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Abstract: The pressing problems of water scarcity in many parts of the planet make water desalination
one of the technological solutions for guaranteeing the fresh water supply. However, desalination
processes require high energy consumption, mainly provided by fossil fuels. The integration of
renewable energy sources into desalination processes is a promising option for decarbonizing the
desalination sector. As most water-scarce regions with access to seawater frequently have high solar
irradiation levels, it seems appropriate to exploit the sun to power the desalination process. This
work presents the assessment of two integrated solar power and desalination systems regarding
efficiency and water production. Two desalination processes (multi-effect distillation and reverse
osmosis) are studied for potential coupling with the combined cycle of a central receiver solar plant
to produce electricity and freshwater. In the case of the multi-effect distillation plant, it is integrated
by replacing the Rankine cycle condenser of the combined cycle. In the case of the reverse osmosis
check for plant, it is powered by the electricity generated from the combined cycle. For this comparison, the
updates 21st of March has been considered as the design point and Almeria (in the Southeast of Spain) as
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(thermal efficiency of 50.2% for LT-MED case) than the decoupled generation of electricity and water
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(thermal efficiency of 53.3% for RO case), producing 18% less fresh water than the RO configuration
(3831 m3/d vs. 4640 m3/d), due to the 6% penalty in the efficiency of the Rankine power cycle in the
MED configuration as a result of increasing the condensation temperature from 42.6 °C to 70 °C.
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experiencing water scarcity, which is becoming a major problem in water-stressed regions
such as the Middle East and North Africa (MENA). The corresponding situation cannot be
solved without developing future actions oriented toward a sustainable water supply [2].
On the other hand, the global distribution of freshwater is not uniform around the different
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into the desalination process is required for decarbonizing the desalination sector [3]. As
most water-scarce regions with access to seawater frequently have high solar irradiation
levels, it seems appropriate to exploit the sun as a suitable renewable energy source to
power the desalination process. This option is aligned with the EU’s commitment to global
climate action under the Paris Agreement to be climate-neutral by 2050, thus an economy
with net-zero greenhouse gas emissions [4,5]. Among solar technologies, Concentrating
Solar Power (CSP), a dispatchable technology together with its ability to provide heat and
electricity at once, seems to be the most promising to combine with desalination.
Parabolic trough (PT) and central receiver (CR) are the two dominant CSP technologies.
Parabolic trough systems dominate the global market in CSP plants. However, the trend
is drifting toward CR since this technology has a higher potential to reduce costs and
increase efficiency [6]. Steam Rankine thermodynamic cycles coupled with PT technology
reduce a CSP plant’s conversion efficiency when coupled with desalination [7-15], which
makes the concept unviable in economic terms. There are some papers in the literature
that evaluate the integration of desalination systems into CR power plants with Brayton
cycles. Sharan et al. [16] analyzed the integration of a sCO, solar tower plant and a MED
desalination unit for the combined production of water and electricity. A new concept to
store waste heat from the Brayton cycle in water tanks was introduced for increasing the
water capacity factor up to 75%, achieving a reduction in water costs of 19%. They analyzed
different locations for the plant and reported that in Yanbu (Saudi Arabia), using MED as
the desalination system could produce 115 MW, and 4720 m?/d of distillate 16% cheaper
than with RO, with a thermal efficiency of 48%. Maia et al. [17] analyzed the viability of
a 10 MW, sCO, solar tower power plant integrated with a MED desalination system in
five different locations in Brazil. Results obtained showed that the most suitable locations
in terms of performance and water production were those closest to the equator (lowest
latitude) due to the lower variation in the annual solar irradiation, reaching a cycle thermal
efficiency of 46.1%. Finally, Yuan et al. [18] performed an analysis of a CR solar power plant
with sCO, Brayton cycle and multi-effect distillation for the combined production of power
and water. The exhaust gases of the Brayton cycle were used to drive the MED process,
therefore no penalty was introduced into the power cycle. They obtained a solar thermal
power efficiency of 24% and a water production of 459 m?/d with a MED of 5 effects.
MED desalination systems can be also coupled with CR solar power plants based
on Rankine cycles. Related to this, Hoffmann & Dall [19] performed a techno-economic
analysis of the integration of a MED into a 100 MW, CR power plant with Rankine cycle
for the combined production of water and electricity in Namibia (Sub-Saharan Africa). The
results were compared with the case of a RO connected to the grid at the coast and with a
standalone CR dry-cooled power plant. The MED replaced the condenser of the Rankine
power block, and different condensation temperatures were evaluated (60-75 °C). The
penalization in the electricity production for condensing at 70 °C is 6%. The total annual
profits equal those of the standalone CR plant for condensation temperature above 65 °C,
thanks to the existing water tariffs (3.6 US $/ m3) and feed-in tariffs (0.152 US $/kWh).
Despite this, the CR+MED option was not competitive against a RO plant connected to
the grid on the coast (LCOW of 1.783 US $/ m3 vs. 2.646 US $/m?3 of the CR+MED with
condensation temperature of 75 °C). Wellmann et al. [20] presented an exergoeconomic
assessment of a 12 MW, CR power plant with a Rankine cycle integrated and a desalination
plant using a novel low-temperature distillation system in Egypt. The desalination unit
combined the advantages of MSF and MED processes. Results obtained showed that the
solar block destroyed 90% of the input exergy and the exergy efficiency reached 29%. The
lowest LCOE obtained was 0.1971 $/kWh. Ouali et al. [21] performed a techno-economic
evaluation of a CR power plant with a Rankine cycle integrated and a desalination unit
based on membrane distillation technology. The evaluation was performed in six different
coastal locations of the MENA region. Results showed that Egypt was the best location for
the cogeneration plant, in terms of higher energy production, lower LCOE, lower water
production costs and a higher capacity factor (67%). Frantz and Seifert [22] analyzed the
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coupling of a MED in a CR solar power plant with a Rankine cycle. Results showed that
the distillate production could double if the heating steam temperature is increased from
65 to 90 °C but at the expense of decreasing the power production by 11%.

