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Abstract: Nowadays, several technologies for desalination processes are available and widely em-
ployed. However, they consume a considerable amount of energy and involve high capital and
operating costs. Therefore, the techno-economic analysis of a system coupling different energy sources
with the desalination processes is of value. The possibility of coupling a small gas turbine combined
heat and power system (GT CHP) with hybrid desalination plants (HDPs) has been assessed in this
study. The proposed gas turbine power generation system, based on a single-stage centrifugal com-
pressor and an uncooled centripetal turbine, provides design simplicity and reasonable installation
costs for the power generating plant. The hybrid desalination technique, based on the use of two
different desalination technologies, i.e., Reverse Osmosis (RO) and a thermal desalination process,
has been chosen to better exploit the electrical and thermal energy produced by the mini CHP plant.
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of these systems [2]. A huge number of Desalination Plants (DPs), nearly 20,000 in the
Middle East, North Africa, East Asia and Pacific, Western Europe, North America, and
some other regions, are already operating, with about 95 million m>/day of production
capacity [3].

According to the reports of the International Desalination Association, DPs supply the
water demands of more than 300 million people all around the world.

Desalination processes are categorized into two main groups of thermal and membrane
processes. Thermal processes are mainly based on the use of thermal energy, which
allows vaporization and therefore, the distillation of water to obtain freshwater, while
membrane processes require the supply of work, usually through electric energy, capable
of overcoming the osmotic pressure and forcing the passage of water through membranes
that allow it to be filtered.

Multi-stage flash (MSF) and multi-effect distillation (MED) can be regarded as the
most popular thermal technologies [4]. MSF was the dominant distillation process during
the 1980s to the 1990s because of its acceptable technical and operational quality as well
as its availability throughout its lifetime [5]. MSF uses both thermal and electrical energy,
even if the amount of electrical energy required is small in comparison to the thermal
one. Both MSF and MED technologies can purify very salty water, i.e., with the amount of
Total Dissolved Solids (TDS) of up to 70,000 mg/L to obtain a final value of TDS of about
5-25 mg/L. The structural simplicity and high capacity can be stated as the most important
advantages of MSF technology. For the case of MED, the temperature of the first (warmest)
effect usually reaches nothing above 70 °C to avoid the possibility of scale formation [6]. As
an advantage of MED, the low temperature of the operation can be stated, which provides
the possibility of using economical and durable materials such as aluminum alloys for
the heat exchanging tubes instead of copper alloy tubes. In the case of MED, a very low
temperature drop between effects (1.5—2.5 °C) can be achieved, which enables the inclusion
of a large number of effects, i.e., 10—16, with the maximum brine temperature of about
70 °C.

For energy saving, it is highly convenient to take advantage of the cogeneration
concept, which is highly recommendable, since it can be carried out by use of waste heat
from a standalone power plant, leading to the lowest desalination costs. Several examples
of case studies have been proposed and analyzed in the past, such as [7] and [8]. The turbine
exhaust gas was supplied to the heat exchanger, by which the feedwater temperature rose
to about 70-90 °C. The obtained heated water passed through the evaporation chamber, in
which the evaporation process took place.

Among the membrane desalination systems, the Reverse Osmosis (RO) membranes
have become the predominant solid removal mechanism. The commercial RO processes
lead with 53% of the total desalination market, while the thermal desalination technologies
constitute about 33% of the market, and the rest consists of Electrodialysis (ED) technology
and other processes [2]. Although membrane processes have undergone, and are still
undergoing, improvements related to production technology and control and maintenance
techniques [9], the RO membranes still have some serious disadvantages such as membrane
fouling, which took place by the accumulation of particles on the surface of the membranes
or inside the narrow pores [10]. Moreover, the freshwater quality obtained from thermal
processes (based on distillation) was higher with respect to membrane methods (based on
filtration) one. The amount of energy consumption was different for each of the desalination
methods. The thermal and electrical energy required for obtaining one cubic meter of
freshwater is 53-70 kW, h and 2.5-5.0 kW¢h by means of the MSF method, and 40-65 kWy,h
and 2.0-2.5 kWch by means of MED, respectively [6]. The RO membranes used about
4.0-6.0 kWch to produce the same amount of freshwater, depending on the salinity and
temperature of the feedwater [6].

