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a b s t r a c t

This work investigates the design of optimal tri-generation systems for heat, power and water
production via multiple fuel selections, thus aiming to reduce the reliance on fossil fuel consumption.
Generally speaking, tri-generation systems are associated with high levels of carbon dioxide emissions
to meet energy and water production requirements. Hence, a shift towards more renewable energy
sources can assist in partially reducing the environmental damage associated with standard tri-
generation operations. Since the switch from fossil fuels to renewable energy is very costly, hybrid
energy systems were found an appealing solution that could allow a gradual reduction of carbon
emissions. Hence, the novelty aspect of this work is the ability to generate cost-effective tri-generation
systems that incorporate optimal hybrid energy selections and utility generation routes, subject to
specific net carbon reduction targets (NCRT). As such, four different energy sources (natural gas,
biomass, municipal solid waste (MSW) and Concentrated Solar Power (CSP) were investigated, together
with five different routes for steam expansion and electricity production using a Mixed Integer
Nonlinear Program (MINLP), including technical, economic and environmental constraints. In order
to study the effect of different fuel selections, energy production operations, and water production
routes on the performance of tri-generation systems, data from three different desalination plants
(located in USA, Cyprus and Qatar) were used. The results obtained show that energy requirements for
desalination greatly affects the order of selection of energy sources. In general, biomass was identified
as the best alternative to replace natural gas at NCRT values below 40%. On the other hand, MSW
incineration using grate-fired and fluidized bed boilers became more desirable for steam production
when higher NCRT values were utilized. The water production costs (WPC) of a standalone CSP system
integrated with each of the studied plants, having a feedwater salinity of 33.5, 41.8 and 45 g/L, were
estimated at 1.739, 2.233 and 2.67 USD/m3, respectively. In addition, an average incremental increase
of 5.5% in the WPC has been observed during seasons that provide the lowest solar availability values.

© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Cogeneration systems are often referred to as combined heat
nd power (CHP) systems, which allow the simultaneous process
roduction of multiple energy streams, usually in the form of
hermal energy (in the form of heat) and electrical energy (in the
orm of power). Since cogeneration systems are very well estab-
ished and proven schemes for energy production, tri-generation
ystems are generally based on a pre-existing cogeneration setup,
hich then integrates additional units such as the presence of an
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E-mail address: sabla@qu.edu.qa (S.Y. Alnouri).
ttps://doi.org/10.1016/j.egyr.2022.12.025
352-4847/© 2022 The Authors. Published by Elsevier Ltd. This is an open access art
absorption chiller or a desalination unit, so as to generate cool-
ing/water simultaneously together with energy production (Uche
et al., 2019). It has been reported that a 90% thermal efficiency
could be achieved using tri-generation systems, especially for
applications that involve commercial and industrial facilities (Liu
et al., 2014).

Due to the high effectiveness of tri-generation systems in
terms of producing multiple utility outlets simultaneously, the
design and optimization of such systems is now emerging into
an imminent research area, aiming for more sustainable de-
signs (Tariq et al., 2022), including more renewable and envi-
ronmentally friendly options (Rostami et al., 2021). However, the
presence of many energy sources and utility generation routes
makes the design of such systems complex and time consuming.
icle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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oreover, the shift towards carbon neutral systems is expensive
ue to the high costs of renewable energy technologies which
equires the intervention of some cheaper energy sources that are
haracterized by lower carbon emissions than fossil fuels, such
s biomass and municipal solid waste. Therefore, designing cost-
ffective hybrid tri-generation systems that could meet specific
arbon reduction targets is vital.
The aim of this work is to design a hybrid tri-generation sys-

em that helps policy makers in selecting the best energy sources
o be integrated tri-generation system, while meeting certain en-
ironmental constraints. Although the integration of concentrated
olar power, biomass and fossil fuels with desalination has been
idely studied and evaluated in literature, the optimization of
superstructure that includes a variety of technologies in each
tage of the tri-generation process has not been tackled yet.
n this context, Klaimi et al. (2021) first proposed an effective
odel for the design of tri-generation systems that involve three
ifferent pressure levels of steam, power and freshwater simul-
aneously, using a standalone CSP facility as the only possible
nergy source. Subsequently, Klaimi et al. (2022) introduced a
election of different energy sources for tri-generation systems,
hilst fixing the steam expansion and power generation block.
nlike the previous work by Klaimi et al. (2022), this work allows
he simultaneous optimization of different steam expansion and
ower generation options, whilst considering multiple energy
ource selections.
The novelty of this work is mainly manifested through the

bility to optimize the fuel selections for energy production in
ddition to optimizing the technologies used within the tri-
eneration system (a three-stage process for steam, power and
ater production), simultaneously. According to Klaimi et al.
2022), optimal solution for a fixed tri-generation configuration
ere found very sensitive to the specifications of the embedded
echnologies and many other parameters related to the location
f the desalination plant, solar availability, land footprint, and fuel
osts. It was reported that any change in one of these parameters
ould ultimately result in a different optimal configuration of
he system (Klaimi et al., 2022). As such, the effects of incor-
orating various energy sources, including natural gas, biomass
nd municipal solid waste to the CSP integrated tri-generation
ystem presented by Klaimi et al. (2021), were considered while
imultaneously exploring five different energy production routes
or steam expansion and power generation.

. Literature review

Many studies in literature have addressed and assessed tri-
eneration systems from different perspectives (Petrillo et al.,
021). For instance, Jafary et al. (2021) compare two solar pow-
red tri-generation systems from both energetic and exergetic
iewpoints. Li et al. (2022a) have worked on the thermo-
conomic assessment and optimization of a geothermal driven
ri-generation system for power, cooling and hydrogen produc-
ion. A weather-based energy system consisting of a tri-
eneration unit, photovoltaics and water-cooled chiller was
roposed by Chen et al. (2022). Jamaluddin et al. (2022) have
ddressed transmission losses associated with tri-generation sys-
ems, which is a significant problem due to the presence of
riction in pipelines and the electric grid during the distribu-
ion of energy from a total site to end users. You et al. (2022)
resented the design and analysis of a solar energy driven tri-
eneration plant for power, heating and refrigeration. A detailed
hermodynamics model has been developed in this work to
etermine the performance of the plant for many different con-
itions. Tariq et al. (2022) proposed a holistic analytical and
mart management approach to investigate the performance of
774
a renewable based tri-generation system generating power, cool-
ing and domestic hot water. In their work, Tariq et al. (2022)
consider economics, reliability, as well as risk and environmental
aspects. Besides power, heating and cooling, various studies have
combined desalination technologies with tri-generation systems
for freshwater production. Abdelhay et al. (2022) presented an
innovative tri-generation system integrating a combined nano
filtration-multi effect desalination system to absorption chiller,
steam Rankine cycle, parabolic trough collector and auxiliary nat-
ural gas-fired heater. A novel small-scale combined desalination,
heating and power system has also been proposed by Saini et al.
(2021). Li et al. (2022b) developed a two-objective optimiza-
tion model for a hybrid solar-geothermal system with thermal
energy storage that involves power, hydrogen and freshwater
production. Similarly, Abdolalipouradl et al. (2020) conducted
a thermodynamic and exergo-economic analysis for two novel
tri-generation cycles that can generate power, hydrogen and
freshwater using geothermal energy. Anand and Murugavelh
(2019) utilized a concentrated photovoltaic/ thermal collector
together with a hybrid system design for the production of
power and water. Anand and Murugavelh (2019) analyzed the
performance of their system throughout the day during summer
and winter, and investigated the effect of meteorological variables
such as PV efficiency, desalination yield, hot water and chilled air
temperatures, onto the system performance.