CR systems can achieve higher efficiencies when integrated into gas cycles (Brayton
cycles), and these efficiencies can even be increased using combined cycles, reaching values
of up to 50% [23]. The combined cycle consists of a gas cycle and a bottoming steam turbine
cycle that can be either an organic Rankine cycle or a water Rankine cycle. In both cases, a
heat recovery steam generator generates steam using the exhaust gases, leaving the gas
turbine to drive the bottoming steam cycle. There are several papers dealing with the
dual production of fresh water and electricity by integrating a desalination unit into a
combined cycle. Eveloy et al. [24] evaluated the technical and economic feasibility of a
gas turbine cycle thermally coupled with an organic Rankine cycle via an intermediate
heat recovery unit that generated the mechanical power to drive a reverse osmosis (RO)
high-pressure pump in the Arabian Gulf. The results showed that this combination was
thermodynamically and economically feasible, considering the subsidized water prices. In
addition, they found that the performance of the combined system was stable throughout
the year despite the variation in ambient and seawater temperatures. Shaaban et al. [25]
proposed the analysis and multiobjective optimization of the performance of a power
and water cogeneration system consisting of the coupling of a multistage flash (MSF)
distillation plant with an integrated solar combined cycle (ISCC). This combined cycle
had a gas turbine engine with a multistage compressor intercooler, and the MSF unit
was driven by the thermal energy recovered from this cooling stage. They concluded
that the proposed cycle had good performance (thermal efficiency 62.8%) and significant
improvements compared to the configuration without an intercooler compressor (the net
output power was improved between 15% and 18.5%). Rensonnet et al. [26] carried out a
thermo-economic analysis on the design and part load conditions of several dual-purpose
configurations to evaluate their water and electricity costs. Among others, they considered
a combined cycle with RO and a combined cycle with multi-effect distillation (MED).
They found that the exergy cost of water produced with RO desalination technology
was significantly lower than that produced in the MED configuration. Finally, Khademi
et al. [27] presented a thermodynamic analysis and optimization of a combined CR solar
power plant with sCO, Brayton cycle, organic Rankine cycle and multi-effect distillation
plant (no fossil backup). Maximum exergy efficiency of the integrated system of 61.78%
was obtained, with a MED of 9 effects as the optimal value. Except for the last one, none of
the papers based on combined cycles considers a solar power plant, but the power plant
is a fossil-based conventional one in all cases. Also, the last one is a combined cycle with
organic Rankine cycle that is not currently commercial. This paper considers the integration
of two desalination systems into a central receiver CSP plant (CR-CSP) with a combined
cycle consisting of a solar Brayton plus a Rankine steam cycle. The CR-CSP plant’s power
block consists of a solar—hybrid gas turbine system. Two desalination plants have been
considered to be integrated into the combined cycle: (1) a low-temperature multi-effect
distillation (LT-MED) unit and (2) a reverse osmosis unit. In the case of the LI-MED plant,
it is integrated by replacing the Rankine cycle condenser of the combined cycle. In the case
of the reverse osmosis plant, it is powered by the electricity generated from the combined
cycle. The analysis has been carried out in terms of energy efficiency and water production
considering the 21st of March as the design point and Almeria (in the Southeast of Spain)
as the location. The results obtained can be the starting point to discard cogeneration
systems that render worse outcomes in the South of Europe, and they are only valid for the
particular conditions examined.

