh/y) in Lampedusa.
2270
.2. Results from annual simulations

Before showing data on annual water production and energy
onsumption of the integrated system, it is worth discussing
ome preliminary results which prove the capability of the pro-
osed model in supporting the analysis of these systems. For
nstance, Fig. 12 shows the hourly production of fresh water
rom the solar-powered SWRO system. The thickening of the
olumns for the central hours of the year (as highlighted by the
ed box in Fig. 12) suggests a higher water production during the
ummer when the highest irradiation is available. A comparison
etween Figs. 12 and 8 reveals a temporal matching between the
aximumwater production from the solar source and the highest
ater demand.
Focusing on a clear sky summer day, Fig. 13 shows the fol-

owing profiles: the total demand of the RO plant (light blue),
he total energy production of the solar field (orange), the energy
utput from the solar field delivered to the RO plant (green),
nd the energy demand of the RO plant provided by the grid
purple). Note that the grid supplies the SWRO plant during the
arly morning and sunset (purple line) when the DNI values are
ower than the cut-in value. Additionally, the light orange shaded
rea corresponds to the surplus energy produced by the solar field
hat is not consumed by the desalination plant and sold to the
rid. This accounts for almost 7.4% of the total energy produced
y the concentrator.
As previously mentioned, the model accounts for the variation

f SEC value with the temperature of the feedwater (see Fig. 7). It
s interesting to show the accuracy gained compared to a model
hich relies on a constant value of feedwater temperature.
Fig. 14 shows that the electricity consumption of the RO unit

s overestimated by about 7 MWh per year if a constant value of
he feedwater temperature is assumed. This quantity corresponds
o about 11% of the annual net electricity produced by the dish-
tirling system. Indeed, as will be shown later (see Fig. 14), the
nnual electricity production of the examined solar concentrator
s about 62.6 MWh.

As shown in Fig. 15, the annual cumulative electric energy
roduction of the dish-Stirling system, operating in cogenerative
ode, amounts to about 62.6 MWh. At the same time, the annual
umulative electricity required by the RO plant is 110.32 MWh
nd the annual amount of electricity exported to the grid is 9.49
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Fig. 11. Optimization of the dish-Stirling solar concentrator for Lampedusa.
Fig. 12. Hourly fresh water production from the solar-powered SWRO system.
Wh. In percentage terms, it has been found that annually 85%
f the electricity generated by the solar field would be used
o cover part of the energy demand of the SWRO plant, while
he remaining 15% would be sold to the grid. Therefore, a solar
raction of the SWRO plant of about 48% was achieved on an
nnual basis, with solar fraction referring to the fraction of energy
emand covered by the solar source. The remaining 52% of the
nergy demand of the SWRO system would be provided by the
rid.
2271
Fig. 16 shows that the amount of fresh water produced by
using electricity from the solar concentrator accounts for approx-
imately 36% of the total water demand. The remaining fraction of
the demand is covered by using electricity from the power grid.

Finally, the simulations were repeated to quantify the effect of
the absence of feedwater preheating on the electricity required by
the RO system. Fig. 17 shows the annual cumulative curves of the
energy requirement of the RO unit in the presence and absence
of heat recovery. It is possible to observe that the feedwater
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Fig. 13. Output and input power of the examined solar-driven SWRO for a summer day (6th August).. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 14. Electricity required by the RO unit in the case of variable and constant feedwater temperature values.

Fig. 15. Annual cumulative curves of the electricity.

2272
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Fig. 16. Fraction of water demand covered by RO system driven by electricity from CSP plant and power grid (with heat recovery).
Fig. 17. Annual cumulative curves of electricity required by the RO unit in the presence and absence of heat recovery.
preheating did not lead to a sensible reduction in the energy con-
sumed by the desalination system. More specifically, calculations
revealed that this reduction amounts to about 1% and the solar
fraction decreases from 0.48 down to 0.47.

4.3. Results of economic and environmental analyses

Under the assumptions defined in Section 3.4, an LCOW value
of e1.082/m3 was obtained for the seawater reverse osmosis
desalination plant integrated with a dish-Stirling concentrator.
This value appears to be consistent with the data reported in the
literature (Caldera et al., 2016).

From an environmental point of view, the electricity generated
by the dish-Stirling system, which amounts to 62.6 MWh per
year, would allow for avoiding the emission of 34.16 tons per
year. Worth noting that this environmental indicator accounts
only for the operating phase of the system.