The aforementioned studies investigated the integration of
various energy sources into tri-generation systems. However, so-
lar driven multi-generation systems remain the most preferred
type of energy systems to be used as a renewable energy option,
due to their ability to meet carbon emission reduction targets
while meeting heat and power demands. More specifically, con-
centrated solar power is one of the most integrated solar systems
together with seawater desalination, due to its exceptional capa-
bility of generating both thermal and electrical energy for desali-
nation. However, as it is well known, CSPs are associated with
several challenges. Those include high capital costs, large land
requirements and solar intermittency. Therefore, many research
studies have addressed both standalone and hybrid CSP sys-
tems, from such perspectives. As such the need to consider other
waste-derived fuel types, such as biomass and municipal solid
waste (MSW) for energy production in tri-generation systems,
becomes a necessity for overcoming some challenges associated
with CSP (Menikpura et al., 2013). Omar et al. (2021) presented a
techno-economic optimization of a cascade multi-effect distilla-
tion system integrated with a CSP-sCO2 power plant. Jamshidian
et al. (2022) assessed a hybrid RO-MED desalination plant coupled
with a solar CSP system from technical and economic perspec-
tives. Klaimi et al. (2021) proposed a cost-effective design of
a CSP tri-generation system integrated with a hybrid RO-MSF
desalination plant. As for hybrid energy systems, Khosravi et al.
(2021) investigated the energy and economic performance of a
novel biomass–solar hybrid system for electricity and water pro-
duction in Brazil. Similarly, Algieri and Morrone (2022) studied
a solar–biomass hybrid energy cogeneration system, while Xu
et al. (2022) investigated a poly-generation system for electricity,
hydrogen and freshwater generation from biomass. Dajnak and
Lockwood (2000) presented the benefits of using a MSW-based
desalination system by evaluating the amount of freshwater gen-
eration from a reverse osmosis unit that is integrated with a
municipal solid waste incineration and a gasification unit. Najjar
et al. (2021) conducted a feasibility study to assess the integra-
tion of RO together with a hybrid energy system based on the
anaerobic digestion of organic fractions in municipal solid waste.
Similarly, de Sá Moreira et al. (2022) presented an energetic
and economic feasibility analysis for a municipal solid waste
incineration driven desalination plant in Brazil.
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Fig. 1. General structure of tri-generation system.
As previously mentioned, one of the fundamental incentives
or investing in solar energy is the significant reduction in CO2
missions, unlike the unrestricted fossil fuel consumption which
s always correlated with increased GHG emissions. Moreover,
overnment agencies and scientific communities have identified
he energy and desalination sectors as the most critical sectors
hat need immediate attention for meeting decarbonization ob-
ectives (Jimenez-Navarro et al., 2020). Therefore, many studies
ave investigated the environmental benefits associated with
ulti-generation systems, especially the integration of renewable
nergy technologies with various processes. For instance, a PV-
O system coupled with a backup diesel generator that was
roposed by Fthenakis et al. (2016) proved that it prevent up
o 832 million tons of CO2 annually. Mannan et al. (2019) also
identified different scenarios for coupling MSF desalination with
renewable energy in Qatar. They found that a 13% reduction in
CO2 emissions is attainable, by using a 20% contribution of solar
power for thermal energy generation. Klaimi et al. (2019) pre-
sented an optimization model that couples renewable and hybrid
energy options together with desalination systems, for carbon
footprint reduction. In this work, Klaimi et al. (2019) mainly
focused on the possible use of energy sources that are mainly
for water production routes, without any co-generation of heat
and power within the process. Tariq et al. (2022) performed a
lifecycle assessment to analyze the environmental implications of
a proposed solar driven tri-generation system, which in turn in-
dicated a CO2 saving potential of 6646, 4883, and 2878 tons/year
in comparison to coal, fuel oil, and natural gas based systems,
respectively.

Previous studies were found to be very limited in terms of
he fuel options and energy generation technologies that were
ncorporated in tri-generation system. More specifically, explor-
ng different steam and power technologies in tri-generation
ystems were primarily as conducted as standalone projects, and
ery few studies considered more than one fuel. As such, this
ork addresses a variety of technical, economic and environ-
ental aspects in the design of tri-generation systems integrated,
ith multiple types of fuel and energy generation technologies

nvolved.

. Process description

The general structure of the tri-generation system, shown in
ig. 1, is divided into three main sections: (1) Very high pressure
775
(VHP) steam generation section, (2) steam expansion and power
generation section, and (3) freshwater generation section. Each
of these sections present various options which are the different
technologies that could be utilized for the production of the target
utility. For instance, a combination of conventional and renewable
energy sources can be incorporated within the first section of
the system to generate VHP steam. Moreover, steam generation
could take place using different technologies for the same type of
fuel. Hence, this section presents a significant number of potential
technologies for steam generation. This steam is expanded in the
second section of the system for the generation of low pressure
(LP) and very low pressure (VLP) steam. This expansion could
happen through different routes and technologies depending on
the required properties and amounts of LP and VLP steam. In
addition, the expansion of VHP steam is associated with the
generation of electric and shaft work when turbo-generators and
drivers are utilized for this process. The utilities produced in the
second section of the system are needed to drive the desalination
process taking place in the freshwater generation section. On the
other hand, the VLP steam produced is condensed, deaerated and
redirected to the first section of the system as a boiling feedwater
(BFW) stream. Finally, various thermal and membrane desalina-
tion technologies can be embedded within the third section for
freshwater generation, while a small fraction of the generated
water can be utilized as a makeup stream for BFW.