2. System Description
2.1. Central Receiver Solar

The central receiver solar plant (see Figure 1) consists of a solar-hybrid power system
with direct solar heating. The solar field is composed of heliostats that direct the sunlight
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toward the receiver, which is cooled by compressed air. The heated air from the receiver is
then transferred to a power block for generating electricity.

Receiver
Sun
;) Tﬁxhausi.
| 5 ;
Gas turbine/
Combined cycle
Tower
] ¥ y
B ¥ B

Heliostat field I l

Compressor

Figure 1. Central receiver solar power plant with direct solar heating.

For the solar receiver (see Figure 2), the same characteristics as the receiver developed
in the SOLGATE Project [28] at Plataforma Solar de Almeria (PSA), in Spain, were selected.
It consists of low-temperature, medium-temperature and high-temperature receiver mod-
ules, which are connected in series to increase the air temperature up to 1000 °C. The
ceramic foam absorber receives concentrated solar radiation across a quartz window. The
pressurized air collects the heat from the absorber, and then it is addressed to the power
block. The quartz window enables high pressure and temperature, and an active window
cooling system that blows cold air toward the window is integrated to avoid overheating of
the quartz glass. All three modules are arranged in a honeycomb-like arrangement in the
focal spot, with each module having a power level of about 400 kWy, and a temperature
increase of about 250 °C.

Secondary Concentrator Quartz Window Insulation

Inlet

Solar Radiation

Outlet

Absorber Vessel

Figure 2. Scheme of the pressurized volumetric receiver. Adapted from [28].

The solar-driven Brayton cycle of the SOLGATE project (see Figure 3) consists of a
compressor, combustion chamber and gas turbine. The air is compressed and directed to the
combustion chamber and then is heated and expanded in the turbine, generating electricity.
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Figure 3. Scheme of SOLGATE solar-driven Brayton cycle. Adapted from [28] (LT: Low Temperature;
MT: Medium Temperature; HT: High Temperature; 1: air inlet from atmosphere; 2: Compressed air;
3: air outlet from combustor; 4: exhaust air from turbine).

For the combined cycle, a conventional layout was assumed. The Rankine cycle
recovers the exhaust heat from the Brayton cycle by a recovery boiler (see Figure 4), where
the energy is transferred from the exhaust gas to water, which evaporates, producing
steam. Then, this steam is expanded in a turbine, generating electricity. Finally, the steam
condenses, and the resulting condensate is pumped back into the feed water tank.
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Figure 4. Scheme of the combined Brayton/Rankine cycle.