By making use of hybrid desalination processes, an increase in the efficiency of the
DPs can be expected. Generally, the procedure is based on the utilization of at least two
different desalination technologies, by which the excellence of both methods are applicable.
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In principle, this method is being used as an alternative way to enhance the produced water
quality by RO membranes through the utilization of thermal desalination processes. The
advantages of the hybrid technologies in a DP can be listed as follows [6,11]:

e  Reduction in the amount of seawater intake by utilizing the brine of one process as
the feedwater of another desalination system;

e Improvement of the overall produced water quality, with respect to standalone RO
method, by mixing the obtained water from the RO and thermal desalination block;
Reduction in the cost of obtained pure water from the standalone thermal DP;
Prolonging the lifetime of the membranes;

Increase in system efficiency by means of preheating the RO membrane in inte-
grated systems;

e  Reduction of the overall energy consumption by means of employing the considerably
hotter water from the MSF discharge line as the heat source of MED block;

e  Reduction of total post-treatment costs by mixing the obtained water from thermal
and membrane desalination units;

e  The possibility of using water with different qualities (different amounts of TDS) for
various purposes in the power plant site or for drinking and other uses.

In coupling the desalination systems and power plant, a key point is the overall
performance of the complex, both from energy and economic points of view [12-14].
A possible solution, nowadays widely investigated due to the advantages in terms of
environmental impact (e.g., [15-18]), could be the use of renewable energy as the power
source for the desalination process. However, the reduced energy intensity, as compared
with conventional energy sources, and the intrinsic intermittence in this kind of energy
source represents important drawbacks.

Considering the above mentioned, the gas cycle integration to the desalination units is
preferred, in a way to use the waste heat of the exhaust in order to provide the required
energy for thermal desalination technologies. Reliability, high efficiency, considerably
lower cost, and pollutant emissions (in comparison to the other fossil fuel-based plants)
can be considered as the primary advantages of such combinations. In addition, the overall
efficiency of recommended cogeneration plants may be improved through implementing
suitable power plant and desalination unit combinations. Following this, improvement can
be obtained by utilization of the low potential steam in the MED desalination unit, before
directing it into the condenser [19].

From an economic point of view, it is highly advisable to supply the required heat by
taking the advantage of the high potential exhaust gas, the temperature of which is high
enough to drive MED or MSF systems. With that being said, the thermal energy cost will
be considerably decreased due to the fact that there will not be required any additional
heat, which means practically zero power loss by means of the integration.

For all the stated reasons, the obtained freshwater costs from thermal desalination
units will be competitive with those produced by RO technology. In this paper, while
the authors refer to their earlier works [4,6,20-25], the focus is different, since the design
process is applied to small CHP power plants intended for off-grid applications. In the next
section, the proposed system is presented and deeply described, while in the following
part of this paper, some economic analysis is presented in order to evaluate the cost of
produced water.

2. Power Generation Plant and Associated Thermal Cycle

As previously stated, hybrid desalination systems, and, in particular, those that use
RO and thermal distillation processes, require both thermal energy and electricity. For this
reason, the choice of the energy production system turns out to be an important step since
it defines, through the characteristics of the plant itself, the characteristic ratio between
electricity and heat produced.

Large-scale gas turbine power plants are based on axial machine architecture, which
allow high gas mass flow rates that, associated with high-pressure ratios (in the order of
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about 20), allow the production of a huge amount of power. Furthermore, the high value
of the gas temperature at the turbine outlet allows heat recovery by means of combined
gas—steam cycles, where a bottoming steam turbine increases the overall electrical efficiency.
However, in the case of small plants, of the order of few MW, the choice of plant architecture
can conveniently fall on radial turbomachines. Indeed, the radial architecture, which is
more suitable for lower mass flow rates (and therefore, powers) and overall moderate
cycle pressure ratios (of the order of 4-7), allows the machines to be built in a single stage,
with consequent cost reduction. In addition, the geometry constraints of the radial turbine
configuration prevents the use of cooling technologies, further simplifying the mechanical
construction of the machine against a lower overall efficiency of the cycle.

For the present case, where a power of about 5 MW, was chosen, the radial configu-
ration of the Mini Gas Turbine (MGT) machines is still feasible, and that allows compact
machines with moderate technological complexity. The high value of the exhaust gas
temperature at turbine outlet, however, promotes the adoption of heat recovery systems,
such as Heat Recovery Steam Generators (HRSG), which can be used for the production of
steam with characteristics suitable for a steam turbine, featuring a combined cycle power
plant [25] or direct use in desalination systems.

Following these considerations, the plant here proposed used a simple gas topping
cycle (Brayton—Joule cycle), i.e., without regeneration. The maximum turbine inlet tem-
perature was fixed by the material since cooling techniques cannot be applied due to the
machine geometry. This value was set at 950 °C, which is a limit value for Nickel super-
alloys to ensure the mechanical durability of the turbine. In order to maximize the cycle
electrical efficiency, a characteristic cycle pressure ratio of 6, obtained from a systematic
analysis of the cycle characteristics by means of an in-house developed code for cycle
analysis, was adopted.