As previously mentioned, the design of stage 2 and 3 has
been adopted from Klaimi et al. (2021). All the technologies and
utilities generation routes that are considered in this work are
combined into one superstructure, represented in Fig. 2, to be
optimized based on the specifications of the desalination plant
integrated with the system. Therefore, a mathematical model
was formulated to solve for the optimal configuration of the tri-
generation system through the selection of the most appropriate
and cost-effective technologies, in addition to the flowrates of all
respective inlet and outlet streams while meeting the require-
ments of the system. A summary of the mathematical formulation
has been provided in the supplementary material file.

4. Case study

The proposed superstructure which was presented in
Section 3, has been investigated using three different operating
desalination plants. The three selected plants for which the model
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Fig. 2. Superstructure of tri-generation system.
as implemented are: (1) Carlsbad desalination plant in USA,
2) Dhekelia desalination plant in Cyprus, and (3) Ras Abu Fontas
RAF) A2 desalination plant in Qatar. The plants that were cho-
en for this case study were selected as representative cases
or different desalination technologies and operating conditions.
oreover, those plants are located across several different regions

hat are characterized by different seawater salinity and direct
ormal irradiance (DNI) conditions. Those differences were then
sed to study the effect of several important parameters (such
s the plant capacity, the feedwater salinity, the DNI values, and
he desalination technologies) on the optimal selection of energy
ources, and on the optimal configuration of the tri-generation
ystem to be integrated. Direct normal irradiance is defined as
he amount of solar radiation received per unit area by a surface
hat is held perpendicular to the rays that come in a straight line
rom the direction of the sun (Cleveland and Morris, 2013), and
t is one of the most crucial aspects when assessing the technical
oncept for a CSP plant, since it determines the maximum amount
f heat that could be generated from a CSP facility per unit area.
Regarding desalination technologies, the reverse osmosis (RO)

echnology is used in both Carlsbad and Dhekelia plants. On
he other hand, the RAF plant was the only desalination plant
hat employs a thermal desalination technology using multi-stage
lash (MSF), amongst those three. Hence, the energy requirements
f RAF is expected to be slightly different when compared to
he other two plants, since thermal desalination is well-known
or being energy intensive and requires thermal and electrical
nergy, while RO operates using electrical energy only. Such dif-
erences will certainly help in understanding the effects of using
ifferent desalination technologies on the selection of the optimal
nergy sources and power block technologies, when subjected
o a specific carbon reduction target. Since seawater salinity and
irect normal irradiance are two very important parameters that
re highly dependent on the location of the desalination plant,
nd since those plants are located in different regions, it was also
ery important to incorporate the effects of such aspects onto the
verall performance of the model. Hence, an efficient comparison
etween the optimal desalination system configurations that are
enerated from the proposed model allows the identification of
he most appropriate energy technologies to be embedded within
he tri-generation system, based on different seawater salinities
nd solar availabilities.
All the parameters and costs related to the technologies and

uels involved in this study are provided in the supplemen-
ary material of this work. Table S.1 summarizes all the pro-

ess, economics and environmental data related to the three

776
Fig. 3. Daily energy requirements of desalination plants.

described plants above. Table S.2 represents the maximum avail-
able amounts of biomass and municipal solid waste that are
available in each respective regions for every plant, which in
turn could be utilized as part of the integrated energy system.
In addition, the maximum and minimum monthly averaged DNI
values are also provided, which correspond to the best and worst
case scenarios for each plant location, respectively. Fig. 3 also
provides the daily thermal and electrical energy requirements for
each desalination plant.

The amount of electrical energy required by Carlsbad and RAF
plants are very close, as shown in Fig. 3. The higher product
water capacity of Carlsbad combined with its lower energy con-
sumption per unit of water when compared with RAF yielded
similar electrical energy consumption values. On the other hand,
although the capacity of Dhekelia is approximately one third of
Carlsbad, the amount of electrical energy required by the Cypriot
plant represents 47% of the amount required by Carlsbad, due to
the higher feedwater salinity which necessitated an additional
amount of electrical energy for desalination. Since RAF is the
only thermal plant, it requires a daily amount of thermal energy
estimated at 4300 GJ, while no thermal energy was required for
Carlsbad and Dhekelia.

As mentioned in the process description, there exist five dif-
ferent steam generation technology options that are available
to operate the desalination energy system of each plant. Those
five different technologies are: (1) the natural gas boiler, (2) the
biomass boiler, (3) the MSW fluidized bed boiler, (4) the MSW
grate fired boiler and (5) the CSP option. The proposed model is
capable of choosing the optimal energy mix for each desalination
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etup. Table S.3 summarizes the main parameters related to the
ifferent fuel options available, while Table S.4 represents the
apital and operating costs of the different boiler options, as well
s the corresponding fuel costs for each. All costs related to the
SP facility have been obtained from Gunawan et al. (2019). It
hould be noted that for the grate firing system option, disposal
lants in several countries usually receive a fee for the to-be-
reated waste (Hasan and Ahsant, 2015). Therefore, the waste
ost associated with this particular technology was assumed to
e negative.
First off, the effect of incorporating all different energy sources

imultaneously within the tri-generation system, on the water
roduction cost was investigated, using the Carlsbad desalination
lant as an example. The results of which are summarized in
ection 4.1. Sections 4.2–4.4 then include a more detailed dis-
ussion for the optimal tri-generation configurations that have
een identified for each selected desalination plant in this study
Carlsbad, Dhekelia, and RAF), based on a prescribed net carbon
eduction target.

.1. Incorporating all energy sources simultaneously

Whether the aim is to switch from conventional to non-
olluting renewable energy, or to reduce carbon dioxide emis-
ions of an energy system by a certain factor, the notion of
ncorporating different energy sources simultaneously within a
ingle tri-generation system might not always be a good strategy
o adopt. Hence, it is always favored to test out which of the
vailable energy sources are optimal for each case, especially
hen those cases are based on differing carbon reduction targets.
he effects of combining different energy sources together on
he overall design of a desalination system is also reflected in
he overall water production cost. Capturing such effects are very
seful, especially when the desalination plant is in a transitional
eriod, and it is required to understand which of the different
nergy source are favored while making a transition to cleaner
uels, so as to reduce the net carbon emissions from desalination
ctivities. In order to clarify this aspect, it has been assumed that a
ri-generation system is integrated with the Carlsbad desalination
lant. In this scenario, a minimum energy contribution has been
qually imposed on all energy options simultaneously, and the
esign of the system was investigated for a series of energy
ontributions ranging from 0 to 25%. The results obtained are
hown in Fig. 4, in which two NCRT cases have been presented
0% and 60%), while the water production cost and carbon re-
uction corresponding to each case have been specified. Each of
hose NCRT cases have been carried out using different minimum
nergy contributions.
At 0% NCRT, when no minimum energy contribution was im-