2.2. LT-MED Coupled with a Central Receiver Solar Plant

In the case of the LT-MED plant (see Figure 5), it is integrated by replacing the Rankine
cycle condenser of the combined cycle. Consequently, the exhaust steam is relieved only
up to 0.32 bar to obtain the required temperature of 70 °C for powering the MED process.
The vacuum in the MED plant operates by a steam ejector driven by high-pressure steam.
For that reason, it was considered that a marginal part of the steam is extracted from the
Rankine power block at a pressure of 5 bar to produce and maintain that vacuum within
the MED unit.
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Figure 5. LT-MED unit integrated into the combined cycle of the CRS plant.

2.3. Reverse Osmosis Coupled with a Central Receiver Solar Plant

In the case of the reverse osmosis plant (see Figure 6), it is powered by the electricity
generated from the combined cycle of the CRS plant. Therefore, part of the produced
electricity drives a high-pressure pump to run this membrane-based desalination process.
The exhaust steam pressure in the turbine was established at 0.085 bar (42.7 °C), which is
limited by the available cooling water temperature in the condenser.

Que
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‘

® O )
>

/
/

Air

Seawater

High pressure
pump

Fresh water

Figure 6. CRS plant powering a RO unit.

3. Modeling

This section presents the modeling and simulation of all the components of the cogen-
eration plants. The solar field and receiver were designed using HFLCAL software and the
combined desalination and the CRS plants were simulated using the commercial software
EBSILON v11 [29].



Processes 2023, 11, 1181 7 of 20
3.1. Central Receiver Solar Plant
3.1.1. Solar Field
The efficiency of the heliostat field is defined as follows:
QR inc
= e M
THE IpN1-AHF

where Q Rinc 18 the intercepted thermal flow at the receiver, Ipy; is the direct normal
irradiance, and Apr is the total area of the heliostat field. In addition, the efficiency of the
solar field can be calculated by the following equation:

NHF = €HF Nopt,HF ()

where ¢ g is the average solar field reflectivity and 7, ¢, 1 r is the optical solar field efficiency,
both depending on the sun’s azimuth and elevation angle [30]. The optical efficiency of the
solar field is determined by the following equation:

Mopt,SE = Mcl*Ycos Nsh Nl - Hat Nspl " VHF,par 3)

where 7 is the cleanliness factor, 7.5 is the cosine efficiency, 74, and #; consider the
shadowing and blocking effects, 77, is the factor for atmospheric extinction, 1Jsp1 accounts
for the spillage losses and 7y par are the parasitic losses of the solar field.

3.1.2. Receiver

The receiver efficiency is determined by the thermal losses (by reflection, thermal
radiation, and convection). The reflection losses are based on the absorption limit of the
applied material. The thermal radiation can be derived from Plank’s radiation law, and
the convection losses are due to the temperature difference between the receiver and the
ambient air [31]. Thereby, the receiver efficiency for a steady-state operation is defined as:

QR,inc - Qref = Qrad — Qeon — Qeov
QR,inc QR,inc

_ QR,out _

1R (4)
where Q R,out 18 the output heat flow to the power block, Q,e r are the reflection losses, de

are the thermal losses due to radiation and Q,,, and Qcov are the thermal losses due to
conduction and convection, respectively.

3.1.3. Power Block
The thermal efficiency of the combined cycle, 7, ¢,, is defined as follows:
Peo P By + Prank

Ntheo = — = = - (5)
Qin Qin,By + Qin,Runk

where Pp, and Prgy are the net power produced by the Brayton and Rankine cycles,

respectively, and Q;, p, and Qin, Rank are the heat rate input to both power cycles. These
heat rate inputs are determined through the following equations that define the thermal
efficiency of each cycle:

Qin,By = Wth,By'PBy (6)

PRank - ﬁth,Rank'Qout,By
MNth,Rank

@)

Qin,Rtmk =



Processes 2023, 11, 1181

8 of 20

Finally, the electrical power of the combined cycle, P, can be obtained as follows:

P, = Pel — PRO/MED - Ppump - pcool (8)

where P, is the gross power production, Pro/mep is the power consumed by the desalina-
tion processes (RO or MED), Pyymp is the power consumed by the pumps and P, is the
power consumed by the cooling system.