5. Conclusions

In this study, a 3-E analysis of an SWRO desalination system
coupled with a dish-Stirling solar concentration system was car-
ried out. The analysis investigated the possibility to cover part
of the electrical loads of the high-pressure pump and booster
2273
pump, which were included in the RO plant, by using the en-
ergy generated by a dish-Stirling system operating in ‘‘pure elec-
tric’’ and ‘‘cogenerative’’ mode. Indeed, the energy savings re-
sulting from feedwater pre-heating realized by recovering the
low-temperature heat discharged on the cold side of the Stirling
engine were evaluated. The results of hourly simulations car-
ried out through the model developed in TRNSYS revealed that
the energy production of the cogenerative dish-Stirling, which
amounted to approximately 62.6 MWh per year (in Lampedusa),
would cover 48% of the overall electrical energy consumption of
the RO unit. Meantime, about 36% of Lampedusa’s water demand
could be met using renewable electricity. Finally, these results
were compared with those obtained in case of no preheating of
the RO feed water. Therefore, it was observed that pre-heating
the water led to approximately 1% of energy savings. The eco-
nomic analysis was conducted using the LCOW methodology,
which resulted in a cost of e1.08 per cubic meter of fresh water,
consistent with the data reported in the literature. It was also
found that, from an environmental perspective, the system would
avoid emitting 34.16 tons of CO2 equivalent emissions per year.
Overall, these results demonstrated the potential benefits of inte-
grating renewable energy sources with desalination systems for
sustainable water production in island communities.
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OMENCLATURE

Symbols
a1 fitting parameter of the linear relationship

of Eq. (5) [-]
a2 fitting parameter of the linear relationship

of Eq. (5) [W]
Adish net effective area of the reflector [m2]
Ar aperture area of the receiver [m2]
cenergy cost related to the purchased electricity

[e/kWh]
CRO
energy, t costs related to the energy purchased from

the national grid [e]
CRO
M, t maintenance costs of the desalination plant

[e]
Ct annual operation cost [e/year]
CRO
t annual operation cost for the SWRO plant

[e/year]
CDS
t annual operation cost for the dish-Stirling

plant [e/year]
CO2

av annual amount of avoided CO2 emissions
[tons/year]

EDS
exs, t annual surplus of energy produced by the

solar concentrator and exported to the grid
[kWh/year]

Ėn net electrical output power of the
dish-Stirling system [W]

Ėp electric power absorbed by the parasitic
components [W]

Er renew. annual production of electricity from solar
energy [kWh/year]

ERO
t annual energy demand of the SWRO

[kWh/year]
fsol fraction of the energy demand met by solar

source [%]
hr free convective heat-transfer coefficient at

the receiver surface [W/(m2 K)]
i discount rate [%]
Ib solar beam irradiance [W/m2]
I0 initial capital investment [e]
IRO0 capital investment cost for the SWRO plant

[e]
IDS0 capital investment cost for the dish-Stirling

plant [e]
Mw,t total amount of desalinated water

produced in year tth [m3/year]
n progressive day of the year [-]
N lifespan of the plan [years]
pex selling price to the grid [e/kWh]
Pf pressure of feed seawater [bar]
Pp pressure of permeate water [bar]
Q̇r,in solar input power of the receiver [W]
Q̇r,out thermal output power of the receiver [W]
Q̇solar solar input power collected by the

paraboloidal reflector [W]
Q̇S,in high-temperature thermal power delivered

to the Stirling engine [W]
Q̇S,out low-temperature thermal power

discharged from the cold side of the
Stirling engine [W]

R permeate recovery ratio [-]
Rt revenue resulting from the sale of surplus

electricity produced by the solar
concentrator [e/year]
t

2274
RT air temperature correction factor [-]
SEC Specific Energy Consumption [kWh/m3]
Tair external air temperature [◦C]
Tf feed water temperature [◦C]
Tsea seawater temperature [◦C]
T ave
r average value of the receiver surface

temperature [◦C]
Tsky the effective sky temperature [◦C]
V̇p permeate water flow rate [m3/h]
ẆS mechanical power produced by the Stirling

engine [W]
Wtot total power required by the hydraulic

pumps [kW]
Greek letters
α absorbance of the receiver cavity [-]
β leakage water flow rate fraction [-]
γ intercept factor [-]
∆P pressure difference across the reverse

osmosis unit [bar]
ε emissivity of the receiver surface [-]
η efficiency of the two pressure pumps in the

circuit [-]
ηcle cleanliness index of the mirrors [-]
ηe energy conversion efficiency of the electric

generator [-]
ηE efficiency of the energy recovery device [-]
ηo optical efficiency of the concentrator [-]
µ

CO2
fuel
mix

median value of lifecycle GHG emissions
[kgCO 2e/kWh]

ρ reflectivity of clean mirrors [-]
σ Stefan–Boltzmann constant [W/(m2 K4)]
Abbreviations
BP Booster Pump
capex Capital expenditure
CO2 Carbon Dioxide
CSP Concentrating Solar Power
ERD Energy Recovery Device
DNI Direct Normal Irradiance
GHG Greenhouse Gas
HEX Heat EXchanger
HPP High-Pressure Pump
IEA International Energy Agency
IRENA International Renewable Energy Agency
LCOW Levelized Cost of Water
MED Multi-Effect Distillation
MSF Multi-Stage Flash
opex Operating expenses
PUN Prezzo Unico Nazionale – purchase cost of

electricity
PV Photovoltaic
PVT Photovoltaic–Thermal solar collector
RES Renewable Energy Sources
RO Reverse Osmosis
SEC Specific Energy Consumption
SWRO Seawater Reverse Osmosis
TRNSYS Transient System Simulation Tool
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