osed on the energy sources, the results showed that natural gas
s the optimal option. Therefore, it was the only fuel selected to
over the energy requirements of the desalination plant resulting
n a WPC of 0.715 USD/m3. When a minimum energy contri-
ution of 5% was imposed on all sources, the water production
ost increased to 0.779 USD/m3. This increase was due to the
ontribution of biomass, solid waste and CSP in energy generation
s they are all more expensive than natural gas. Since no carbon
eduction was required in this case, the contributions of these
hree sources were exactly equal to the minimum imposed frac-
ion of 5%, while the remaining 85% of energy was generated from
atural gas. This confirms that the selection of biomass, MSW and
SP was forced by the system in order to satisfy the constraint
f minimum contribution. When the minimum contribution was
urther increased to 10, 15, 20 and 25%, the same selection
f energy options was noted, meaning that, in all these cases,
iomass, MSW and CSP only generate the minimum fraction of
 s

777
Fig. 4. WPC and carbon reduction of artificial case.

nergy, while natural gas covers the remaining amount needed.
oreover, the WPC increased by almost 44% when the minimum
nergy contribution was set to 25%. Although all the studied cases
ere conducted under 0% NCRT, the energy production from
iomass, MSW and CSP was associated with a carbon reduction
hich was found to be proportional to their contribution. In fact,
56% carbon reduction could be achieved from an equal energy
ontribution of 25%.
At 60% NCRT, Fig. 4 shows that the water production cost fol-

ows the same behavior as that with no carbon reduction target.
owever, the main difference between the two cases lies in the
ptimal energy sources that were selected for each minimum
nergy contribution value. Since a 60% carbon reduction was
equired, natural gas was not an appealing option anymore due
o the high carbon emissions associated natural gas fuel com-
ustion. Therefore, when no minimum contribution was imposed
n the system, a combination of biomass and MSW resulted
n the lowest WPC estimated at 0.831 USD/m3. Similarly, when
a minimum equal contribution was required from all available
sources, the contribution of natural gas and CSP was forced to
satisfy the minimum amount, while the remaining amount of
energy was covered by biomass and MSW. On the other hand, it
is important to note that there was a slight change in the linear
behavior of the WPC values obtained up until 20%. Increasing the
minimum energy contribution value from 20% to 25% resulted
in the selection of a fluidized bed boiler for MSW incineration
instead of grate fired boiler. This change in the type of boiler
allows the system to meet its carbon reduction target at 60%,
since fluidized bed emissions are much lower than the grated
fired boiler option. This new selection in the type of boiler chosen
was associated with additional costs, hence resulting in a total
WPC of 1.078 USD/m3. Another interesting feature of the 60%
CRT cases was also realized. The optimal solutions that were
ttained at 60% NCRT always achieved a higher carbon reduction
or each minimum contribution percentage that was studied,
nlike the 0% NCRT cases.

.2. Carlsbad plant case

The Claud ‘‘Bud’’ Lewis Carlsbad desalination plant is located
n the state of California. It is the largest, most technologically
dvanced and energy-efficient seawater desalination plant in the
ation (Carlsbad Desalination, 2017). This plant delivers nearly
90,000 m3 of fresh desalination water daily to San Diego county
sing a total of 16,000 RO membranes. The main energy sup-
lier of Carlsbad desalination plant is San Diego Gas and Electric
SDG&E) plant which currently generates 45% of its energy from

olar panels and 55% from natural gas (Elmer, 2021). On the
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Fig. 5. Carlsbad’s energy sources contribution (a) Scenario 1 and (b) Scenario 2.

other hand, Carlsbad plant has incorporated a solar power gen-
eration system on its rooftop that could generate 777 MWh
annually (Carlsbad Desalination, 2017).

The proposed model has been implemented by assuming that
tri-generation system with multiple energy. Moreover, two

ifferent scenarios have been investigated. Scenario 1 involves
he identification of the optimal energy configuration in the tri-
eneration system under different NCRT values (ranging from 0
o 100%) based on the technology costs provided in Table S.3
hile accounting for any additional revenue outlets from the

ncineration unit. Scenario 2 ignores any revenue generated from
he incineration of MSW using grate fired boiler. The results of
he studied scenarios are presented in Fig. 5.

When no carbon reductions has been applied on the system
or scenario 1, natural gas was the only selected source of energy,
ince it was found to be the cheapest energy source compared
o the other available energy options. The amount of natural
as consumed to produce the required amount of electricity for
esalination was 254 t/d. On the other hand, the flowrate of VHP
team generated from natural gas combustion was estimated by
337 t/d. The major portion of this steam (93%) was utilized for
he production of electricity using a condensing turbo-generator
TGCD), whereas the remaining fraction was utilized for the pro-
uction of LP steam, required for deaeration, and electricity using
back-pressure turbo-generator (TGBP). The total amount of

lectricity produced by the system was estimated at 29.06 MW,
rom which 28.8 MW were utilized for desalination and 0.26
W for driving the electrical pumps within the system. The total
mount of CO2 emissions corresponding to this case was 109,103
/y, while the total water production cost (WPC) was found to be
.715 USD/m3.
When a net carbon reduction target of 20% has been imposed

n the system, a new energy source was selected besides natural
778
gas. This new source is biomass which has a relatively lower CO2
emissions compared to natural gas. The optimal configuration of
this case showed that almost 57% of thermal energy produced
was from natural gas and 43% from biomass. This resulted in the
reduction in CO2 emissions to 87,282 t/y. Since the same amount
of VHP steam was produced, no changes were noticed in the
power production section regarding the selected steam expansion
technologies and steam and electricity distribution within the
system. On the other hand, the water production cost associated
with this case was estimated at 0.748 USD/m3.

The 40% NCRT case in scenario 1 showed a similar config-
uration of the previous case in terms of the technologies se-
lected within the system. However, as the carbon reduction target
became more stringent, the energy contribution of natural gas
decreased to 15% while that of biomass increased to 85%, which
resulted a WPC increase to 0.781 USD/m3. On the other hand,
when the NCRT value was further increased to 60%, steam pro-
duction from natural gas was no longer a good option, so MSW
incineration using the grate fire boiler was selected over fossil
fuel. Although MSW incineration using the grate fired boiler
results in higher carbon emissions when compared to the flu-
idized bed option, the former was selected due to the revenue
stream associated with the volume reduction of MSW. Hence,
approximately 2.75% of the available biomass and 0.29% of the
available MSW were utilized to produce the required energy to
operate the system, at 57% and 43%, respectively. The WPC of this
case was reported at 0.831 USD/m3. However, in case no revenue
was made from MSW incineration, this cost would increase by
11.8%.