3.2. Reverse Osmosis

The mathematical modeling was based on the fundamentals of the reverse osmosis
process. It was implemented in MATLAB-Simulink and validated by comparing the
outputs with the commercial software Reverse Osmosis System Analysis (ROSA v9) [32].

The system considers the pre- and post-treatment, a high-pressure pump and an
Energy Recovery System (ERS) with a turbine and a generator. A membrane module
composed of six membrane elements was selected, operating in line to obtain a recovery
ratio (ratio between product water and feedwater) of 40%. It was assumed that all six
membranes are considered a single element to estimate their performance.

The osmotic pressure of an ideal dilute solution containing more than one solute is
given by the following equation:

m=RT-Y ¢ )

where c; is the concentration of component i in the solution [33].
The total permeate flow rate, Vp, is determined as follows:

Vp = Ap-L-FE-(Ap — A7) (10)

where A)y is the total active membrane area, L is the permeability coefficient (which
depends on the characteristics of the membrane and is considered constant [34]), FF is a
factor accounting for the fouling effects of the membrane, and Ap is the required applied
pressure in the membrane. The applied pressure, Ap, should be able to overcome the
osmotic pressure of the concentrate in the final stage of the RO unit. According to Perry
and Green [35], the osmotic pressure of the concentrate rises with the osmotic pressure of

the feed: .
TCon = m'ﬂP (11)

Substituting Equation (8) into Equation (7) for the required pressure, the applied
pressure in the membrane is obtained by the following equation:

-V
Ap = F,RO TTF

= 12
AuLEE 1-o (12)

where @ is the recovery ratio, Vr ro is the feedwater flow rate and 7y is the osmotic
pressure of the feed. Note that Equation (12) does not consider scaling or concentration
polarization over the operating time.

The power consumption of the reverse osmosis process, Pro, is calculated as follows:

_ Vero-AP

Pro
Mp

— VeonAprnT MG (13)

where V,, is the concentrate flow rate, Apr is the pressure drop over the turbine of the
ERS, and 77, 177 and 7 are the efficiency factors of the pump, turbine and generator,
respectively [36].

The total power consumed by the desalination system, Pro, is the sum of the power
consumed by the RO process (Ppmcess) and the power required for the pretreatment (Pp,),
as shown in Equation (11):

Pro = Ppracess + Pp, (14)
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For the pretreatment, a specific energy consumption of 0.65 kWh/m? was assumed [37].
It should be noted that the post-treatment was neglected because its energy demand is
relatively low compared to Prp and Pp,. The Specific Energy Consumption (SEC) of the
desalination process is obtained as follows:
Pro _ AP |1 Apr Pp,
sEC="R0 _ B2 AL (1) BTy | 4 T (15)
vp @ Llmp Ap Vb

The selected membrane is a spiral-wound element with polyamide thin film compos-
ite (Dow FilmtecTM SW30HR_380 [38]), which was selected from DowWater & Process
Solutions. The area of the membrane is 35 m?, has a permeate production of 24.6 m3/day
and a salt rejection of 99.65%, at design conditions. Regarding the operating limits of this
membrane [36], the maximum operating temperature and pressure are 45 °C and 83 bar,
respectively, the maximum element pressure drop is 1 bar, the pH range (in continuous
operation) is between 2 and 11 and the maximum feed SDI (Silt Density Index) is 5.

The permeability coefficient was estimated based on the data delivered by ROSA,
resulting in L = 1.0979 - 10~2 m/(h bar).

3.3. Multi-Effect Distillation

The mathematical model of the LT-MED plant for determining its freshwater produc-
tion was based on the model developed by Palenzuela et al. [39,40] and was implemented
in the Matlab R2015b software environment. This model was developed based on the
configuration of the pilot MED plant at Plataforma Solar de Almeria and was validated
with experimental data from this plant. For the sake of simplicity, only the main equations
used are shown in this section. Note that the model does not account for the heat losses to
the ambient.