The turbine exhaust gases have a high temperature value. The gas enthalpy can
therefore be conveniently used for the generation of steam with characteristics suitable for
the application to be implemented. For the choice of these values, it is necessary to consider
the requirement on supply temperature of the system. Considering the two types of thermal
processes here evaluated, the most stringent temperature condition was imposed by the
MSEF system, which required temperatures of the order of 90-120 °C. Considering thermal
losses in the section between HRSG and desalination plant, for a hybrid desalination system,
it was chosen to generate steam at a pressure of 3 bar and temperature of 133.5 °C. On the
other hand, the required pressure for both thermal desalination plants was less than 1 bar,
but the pressure losses in the circuits have to be taken into account. In any case, starting
from higher values, it was possible to regulate the desired temperature and pressure. The
schematic representation of the plant is shown in Figure 1.

The air in ambient conditions (1) is sucked by the centrifugal compressor, which
increases the pressure and consequently, the temperature (2), and then is used to burn the
fuel (in this case, methane) within the combustion chamber. At the outlet of the combustor
(3), the exhausts at high temperature (950 °C) enters the radial turbine, where they expand
(4), generating the work used to move the centrifugal compressor and to drive the rotor of
the electric generator. The exhaust gas downstream of the turbine passes through a HRSG
to vaporize the water provided by a pump (from 1’ to 2’), obtaining the dry saturated steam
at the exit of the heat exchanger. Since an unfired HRSG is considered, the path of the
exhausts proceeds in the opposite direction to that of the water, which, once passed by the
economizer (3’), enters the evaporator to give rise to the desired steam conditions (4’). The
assumptions made for cycle performance evaluation are listed in Table 1.
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Figure 1. Schematic of the hybrid desalination plant coupled with the GT CHP system.

Table 1. Operational and performance parameters of the plant.

Quantity Value
Ambient total pressure (Pa) 101,325
Ambient total temperature (°C) 15
Compressor pressure ratio (-) 6.44
Compressor total to total efficiency (-) 0.85
Turbine expansion ratio (-) 6.0
Turbine total to total efficiency (-) 0.91
Turbine inlet temperature (°C) 950
Combustion efficiency (-) 0.995
Mechanical efficiency (-) 0.98
Electric efficiency (-) 0.96
Fuel LHV (K] /kg) 49,504
Air intake total pressure loss (%) 1
Combustor total pressure loss (%) 3
HRSG hot side total pressure loss (%) 3
AT pinch point (°C) 10
Subcooling temperature (°C) 5
HRSG minimum exhaust gas temperature (°C) 110
Steam outlet temperature (°C) 133.5
Steam outlet pressure (bar) 3

The temperature difference between gas and steam in the economizer (AT pinch point)
had been chosen equal to 10 °C, and a subcooling temperature of 5 °C had been foreseen to
avoid risks of evaporation within the economizer. The water temperature at the economizer
inlet had been considered equal to 90 °C. The values of gas turbine exit temperature
and mass flow rate (546 °C and 23.96 kg/s, respectively) were obtained again from the
in-house developed code for cycle analysis, considering the cycle parameters (pressure
ratio, components efficiencies) and the cycle thermal balances. The component efficiency
values were determined from statistical analyses of data presented in the literature for
machines of similar size to that of the present application and from previous works by the
authors [26,27].

Using the assumptions reported in Table 1, and applying the energy equations to the
two HRSG components (economizer and evaporator), the gas temperature at the exit of
the HRSG, the mass flow rate of the produced steam, and consequently, the thermal power
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Figure 2. Thermodynamic representation of topping (a) and bottoming (b) cycle.

points and the power plant’s overall parameters are reported.

Temperature [°C]

In Tables 2 and 3, values of the thermodynamic quantities characterizing the cycle

Table 2. Thermodynamic properties of gas and steam.

GAS
Point Pressure (bar) Temperature (°C)
1 1.013 15
2 6.460 250
3 6.266 950
4 1.044 546
5 1.013 143.5
6 1.013 116
STEAM
Point Pressure (bar) Temperature (°C)
1 1.013 90
2/ 3 90.5
3 3 133.5 (x = 0)
4 3 1335 (x=1)

Table 3. Operational parameters and overall performance of the plant.

Quantity

Value

Compressor mass flow rate (kg/s)
Turbine mass flow rate (kg/s)
Steam mass flow rate (kg/s)
Turbine useful power (kW)
Electric power (kW)

Exhaust available heat power (kW)
HRSG recovery heat power (kW)
Cycle electrical efficiency (—)
Thermal efficiency (—)

CHP efficiency (—)

23.58
23.96
471
5208
5000
10,752
10,180
0.26
0.54
0.80
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As shown by Tables 2 and 3, due to the large value of the turbine outlet temperature
(546 °C), a large amount of heat power was recovered through the heat recovery steam
generator, with a global efficiency of the combined heat and power system much larger
than the electrical efficiency of the standalone gas turbine. Indeed, the heat power obtained
by the HRSG was almost twice the electrical power generated by the mini gas turbine
alone. This result shows a high potential for the hybrid DP here proposed, offering the
opportunity of contemporarily providing both thermal and electric power to the two
desalination technologies, and consequently, maximizing the freshwater production for
unit fuel mass flow rate.