At an NCRT of 80%, MSW incineration using grate fired and
fluidized bed boilers were the two optimal options for energy
generation for desalination. The increase in the NCRT value from
60 to 80% resulted in an increase in the contribution of grate
fired boiler to 84%, while the remaining energy fraction was
generated from fluidized bed boiler. The carbon emission and
WPC associated with MSW incineration were estimated at 21,820
t/y and 0.918 USD/m3, respectively, while the revenue from MSW
incineration using the grate fired boiler was 19.55%. The system
resulted in a WPC 1.739 USD/m3, in the period with the highest
average DNI of 6.07 kWh/m2/d, and 1.766 USD/m3 in the period
with the lowest average DNI of 4.74 kWh/m2/d. Moreover, the re-
quired receiver areas for each of the best and worst case scenarios
were estimated at 71.3 and 91.3 ha, respectively.

The results of the first set of cases showed that the main
reason behind the selection of MSW incineration using grate fired
boiler in the 60% and 80% NCRT cases was the revenue stream
associated with this option. However, the revenues generated
per unit of solid waste are different for each location being
investigated. Moreover, such a revenue feature might not be even
be an option in certain countries. Therefore, it was important to
investigate whether the same energy streams would be selected
in the absence of any revenue generation from grate fired incin-
eration. In this regard, Fig. 5b represents scenario 2 results, in
which different energy source contributions are selected with no
revenue options. The same NCRT cases that were investigated in
scenario 1, were re-investigated using the same NCRT values, but
this time after eliminating the revenue option that was earned
from selecting the MSW incineration using the grate fired boiler
that was enabled in scenario 1.

The results of scenario 2 confirmed the assumption previously
made regarding the reason behind the selection of grate fired
incineration option. Fig. 4 shows that this option was not selected
in any of the previous cases. This is due to the low heating
value of MSW utilized in grate fired heating, which necessitates
large amounts of solid waste for combustion. This in turn results
in significant emissions. Therefore, all cases involving a grate
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Fig. 6. Variation of WPC with NCRT for scenarios 3 and 4.

ired boiler alongside biomass in scenario 1 were replaced by
he fluidized bed option, alongside biomass. MSW incineration
sing fluidized bed is associated with lower carbon emissions
hen compared to the biomass boiler for the same amount of
nergy produced. Therefore, the contribution of biomass into the
ptimal energy mix selections for scenario 2 witnessed a decrease
rom 73 to 29%, while that of MSW increased from 27 to 71%
hen NCRT was increased from 60 to 80%. Consequently, higher
osts have been incurred for energy production in scenario 2,
hen compared to scenario 1. Table S.5 summarizes the main
arameters in scenario 2 optimal configurations of Carlsbad case
t different NCRT values.
In all the above cases (both for scenarios 1 and 2), CSP has

ot been selected as an optimal energy source for desalination
nless a very stringent carbon reduction target has been imposed
n the system. This is mainly due to the high capital cost and land
equirements of CSP which make this technology the most expen-
ive compared to the other available sources. However, Carlsbad
esalination plant currently secures 45% of its energy require-
ents from solar energy (corresponding to a WPC of 1.3 USD/m3),
ith 59,234 tons of CO2 being emitted annually. Hence, to stay

n-line with the current situation, an extra constraint has been
dded onto the mathematical model, in which a minimum energy
ontribution of 45% was allocated to the CSP energy option. Upon
oing so, two new scenarios have been created, scenario 3 and
cenario 4. Scenario 3 considers all energy sources (natural gas,
iomass, MSW and CSP) to be available while scenario 4 only
onsiders natural gas and CSP energy sources. It should be noted
hat scenario 4 replicates the current energy supplier to Carlsbad,
y SDG&E. To summarize the results obtained for scenarios 3 and
, Fig. 6 illustrates the variation of WPC with NCRT for the best
ase DNI (high) and the worst case DNI (low) as per the plant’s
ocation (found in Table S.2), while Table S.6 summarizes the
nergy selection for both scenarios.
The results of scenario 3 showed that the WPC at 0% NCRT is

.177 USD/m3 at high DNI values and 1.192 USD/m3 at low DNI
alues. This would result in an average WPC of 1.185 USD/m3

hich is close to the actual water production cost of the plant
1.3 USD/m3) reported in Table S.1. The total receivers areas
equired in the best and worst periods in terms of solar energy
vailability were estimated at 33.8 and 42.7 ha, respectively. On
he other hand, the WPC increased by 10% at high DNI, and by
2% at low DNI, when the NCRT requirement was increased to
0%. During this phase, the selection of energy sources followed
he same order as that observed in scenario 1. As such, biomass
as the best option to be integrated with CSP and natural gas
t 20% NCRT, while a further increase in NCRT resulted in a shift
owards MSW incineration using grate fired boilers, followed by

he integration of fluidized bed boilers at even higher NCRTs.

779
Fig. 7. Variation of WPC with natural gas price.

After reaching the 100% NCRT requirement, CSP becomes the only
energy option chosen. The difference in the water production cost
between the high and low DNI cases ranges from 1.3 to 3%, at
100% NCRT.

As for scenario 4, in which natural gas and CSP were the
only available energy sources for desalination, the change in the
WPC were found to be proportional to the set NCRT values. This
is mainly due to the fact that higher carbon reduction targets
necessitates a reduction in natural gas consumption. As such CSP
becomes the only alternative energy source to be utilized for
steam generation. Therefore, with every increase in NCRT, a larger
solar field area for CSP is required which results in a higher water
production cost. Comparing both scenarios 3 and 4, one can easily
conclude that scenario 3 is more economically attractive, since
there is a significant difference between the WPCs attained, with
scenario 3 being approximately 26% less costly than scenario 4,
at an NCRT value of 80%. However, in some cases, it may be more
appropriate to favor scenario 4 over scenario 3, especially when
the target is to achieve a zero-carbon tri-generation system over
a short period of time. Although WPC values of scenario 4 are
always higher than that of scenario 3, the latter includes different
energy sources that must be integrated with the system while
shifting from 0 to 100% NCRT. Such frequent shifts in the energy
sources may turn out to be very costly and expensive in the short
run. Moreover, when an ultimate NCRT target of 100% is required,
both scenarios lead to the same final configuration at similar
costs, meaning that there is no need to incur additional costs from
embedding different energy sources within the system, especially
if the ultimate goal is to eventually have a standalone CSP system
in the short run. Scenario 3 becomes more attractive and conve-
nient when the overall goal of achieving a zero-carbon system
could be achieved in the long run. Alternatively, when shorter
transitional periods are considered, scenario 4 would be more
appropriate to make a quick shift towards a cleaner tri-generation
system.