The specific thermal energy consumption (STC) of the MED unit is defined as the
external thermal energy supplied to the distillation unit (Q,sf,1) divided between the total

distillate flow rate (VD):

_ Qefin
Vb
The total distillate flow rate is determined as the sum of the flows leaving each effect

of the MED unit:

STC (16)

. N
Vp =) Mg, (17)
i=2
The thermal energy supplied to the distillation unit is calculated by an energy balance
in the first effect, as follows:

Qupf1 = Mgya-Agur +Mp-Cpr (Toa = T ) = MioA (18)

where Mgy 1 is the total vapor flow rate generated in the first effect and Ay 1 is the latent
heat of evaporation at the temperature T ;, which is the temperature of the remaining
brine after evaporation. My is the feedwater flow rate sprayed in the first effect of MED at
a temperature Ty, Cp is the specific heat capacity, M; is the low-pressure steam mass flow
rate supplied in the first effect and A; is the change in enthalpy associated with the vapor
condensation in the first effect at steam temperature T;.

The required heat transfer area for the first effect (A,¢s,1) and the rest of effects (A.ff,:)
is determined by the following heat transfer equations:

First effect : Qt’ff,l = ueff,1~Aeff,1-(Ts — Tb,l) = M;-Ag (19)

Effecti: Qerri = Uers,iAesri-(Toim1 — Toi) = Myi1-Ayi1 (20)
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where U, ¢r1 and U,y are the heat transfer coefficients of the first and the rest of effects,
respectively. These coefficients are calculated by a correlation given by El-Dessouky and
Ettouney [41] that is a function of the brine temperature, as indicated by Equation (18):

Uefsi = 1.9695 + 1.2057-10 2T, ; — 8.5989-10°-T; | +2.5651-1077-T} | (21)

Qefy,i is the heat transfer rate in each effect; M, ;1 is the total vapor flow rate generated
in one effect and going to the following one as the heating source and A, ;_1 is the change
in enthalpy associated with the vapor condensation in effect i, at vapor temperature T;, ;1.

The plant performance is evaluated by the Gain Output Ratio (GOR), which is defined
as the mass flow rate of distillate produced per consumed heating steam rate and by the
recovery ratio (RR), which is the ratio of the distillate product flow rate to the feed flow
rate supplied:

M,od

R= "% 22

GO : (22)
Mo

RR = P2 2

My (23)

Regarding the electricity consumption for the MED plant, Pysgp, an SEC of 2 kWh/m3
was considered, which accounts for the water pumping from the sea to the desalination plant.

Design of the Vacuum System

The vacuum system was designed by determining the motive steam flow rate required
in the ejector. The mass flow rate of the sucked air was estimated based on the calculation
of the noncondensable gases.

From Equation (22), the total distillate mass flow rate is given by:

Mproq = GOR-Ms (24)

According to Equation (23), the volume flow rate of the feed water, Vr yigp, can be

determined as follows:
GOR-M;

REpr (25)

VEMED =

where pr is the density of the feed water. Assuming ambient conditions and that the sea-
water is saturated with air, the amount of dissolved gases released during the evaporation
process can be estimated as:

3

V.. I ,
Fair = B = 16865 — 0.01686—" (26)
VF,MED lfeed mfeed

where 7,4, is the volume flow fraction between the dissolved air and the feed [42]. The mass
flow rate of the overall sucked air is then obtained as follows:

Myiy = 7’air'VP,MED'Pair + Mieakage (27)

where Meqcqge 15 an additional air mass flow rate entering the system due to the lack of
total tightness.

3.4. Simulation
3.4.1. RO Model

The input parameters for the RO model are summarized in Table 1. The pH and the
operating temperature were set to 7.6 and 25 °C, respectively, and they are supposed to
be constant during the whole process. The C ng concentration is obtained from ROSA,
as it depends on the pH and temperature of the water. The seawater source selected was
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seawater from the Mediterranean Sea and the feed flow through one module was set to
200 m?/day with a recovery of 40%.