3. Economic Evaluation and Results

The main purpose of this section is the economic analysis of the possible desalination
technologies for an integrated mini gas cycle equipped with a hybrid desalination plant. In
order to achieve this goal, the coupling of the water desalination to the proposed gas cycle-
based plants on the two possible scenarios of hybrid seawater desalination was performed
and investigated. Moreover, the economic assessment of standalone desalination systems
was also carried out, in order to compare these with the other options. In Table 4, the basic
parameters for economic calculations are listed. The techno-economic evaluation flowchart
based on the DEEP (Desalination Economic Evaluation Program) program is shown in
Figure 3. DEEP was originally developed by General Atomics under contract, and has been
used in the IAEA’s feasibility studies. DEEP output included the levelized cost of water
and power, a breakdown of cost components, energy consumption, and net saleable power
for each selected option. Specific power plants can be modeled by adjustment of input data
including design power, power cycle parameters, and costs [29].

Table 4. Basic parameters for economic calculations.

Desalination Plant Specifications Unit Value

Total dissolved solids ppm 40,000
Feedwater inlet temperature for reverse osmosis °C 25
Lifetime of the desalination system year 20
Interest rate % 5
Discount rate % 5
Air temperature °C 15

Specific fuel cost $/MWch 5.94

According to Figure 3, the total cost of the produced water for each method is com-
posed of several contributions, namely, capital cost, heat cost, electricity cost, and operating
and maintenance costs. A new module for obtaining the gas cycle diagram was coupled to
this algorithm to provide the additional technical information. After obtaining the initial
results, a data process algorithm was developed to extract the desired economic data.

Generally, the energy cost of a desalination plant is obtained by using the Levelized
power cost ($/kWh). The Levelized power cost (Levelized cost of the power system) is
obtained by comparing the total annual cost of the power plant with its total annual electric
producibility. The total annual cost of the plant is the summation of several components
such as annual fuel cost, annual operation and maintenance (O & M) cost, and annual capital
cost. Hence, the fuel cost indirectly affected the total cost of the produced freshwater [24].
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The economic evaluation for the required energy of the hybrid desalination plant was
done based on the Levelized power cost, in which the fuel cost is a very important component.

The cost of the required heat for the thermal desalination plant, in this work, was zero,
because the required energy was supplied by the waste heat of the gas turbine plant.

According to the given technical information for the proposed small gas turbine, the
available heat for thermal desalination plants was 10,180 kWy,. The relation between
total capacity of thermal desalination plant and required heat can be expressed using
Equation (3) [30].

: GOR x Wy, x h
Qdesalination (MW) = 24 % t; 600 latent ’ (3)

where GOR is gain output ratio of thermal desalination plant (in this case, is equal to 13
and 12 for MED and MSE, respectively), Wy, is capacity of thermal plant, and hy,en is the
latent heat of vaporization. According to this formula, 10,180 kWy, energy potentially can
produce 5035 and 4780 m?/day of freshwater by MED and MSF technology, respectively.
Hence, in Table 5, the obtained results of economic evaluation for standalone thermal
desalination systems corresponding to the two mentioned capacities are listed.

For comparison, the total capacity of the RO plant was also considered as 5000 m?/day.
In the above table, the MSF technology is supposed to be the most expensive technology
of water desalination among all of the technologies, because of the higher amount of
required heat energy for running the desalination plant. Finally, the obtained results of
two different hybrid configurations are shown in Table 5. The total capacity of the hybrid
scheme was 13,000 m3/day. Furthermore, the degree of hybridization of the hybrid plant
was considered at 35%. The degree of hybridization was a key parameter, by which the
share of produced water by thermal desalination plant in total produced water of system
was defined. Hence, in this example, the capacity of the thermal plant was 4550 m?/day,
and the capacity of the RO plant was 8450 m®/day. These values were selected in a way
in which not only almost all the waste energy can be used, but also a proper comparison
between various options can be performed (at the same capacity). As can be seen in Table 5,
the total cost of the produced water by MED + RO was less than the total cost of the
produced water by MSF + RO.
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Table 5. Obtained results of economic evaluation for three standalone desalination systems and two