Since the global natural gas price is prone to fluctuations, it
is important to understand how an increase in this price would
affect the design of tri-generation systems in terms of the optimal
energy sources and water production cost. In order to do so, a
sensitivity analysis on natural gas price has been carried for 0, 20
and 40% NCRT values using scenario 3. Fig. 7 below represents
the variation of WPC with natural gas price for the three studied
cases.

Based on the findings of the sensitivity analysis, when natural
gas price increases from 0.998 c/kWh, which is the price consid-
ered in all the studied scenarios, to 2 c/kWh, the WPC witnessed
an increase in the three NCRT cases. However, the optimal con-
figurations showed no change in the type and contribution of
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he optimal energy sources. For instance, at 0% NCRT, natural gas
emains the only selected source besides CSP, while at 20 and 40%
CRT, natural gas and biomass were selected besides CSP, and
he same energy contributions were attained, as those that were
eported in scenario 3. This means that the increase in WPC was
elated to the natural gas price, not because of the switch to other
nergy sources. Moreover, it should be noted that the variation in
ater production cost was affected by the contribution of natural
as to the overall energy mix. This explains the increase in WPC
t higher NCRT values. For instance, at 0% NCRT, the contribution
f natural gas was 55%, while at 40% NCRT, the natural gas
ontribution was only 7% only, hence resulting in a higher WPC
alue.
A further increase in natural gas price beyond 2 c/kWh showed

he same optimal configuration for the three NCRT cases. This
emains the case until the natural gas price reaches 3.7 c/kWh. At
his value, natural gas was no longer the cheapest energy source.
herefore, the system switched to biomass as a new optimal
nergy source to be used in the energy mix of the tri-generation
ystem, after such a change in the natural gas price takes place.
ince the carbon footprint of biomass is lower than natural gas,
he amount of CO2 emitted from the system operating using 55%
iomass and 45% CSP was estimated at 31,866 tons annually,
hich corresponds to 46% in carbon emission reduction. There-

ore, all three cases converged to the same optimal configuration,
ielding a WPC of 1.216 USD/m3, since the carbon reduction
f this configuration is higher than the target value. Hence, an
ncrease in natural gas price to 3.7 c/kWh resulted in alternative
ptimal energy source selections that do not involve natural gas
ption for the case of Carlsbad desalination plant. Moreover, since
atural gas price currently hits a higher average value of 9.64
/kWh due to the Russia–Ukraine conflict (EIA, 2022), the optimal
onfiguration that corresponds to the current situation is similar
o the one that the three cases have converged to in Fig. 7.

.3. Dhekelia plant case

The Dhekelia plant is located on the Mediterranean Sea in
yprus. This plant also uses the Reverse Osmosis (RO) technology
or a daily freshwater production of 60,000 m3. Besides its lower
apacity, the main difference between Dhekelia and Carlsbad
s the higher feedwater salinity of 41.8 g/L in Dhekelia’s case,
hich necessitates a higher electrical energy supply per unit
f water. Moreover, the maximum solar radiation in Cyprus is
elatively high, exceeding that in California, which makes CSP a
ery attractive energy option for driving the desalination plant.
owever, the difference between the highest and lowest DNI
alues, which are reported for Cyprus, is large. This means that
he water production cost may be significantly affected when
SP becomes the main energy contributor for desalination. On
he other hand, the total amount of electrical energy required
y the system is estimated at 318 MWh per day. This energy is
urrently generated using fuel oil having a CO2 emission factor
f 0.67 kg/kWh (Xevgenos et al., 2021), resulting in an annual
arbon emission of 77,767 tons. In the following, the proposed
odel has been implemented on a tri-generation system that is
ssumed to be integrated with the Dhekelia desalination plant.
ig. 8 represents the energy source contributions at different
CRT values for scenarios 1 and 2.
A comparison between the results obtained for Dhekelia plant

nd those reported for Carlsbad desalination plant (Fig. 5) shows
similar selection of optimal energy sources with exactly same
ontribution of each source at each NCRT value. Natural gas,
eing the cheapest energy option, has been selected as the only
nergy source for desalination at 0% NCRT. It is important to
ention that the utilization of natural gas instead of fuel oil could
780
Fig. 8. Dhekelia’s energy sources contribution (a) scenario 1 and (b) scenario 2.

reduce carbon emissions by 34.6%, to 50,804 tons annually. In
the following, the carbon reduction target will be based on this
amount.

When the carbon reduction target was further increased, new
sources have been selected to meet the maximum allowable CO2
emission. Consequently, biomass was selected besides natural gas
at 20 and 40% NCRT, while a more stringent carbon reduction
resulted in the selection of MSW incineration using the grate
fired the fluidized bed boiler option. At 100% NCRT, CSP was
the only energy supplier to the system with a required solar
receivers area of 24.77 and 58.89 ha, respectively, for the best and
worst case scenarios. Moreover, when no revenue was associated
with MSW incineration in grate fired boiler in scenario 2, this
option was not selected at 60 and 80% NCRT, similar to Carlsbad
case. Regarding the power block section, the optimal steam and
electricity generation technologies selected for Dhekelia are a
throttling valve and a condensing turbo-generator. The estimated
amount of VHP steam required for electricity production is 1618
t/d. The major portion of this steam (94%) was allocated to the
turbo-generator for the production of 13.53 MW of electric power
to drive the RO unit and the electrical pumps within the system.
The remaining fraction was fed into a throttling valve to produce
LP steam required for the deaeration of condensed VLP steam.
Hence, the comparison between the optimal configurations of
Carlsbad and Dhekelia plants shows that for higher capacity and
electric power requirements, back-pressure turbo-generator is
the best technology to be utilized for LP steam generation due
to its ability of generating electricity simultaneously with steam.
However, throttling valve turned to be the best fit for LP steam
generation when the condensing turbo-generator provides all the
electric power required by the system for lower desalination
capacities as in the case of Dhekelia plant. The main parameters
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Fig. 9. Variation of WPC with NCRT of Carlsbad and Dhekelia.

in the optimal configuration of scenario 2 for Dhekelia case are
provided in Table S.7.