hybrid plants.
Desalination Methods
RO MED MSF RO + MED RO + MSF
Capital costs of the DP
Total basic costs of DP ($/m?) 0.235 0.338 0.369 0.257 0.267
Total cost of ownership ($/m?3) 0.012 0.017 0.018 0.013 0.013
Contingency cost ($/m?) 0.025 0.036 0.039 0.027 0.028
Interest during construction ($/ m?3) 0.007 0.042 0.046 0.025 0.027
Total capital cost ($/m?) 0.278 0.432 0.472 0.322 0.335
Energy costs
Heat cost ($/m?) 0.000 0.000 0.000 0.000 0.000
Electricity cost ($/ rn3) 0.401 0.209 0.400 0.341 0.401
Total energy cost ($/m®) 0.401 0.209 0.400 0.341 0.401
Operation and maintenance costs
Management cost ($/ m°) 0.080 0.094 0.099 0.065 0.065
Labor cost ($/m?) 0.126 0.148 0.134 0.147 0.147
Material cost ($/m?) 0.165 0.070 0.070 0.135 0.135
Insurance cost ($/m?3) 0.017 0.024 0.027 0.018 0.019
Total operating costs (0&M) ($/m®) 0.388 0.336 0.329 0.366 0.367
Total water cost ($/m®) 0.996 0.977 1.201 1.029 1.103

According to Table 5, the total cost of the produced water was formed of three main
components, namely energy cost, capital cost, and operating and maintenance cost. The
energy cost of the desalination plant was also the summation of electricity cost and heat
cost. According to this table, both hybrid (MED + RO) and RO methods used electricity
(RO plant used electricity for driving the high pressure pump and MED used electricity for
driving the pumps, and other electrical equipment). On the other hand, RO plant did not
need thermal energy, therefore, the heat cost of RO was zero (it should be noted that the
electricity consumption of the RO plant was more than the MED plant). The MED plant
needs heat energy, however, this energy was supplied by the waste heat of the gas turbine
and consequently, the heat cost of the MED was zero. According to Table 5, the energy cost
of RO was 0.401 $/m3, while the energy cost of RO + MED was 0.340 $/m?3, making it clear
that by using hybrid technology, the energy cost decreased.

The capital costs corresponded to the cost of the plant itself and the costs of its
construction, depending on the construction time. Basically, the main components of capital
costs were base cost, ownership cost, contingency costs, and interest during construction.
The total base costs (TBS) were defined as sum of the specific base costs (SBC), the specific
cost of the intermediate heat exchanger (if it is necessary) between the HRSG and the
thermal DP (SIHXC), the base cost of the reserve heat source for MSF and MED (RHSC),
and the specific base cost of seawater inlet/outlet (IOC). It is worthwhile to mention that the
unit base cost was an average value, which depended on the desalination plant construction
experience in a particular region. As an example, the average value for MED, MSF, and
RO installations in Southwest Asia was approximately 1300, 1400, and 900 ($/ m3/ day),
respectively. The total basic costs of desalination plant can be obtained by [23]:

TBS[$] = (SBC + SIHXC + RHSC + 10C) {$ /m?®/day]-Total capacity [m>/ day} 4)

The ownership cost (OWC) can be evaluated as a fraction of the total basic costs
(ownership factor) of desalination plant. This fraction mostly depends on the economic
conditions of the selected region and usually may vary between 5% and 10% [23].

OWC [$] = TBS-Ownership factor (5)
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Contingency cost (CGC), which refers to costs that will probably occur, based on past
experience, can be estimated as a fraction of total base cost and ownership cost. In this
study, the contingency factor is assumed to be equal to 8%.

CGC [$] = (OWC + TBS)-Contingency factor (6)

However, one of the main components of capital cost is interest during construction
(IDC), and this parameter can be determined using the following formula [23]:

IDC [$] = (CGC+OWC+TBS).<(1 +IR)(B) - 1) @)

where, IR is the interest rate, which depends on the economic condition of the selected
region, LT (hours) is the construction time of desalination plant, which mainly depends
on the technological feasibility and previous experiences in designing the desalination
plant. According to Table 5, it is worth noting that, although the energy cost of hybrid
method was lower than that of the RO method, the total cost of the hybrid system was
more than that of RO method. The main reason for this situation was related to capital cost
and capacity of the plant. The capital cost of the desalination plant corresponded to the
unit base cost [$/m3/day], and according to many references, the unit base cost for thermal
desalination plants was larger than for RO plants (for example, 1200 [$/m? /day] for MED
and 900 [$/ m3/ day] for RO, for a typical country in the Middle East). By increasing the
capacity of the plant, the effect of this parameter decreased. In this study, the capacity of
thermal plant was small (for MED, about 5000 m®/day). Hence, the capital cost of the
thermal plant was larger than that of the RO plant and, consequently, the total cost of the
hybrid system was larger. Certainly, by increasing the capacity of the plant (for example, a
large-scale desalination plant with capacity of 100,000 m?/day), the total cost of the hybrid
plant will decrease in comparison to a stand-alone RO desalination plant [23,24].

The graphical representation of the results obtained for the hybrid systems is given in
Figure 4.

0.45
0.40
& 0.35
£ 030
= 025
2 0.20
© 015
0.10
0.05
0.00
RO+MED RO+MSF
M Total capital costs M Heat costs 17 Electricity costs M Operation and maintenance costs
RO+MED RO+MSF
Total capital costs 0.322 0.335
Heat costs 0 0
Electricity costs 0.341 0.401
Operation and maintenance costs 0.366 0.367

Figure 4. Levelized cost of various hybrid desalination processes for the first case.
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It should be noted that the waste heat of exhaust gas provided the required energy
for the thermal desalination plant. Consequently, as can be seen in Figure 4, the heat costs
of both hybrid desalination technologies are supposed to be zero. In order to facilitate the
evaluation, except for the particular properties of the gas cycles, all other technical and
economic input parameters were assumed the same as the default of the DEEP software
database. In Figure 5, the total costs of the produced water for two different hybrid
desalination options in various total capacities are presented. The degree of hybridization
for this case was 35%, and the range of the variety of total capacity was from 4000 to
10,000 m3/day. According to this figure, by increasing the total capacity, the total cost of
the produced water decreased.

1.20

1.15

+MED+RO
-+-MSF+RO

—
—_
(@)

1.05

Total cost ($/m?3)

1.00

0.95
3500 4500 5500 6500 7500 8500 9500 10500
Total capacity (m3/day)

Figure 5. Total cost of produced water versus the total capacity (degree of hybridization = 35%).

4. Conclusions

Nowadays, the water shortage is a world critical problem. Considering the fact
that seawater desalination is one of the most appropriate ways to solve this water deficit
problem, many pieces of research have aimed to investigate efficient procedures in the
desalination industry. However, since all commercially available desalination processes
require a large amount of energy, the use of a proper energy source for desalination
purposes plays a significant role in decreasing the final costs of water and equipment. In
the present paper, the adoption of small power plants based on gas turbine engine as the
energy source was proposed. The power system proposed (5 MW, for the gas turbine
unit), has been coupled with a hybrid desalination plant, based on the use of two different
desalination technologies, i.e., RO and a thermal desalination process. In particular, two
different types of hybrid desalination schemes integrated with small gas turbine CHP
systems were analyzed. The selected size of the power plant was defined according to the
upper limit of the simplified GT architecture, adopting single-stage radial machines for
compressor and turbine. The obtained data were broadly consistent with the major trends
of economic evaluations, which have been conducted in other researches. From the research
that was undertaken, one may conclude that hybrid desalination can be considered as a
suitable technique to optimize the total water cost, especially in those regions where not
only the water demand is increasing year by year, but also where the status of economic
conditions is under the normal situation.

In particular, according to the obtained results, it was found that:

- the total cost of the produced water by MSF + RO technology was almost 6.7% larger

than MED + RO technology.
- the water costs of both MED + RO and MSF + RO desalination plants decreased by in-

creasing the total capacity, from 1.17 to 1.05 $/m3 and 1.085 to 0.96 $/m?>, respectively.
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References

- the heat cost of all the thermal desalination systems vanished since the waste heat of
the gas turbine cycle was used as the heat source.

- the total energy cost of MED + RO desalination was 0.341 $/m3, which was 15% less
than the energy cost of the stand-alone RO system.

- the total capital cost of the MED + RO was 0.322 $/m?, which was 13% more than
the capital cost of the RO system for the low capacity desalination systems taken into
consideration in the present study.

The most striking result which emerged from the obtained data was that the RO + MED
scheme of hybrid desalination was much more affordable in comparison to other suggested
schemes. The water cost obtained by the suggested scheme in this study obviously was
less than the water cost obtained by the renewable-based power plant. According to
Esmaeilion [31], the water production cost of a 5000 m>/day solar-thermal desalination
system was around 2 $/m3, which is almost double than the cost of MED + RO suggested
in this work. This difference in cost is remarkable, however, environmental benefits of
renewable energy or hybrid energy systems should be taken into consideration. The water
cost difference between the presented solutions in this paper and those systems adopting
renewable energies may become smaller in cases of relevant fuel cost increase.
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Abbreviations

The following abbreviations and symbols are used in this manuscript:
CGC Contingency cost
CHP Combined heat and power

DP Desalination plant
ED Electrodialysis
GT Gas turbine

HDP Hybrid desalination plant
HRSG  Heat recovery steam generator

IDC Interest during construction
10C Specific base cost of seawater inlet/outlet
IR Interest rate

MED Multi-effect distillation

MGT Mini gas turbine

MSF Multi-stage flash distillation

RHSC  Base cost of the reserve heat source

RO Reverse osmosis

SBC Specific base cost

SIHXC  Specific cost of the intermediate heat exchanger
TBS Total base cost

TDS Total dissolved solids

1. WEF; CERA. Thirsty Energy: Water and Energy in the 21st Century; World Economic Forum and Cambridge Energy Research
Associates: Geneva, Switzerland, 2008.