The change in water production cost of the optimal config-
rations of Dhekelia plant followed the same behavior as that
f Carlsbad. This cost was estimated at 0.758 USD/m3 when no
arbon reduction was imposed on the system. As the carbon
eduction target becomes more stringent, WPC increased to reach
.233 USD/m3 at 100% NCRT. However, the difference between
he required receivers area in the best and worst case DNI cases
esulted in a 6.5% increase in the WPC, when the DNI of the lo-
ation is the lowest, reaching 2.378 USD/m3. Fig. 9 represents the
ariation in water production cost with NCRT for tri-generation
ystems integrated with Carlsbad and Dhekelia plants based on
cenarios 1 and 2.
According to Fig. 9, one can note the change in WPC which

ollows the same trend for both desalination plants due to the
imilar contributions of energy sources at each NCRT value. How-
ver, the WPC of Dhekelia’s case is always higher than that of
arlsbad because of the lower capacity and higher salinity of the
ormer plant. This resulted in a higher cost per unit of desalinated
ater for Dhekelia’s case. Moreover, the significant difference

n WPC of CSP driven desalination, represented by 100% NCRT
osts, confirms the fact that concentrated solar power is more
conomically viable for large-scale desalination, which is also
upported by previous studies (Klaimi et al., 2021).

.4. RAF plant case

In order to study the effect of the desalination type on the
ptimal configuration of tri-generation system and water produc-
ion cost, the proposed model was implemented on a thermal
esalination plant located in Qatar. Ras Abu Fontas A2 seawater
esalination plant is located in Qatar, about 10 km south of
oha. The plant operates using multi-stage flashing desalination
nd produces 160,000 m3/d of potable water that is supplied to
he country’s national power and water grid operator (KAHRA-
AA) (Verdit Media, 2022). The relatively high feedwater salinity

45 g/L) and the type of desalination involved justify the high
nergy demand of the process, estimated at 11.94 GWh and 640
Wh of daily thermal and electrical energy requirements, re-
pectively. The power required for running the facility is supplied
rom the 597 MW RAF B2 power plant which is currently oper-
ting using natural gas. The resulting carbon emission from this
rocess are significant, since it is energy intensive, and mainly
tilizes fossil fuel for its operation. Given that the annual carbon
mission of this plant is about 505,744 tons, the aim of this
ase study is identifying a cost-effective tri-generation system,
hen subjected to a specific carbon reduction target. Therefore,
781
Fig. 10. RAF’s energy sources contributions for (a) scenario 1 and (b) scenario
2.

scenarios 1 and 2 that were defined in the previous cases have
also been applied here, for the RAF desalination plant. However,
it is important to note that due to the nature of the country,
major biomass sources in Qatar are municipal solid waste and
sewage sludge (Al-Moftah et al., 2021). The MSW option which
has been considered by our model as an energy fuel option for tri-
generation in this work will be applied in this case, whereas the
biomass fuel option that was mainly assumed to come from wood
and forestry feelings will not be incorporated for the case of the
RAF plant in Qatar, since the presence of forests are quite rare in
Qatar. Thus, the available energy sources which were investigated
for this case were natural gas, MSW and CSP only, for scenario
1. Fig. 10 shows the contribution of energy sources selected in
the optimal configurations of the tri-generation system integrated
with RAF at different NCRT values for scenarios 1 and 2.

Since the natural gas option is cheaper than MSW, it was the
only selected energy source for Carlsbad and Dhekelia cases when
no carbon reduction was required in scenario 2. However, the
obtained results for scenario 1 show that at 0% NCRT, nearly
90% of MSW incineration using grate fired boiler is combined
with to natural gas, due to the revenue generated from this
energy option. MSW incineration using grate fired boiler was
chosen for most NCRT values cases, up until the 60% NCRT target
in scenario 1. One of the main differences between RAF and
the other two plants is its high energy demand. Therefore, the
selection of MSW at this NCRT value was mostly due to the
high revenue generated, which results in a relatively larger MSW
integration into the energy mix, when compared to the other
plants. Moreover, since the biomass option was not considered
in this case, this resulted in the selection of both the MSW grate
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ired heating and fluidized bed options into the energy source
ix at various NCRT values. Moreover, the revenue stream from
rate fired heating, allows MSW incineration to be a profitable
ption. Hence, all the available amount of MSW has been utilized
or steam generation resulting in a total contribution of 87.2%. The
emaining required amount of steam was generated from natural
as, being the cheapest among the available options, resulting in
very low WPC of 0.091 USD/m3 due to the high generated rev-
nue. Therefore, the selection of the grate fired option was highly
ffected by the total amount of energy required by desalination.
It very interesting to note that when the NCRT value was

et to 20%, the contribution of grate fired boiler was reduced
o 40.4%, when compared to the 0% NCRT case for scenario 1.
oreover, the fluidized bed boiler was selected to generate the

emaining amount of steam in scenario 1. The switch from grate
ire to fluidized bed boiler allowed for a reduction of 101,149 tons
f CO2 annually. However, a lower revenue has been generated

due to the lower contribution of grate fire boiler. Therefore, a
drastic increase has been observed in the WPC values, which was
estimated at 0.778 USD/m3 in this case. A further increase in NCRT
necessitated a higher reduction in carbon emission from grate
fired, hence the contribution of fluidized bed boiler increased
with NCRT while that of grate fire decreased until 80% NCRT.
At this value, CSP appeared for the first time as an optimal
energy supplier besides the fluidized bed. In the previous two RO
desalination plants, CSP was not selected until it was forced by
the system at 100% NCRT, since it is the only non-emitting carbon
source. However, in this case, this option was selected at 80%
NCRT in RAF case due to the high energy demand for desalination
which makes from CSP an appropriate option. Moreover, CSP was
previously proven to be economically viable for large-scale de-
salination systems by Klaimi et al. (2021). The integration of CSP
and fluidized bed boiler with the tri-generation system increased
the water production cost to 2.145 USD/m3. This WPC value was
urther increased when CSP was the only energy supplier at 100%
CRT. Moreover, the required receivers areas for meeting the
nergy requirements were estimated at 386.36 and 517.44 ha for
he highest and lowest DNI values, respectively. Consequently,
he WPC associated with these two cases was 2.67 (for high DNI)
nd 2.90 USD/m3 (for low DNI). These costs are relatively high
ompared to those obtained for the Carlsbad and Dhekelia plant
ntegrated with CSP due to the high salinity of feedwater.