2. Al-Othman, A.; Darwish, N.N.; Qasim, M.; Tawalbeh, M.; Darwish, N.A.; Hilal, N. Nuclear desalination: A state-of-the-art review.
Desalination 2019, 457, 39-61. [CrossRef]

3. Jomes, E.; Qadir, M.; van Vliet, M.T.H.; Smakhtin, V.; Kang, S. The state of desalination and brine production: A global outlook.
Sci. Total Environ. 2019, 657, 1343-1356. [CrossRef] [PubMed]


http://doi.org/10.1016/j.desal.2019.01.002
http://doi.org/10.1016/j.scitotenv.2018.12.076
http://www.ncbi.nlm.nih.gov/pubmed/30677901

Energies 2022, 15, 3618 13 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

Ghazaie, S.H.; Sadeghi, K.; Sokolova, E.; Fedorovich, E.; Shirani, A. Nuclear desalination in Iran, current status and perspectives.
E3S Web Conf. 2019, 140, 04001. [CrossRef]

TECDOC, IAEA. Examining the Economics of Seawater Desalination Using the DEEP Code. 2000. Available online: https:
/ /pub.iaea.org/MTCD/publications/PDF/te_1186_prn.pdf (accessed on 25 June 2021).

Sadeghi, K.; Ghazaie, S.H.; Fedorovich, E.D.; Sokolova, E.A.; Shirani, A.S. Economic Assessment of the Possible Desalination
Processes for the First Unit of Bushehr Nuclear Power Plant. Therm. Eng. 2020, 67, 271-281. [CrossRef]

Fernandez-Gil, G.; Petrakopoulou, F. Sustainable Water Generation on a Mediterranean Island in Greece. Energies 2019, 12, 4247.
[CrossRef]

Mohan, G.; Dahal, S.; Kumar, U.; Martin, A.; Kayal, H. Development of Natural Gas Fired Combined Cycle Plant for Tri-
Generation of Power, Cooling and Clean Water Using Waste Heat Recovery: Techno-Economic Analysis. Energies 2014, 7,
6358-6381. [CrossRef]

Charcosset, C. Classical and Recent Developments of Membrane Processes for Desalination and Natural Water Treatment.
Membranes 2022, 12, 267. [CrossRef]

Roy, S.; Ragunath, S. Emerging Membrane Technologies for Water and Energy Sustainability: Future Prospects, Constraints and
Challenges. Energies 2018, 11, 2997. [CrossRef]

International Atomic Energy Agency. Opportunities for Cogeneration with Nuclear Energy; Nuclear Energy Series No. NP-T-4.1;
TIAEA: Vienna, Austria, 2017.

Calise, F.; D’Accadia, M.D.; Piacentino, A.; Vicidomini, M. Thermoeconomic Optimization of a Renewable Polygeneration System
Serving a Small Isolated Community. Energies 2015, 8, 995-1024. [CrossRef]

Askari, LB.; Calise, F.; Vicidomini, M. Design and Comparative Techno-Economic Analysis of Two Solar Polygeneration Systems
Applied for Electricity, Cooling and Fresh Water Production. Energies 2019, 12, 4401. [CrossRef]

Castro, M.; Alcanzare, M.; Esparcia, E., Jr.; Ocon, J. A Comparative Techno-Economic Analysis of Different Desalination
Technologies in Off-Grid Islands. Energies 2020, 13, 2261. [CrossRef]

Azinheira, G.; Segurado, R.; Costa, M. Is Renewable Energy-Powered Desalination a Viable Solution for Water Stressed Regions?
A Case Study in Algarve, Portugal. Energies 2019, 12, 4651. [CrossRef]

Liponi, A.; Tempesti, C.; Baccioli, A.; Ferrari, L. Small-Scale Desalination Plant Driven by Solar Energy for Isolated Communities.
Energies 2020, 13, 3864. [CrossRef]

Corsini, A.; Tortora, E. Sea-Water Desalination for Load Levelling of Gen-Sets in Small Off-Grid Islands. Energies 2018, 11, 2068.
[CrossRef]

Rahaoui, K.; Khayyam, H.; Ve, Q.L.; Akbarzadeh, A.; Date, A. Renewable Thermal Energy Driven Desalination Process for a
Sustainable Management of Reverse Osmosis Reject Water. Sustainability 2021, 13, 10860. [CrossRef]