The results of scenario 2 represented in Fig. 10b showed
similar order of selection of energy sources as Carlsbad and
hekelia cases. However, the only difference in the results of the
hree desalination plants was the absence of biomass option in
AF superstructure, which led to a direct switch from natural
as at 0% NCRT to MSW using fluidized bed option at 20% NCRT.
atural gas and MSW remained the two optimal energy sources
p until the 60% NCRT case, with an increasing contribution of
SW and a reduction in that of natural gas. Beyond this value, the
nergy sources options and contributions were similar to those
f scenario 1, since they were not affected by the removal of
evenue from the grate fired option. Table S.8 shows the energy
election, fuel consumption, carbon emissions and WPC of the
ptimal configurations in scenario 2 of RAF case.
Regarding the technologies selected in the power block, the

ptimal configurations showed that a back-pressure driver and a
hrottling valve were utilized for LP steam production, whereas a
ondensing driver was used for VLP steam generation. Since the
mount of thermal energy required by MSF is much higher than
hat of electric power, 94% of VHP steam produced by the system
as expanded to LP steam for desalination, while the remaining

raction was expanded into VLP steam using a condensing driver.
s a result, no electrical energy was produced, and shaft work

as the only type of energy generated to drive all pumps within

782
he system. Table S.9 shows the optimal technologies selected in
he power block section of each desalination plant, while Table
.10 summarizes the water production costs of the optimal tri-
eneration systems integrated with each of the three studied
esalination plants.
When closely observing the results attained, the optimal so-

utions were found very sensitive to the specifications of the
mbedded technologies. This aspect was also observed by the
ork performed by Klaimi et al. (2022) using five different pa-
ameters in a tri-generation system. It should be pointed out
hat unlike the previous work by Klaimi et al. (2022), this work
llows the simultaneous selection of different steam expansion
nd power generation options for each case, whilst considering
ultiple energy sources. Previously, the optimal configuration of

he steam expansion and power generation options were kept
ixed, and the effects of key parameters were only observed for
fixed steam expansion and power generation configuration.

ven then, when the configuration was fixed, the optimal solu-
ions were found sensitive to the specifications of the embedded
echnologies. The results obtained in this work were able to
ack up many of the previous findings by Klaimi et al. (2022),
hile simultaneously exploring the five different routes steam
xpansion and power generation on the attained results.
It should be noted that the selection of many different types

f energy sources is certainly not practical and not very cost-
fficient. Even though the proposed mathematical model does
ot place any limits on the number of energy sources that can
e selected, the incorporation of all energy sources into one
ystem simultaneously was studied. The results attained show a
ignificant increase in water production cost with the increase
n the energy contribution of all energy sources. Moreover, a
aximum of two energy sources was observed in the optimal
olutions of the three case studies in Sections 4.2–4.4 which also
onfirms the unpracticality of selecting many different types of
nergy sources simultaneously.

. Conclusion

This work proposes a design of a hybrid tri-generation sys-
em for simultaneous production of thermal energy, power and
reshwater. The tri-generation system has been designed under
pecific carbon reduction targets which helps in switching from
ossil-based to zero carbon. Moreover, different scenarios have
een presented for this purpose regarding the selection and con-
ribution of energy sources and technologies. The novelty of this
ork lies in the incorporation of a wide number of utilities gen-
ration routes into a single superstructure that can be optimized
ased on a several types of constraints and process requirements.
oreover, the control of carbon emissions is an important aspect
f this work, as the world moves towards renewable energy
ources and carbon neutrality. The energy streams involved in
he superstructure are natural gas, biomass, municipal solid waste
nd concentrated solar power, whereas steam expansion and
ower generation can take place using back-pressure and con-
ensing drivers and turbo-generators, in addition to throttling
alves. The proposed model has been implemented on three
ifferent operating desalination plants. Each of those plants in-
olve different desalination capacities and are located in across
everal different regions. The following points summarize the
ain findings of this work:

• In the absence of any carbon reduction constraint, natural
gas was identified as the optimal energy source for desali-
nation, with associated water production costs ranging from
0.715 USD/m3 for RO to 0.841 USD/m3 for MSF desalination.
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• A gradual increase in the carbon reduction target resulted in
the selection of biomass for thermal energy generation. As
NCRT values increase, the system starts to favor municipal
solid waste over biomass. CSP was selected as the primary
energy source only for very stringent NCRT values.

• The association of energy recovery from municipal solution
waste using the grate fired option with a revenue stream
greatly affected the optimal energy sources as it resulted in
lower water production costs.

• High CSP costs were the main reason behind its selection
only when no emissions were desired using the RO technol-
ogy. Since MSF requires more thermal energy, when com-
pared to RO, the results showed the selection of CSP starting
from 80% NCRT values.

• The water production cost of a CSP driven desalination plant
ranges from 1.739 USD/m3 for an RO desalination plant
(with a feedwater salinity of 33.5 g/L), to 2.67 USD/m3 for
MSF desalination (with a feedwater salinity of 45 g/L).

• At low DNI values, larger solar field areas were required to
meet the energy requirements for desalination. This resulted
in an average water production cost increase of 5.5%.

• The selection of steam expansion and power generation
technologies were greatly affected by the amount of steam
and power required by the system:

◦ Turbo-generators were primarily selected by RO, since
it requires higher amounts of electric power com-
pared to MSF, while drivers were identified as the best
option for thermal energy generation in MSF.

◦ Throttling valves were selected by RO and MSF to
generate the required LP steam for deaeration.

his work studies the design of hybrid tri-generation systems
nder specific carbon reduction targets which helps in switching
rom fossil-based to zero carbon systems. Moreover, different
cenarios have been presented for this purpose regarding the
election and contribution of energy sources and technologies.
uture work can potentially account for the life cycle assessment
LCA) aspect of the individual plants to assess the environmental
mpact of desalination plants, which would ultimately help in
mproving the design of sustainable tri-generation systems.

omenclature

Acronyms
DRBP Back-pressure driver
DRCD Condensing driver
FB Fluidized bed
GF Grate fired
MSF Multi-stage flashing
RO Reverse osmosis
TGBP Back-pressure turbo-generator
TGCD Condensing turbo-generator
TV Throttle valve

Parameters
A Solar field area (m2)
DNI Direct normal irradiance (kWh/m2)
G Mass flowrate (kg/h)
h Specific enthalpy (kJ/kg)
K Cost (USD/year)
NCRT Net Carbon Reduction Target
x Composition (%)
Y Binary variable (0,1)
783
Greek Symbols
η Efficiency (%)

Sets
I Fuels
J Technologies

Superscripts
BC Base Case
BFW Boiling feed water
c component
DSW Desalinated seawater
F Flue gas
in Inlet to a unit
max Maximum
min Minimum
OM Operating and maintenance
op Optical
out Outlet from a unit
rec Solar receiver
SF Solar field

Subscripts
i Fuel i
j Technology j
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