Shahzad, M.W.; Burhan, M.; Ybyraiymkul, D.; Ng, K.C. Desalination Processes’ Efficiency and Future Roadmap. Entropy 2019,
21, 84. [CrossRef]

Sadeghi, K.; Ghazaie, S.H.; Sokolova, E.; Fedorovich, E.; Shirani, A. Thermo-economic Assessment of the Possible Desalination
Processes for the Second Block of Bushehr NPP. In E3S Web of Conferences; EDP Sciences: Les Ulis, France, 2019; Volume 140.
Ghazaie, S.H.; Sadeghi, K.H.; Sokolova, E.; Fedorovich, E.; Makhuhin, S. Assessment of the integrated nuclear plant for electricity
production and seawater desalination in Iran. Desalination Water Treat. 2020, 188, 20-30. [CrossRef]

Sokolova, E.; Fedorovich, E.; Makhubhin, S.; Barsi, D.; Satta, F.; Zunino, P. Feasibility of a Desalination Plant Coupled with a Mini
Gas Turbine Combined Cycle. In Proceedings of the 14th SDEWES Conference, Dubrovnik, Croatia, 1-6 October 2019.

Sadeghi, K.; Ghazaie, S.H.; Sokolova, E.; Fedorovich, E.; Shirani, A. Comprehensive techno-economic analysis of integrated
nuclear power plant equipped with various hybrid desalination systems. Desalination 2020, 493, 114623. [CrossRef]

Ghazaie, S.H.; Sadeghi, K.; Sokolova, E.; Fedorovich, E.; Shirani, A. Comparative Analysis of Hybrid Desalination Technologies
Powered by SMR. Energies 2020, 13, 5006. [CrossRef]

Barsi, D.; Costa, C.; Satta, F.; Zunino, P; Busi, A.; Ghio, R.; Raffaeli, C.; Sabattini, A. Design of a Mini Combined Heat and Power
Cycle for Naval Applications. J. Sustain. Dev. Energy Water Environ. Syst. 2020, 8, 281-292. [CrossRef]

Barsi, D.; Luzzi, M.; Satta, F.; Zunino, P. On the Possible Introduction of Mini Gas Turbine Cycles Onboard Ships for Heat and
Power Generation. Energies 2021, 14, 568. [CrossRef]

Barsi, D.; Costa, C.; Satta, F.; Zunino, P.; Sergeev, V. Feasibility of Mini Combined Cycles for Naval Applications. In MATEC Web
of Conferences; EDP Sciences: Les Ulis, France, 2018; Volume 245, p. 07008.

Entes; Energy System Software Development. Available online: http://entes.kr/ (accessed on 15 June 2020).

International Atomic Energy Agency. Desalination Economic Evaluation Program (DEEP); Computer Manual Series 14; IAEA:
Vienna, Austria, 2000.

Sadeghi, K.; Ghazaie, S.H.; Chebac, R.; Sokolova, E.; Fedorovich, E.; Cammi, A.; Ricotti, M.E.; Shirani, A.S. Towards net-
zero emissions through the hybrid SMR-solar cogeneration plant equipped with modular PCM storage system for seawater
desalination. Desalination 2022, 524, 115476. [CrossRef]

Esmaeilion, F. Hybrid renewable energy systems for desalination. Appl. Water Sci. 2020, 10, 1084. [CrossRef]


http://doi.org/10.1051/e3sconf/201914004001
https://pub.iaea.org/MTCD/publications/PDF/te_1186_prn.pdf
https://pub.iaea.org/MTCD/publications/PDF/te_1186_prn.pdf
http://doi.org/10.1134/S0040601520050080
http://doi.org/10.3390/en12224247
http://doi.org/10.3390/en7106358
http://doi.org/10.3390/membranes12030267
http://doi.org/10.3390/en11112997
http://doi.org/10.3390/en8020995
http://doi.org/10.3390/en12224401
http://doi.org/10.3390/en13092261
http://doi.org/10.3390/en12244651
http://doi.org/10.3390/en13153864
http://doi.org/10.3390/en11082068
http://doi.org/10.3390/su131910860
http://doi.org/10.3390/e21010084
http://doi.org/10.5004/dwt.2020.25338
http://doi.org/10.1016/j.desal.2020.114623
http://doi.org/10.3390/en13195006
http://doi.org/10.13044/j.sdewes.d7.0309
http://doi.org/10.3390/en14030568
http://entes.kr/
http://doi.org/10.1016/j.desal.2021.115476
http://doi.org/10.1007/s13201-020-1168-5

	Introduction 
	Power Generation Plant and Associated Thermal Cycle 
	Economic Evaluation and Results 
	Conclusions 
	References