Table 1. Input data of the RO model for one module.

Parameter Value Unit
pH 7.6 -
. Operating temperature, T 25 °C
Fixed CO%f Concentration 8 mg/L
Permeability coefficient, L 1.0979 x 1073 m/(h bar)
Feed flow, V¢ ro 200 m3/day
Variable Recovery Ratio, ® 40 %
Fouling Factor, FF 0.85 -

The concentration of the dissociated ions in the seawater is shown in Table 2.

Table 2. Dissociated ion concentration of the Mediterranean Seawater [43].

Component Concentration in mg/L
Cl~ 23,000
Na* 12,000

S042~ 2670
Mg?+ 1550
Ca? 670

HCO3™ 142

CO52~ 8

Sr** 7.5
B 53
TDS 40,052.8

The TDS (Total Dissolved Solids) corresponds with the sum of all ion concentrations.
The model ignores/neglects the water chemical properties, as well as the chemical influence
of ions and the charge neutrality of water. Furthermore, the ion activity factor is set to one,
neglecting any molecular interactions.

The output data from solving the model are the osmotic feed and concentrate pressures
(rtp and 71cyy), the applied pressure in the membrane (Ap), the permeate and concentrate
flow rates (Vipp and Vi, respectively) and the RO plant energy consumption (Prp).

3.4.2. MED Model

The input parameters of the LT-MED model are summarized in Table 3. They are
based on the nominal values of the MED-PSA pilot plant. The model allows estimating the
production of freshwater for a given amount of external heat supply obtained when the
combined power cycle is simulated.

Table 3. Input data of the LT-MED model.

Parameter Value Unit

Initial temp. diff. in the 1st effect

(brine—feedwater) 3 ¢
Recovery Ratio, RR 37 %
Number of effects, N, ff 15 -
Number of preheaters, N, 14 -
Heating steam temperature, T 70.6 °C
Vapor temperature in the last effect, T, 5 35 °C

Temperature increase in the condenser 7 °C
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The output data from the MED model are given in Table 4.

Table 4. Output data from the LT-MED model.

Parameter

Heat transfer area, A,ff

Total distillate production, Vp
Gain Output Ratio, GOR
Feedwater flow rate, Vr meD
Feedwater temperature, Tf
Seawater mass flow rate, 1y
Specific Thermal Consumption, STC

m3/day

m3/day

kWh/m3

3.4.3. CRS + Desalination Model

The location selected to run the simulations is Almeria (Spain), with a latitude and
longitude of 36.8° and —2.45°, respectively. The design point has been selected on the
21 March 2016 at noon, with a Direct Normal Irradiance of 817 W/m?2, ambient temperature

of 20 °C and wind velocity of 4.1 m/s.

Table 5 summarizes the data of the designed receiver, and Table 6 presents the bound-
ary conditions of the power block. For the designed receiver, data from SOLGATE solar
receiver were taken. The data from the power block were provided by the Institute of
Energy Technology at the University of Hamburg. The evaporation occurred in a dual-
pressure boiler with pressures of 5 and 121 bar respectively. The gas turbine operated with

an inlet temperature of 1256 °C.

Table 5. Design parameters of the receiver.

Parameter Value Unit
Aperture area, Agp 19.63 m?
Design intercept power, Q;,; 16,130 kW
Efficiency, nr 0.74 -
Emissivity, €rec 0.84 -
Heat lo'ss' convective 12 W/m2K
coefficient, aco,
Surface temperature, Tre. 830 °C
Nominal pressure drop, Aprec 1 bar
Table 6. Boundary conditions of the power block.
Parameter Value Unit
Pressure ratio, Brayton, I1 16 -
Gas turbine inlet temperature, T, 1256 °C
Low-pressure, Boiler, Pj,,, 5 bar
High-pressure, Boiler, Py, 121 bar
High-temperature difference,
20 K
Evaporator, ATy,
Low-temperature difference, 15 K

Evaporator, AT}y,
Compressor efficiency, #comp 85
Generator efficiency, 1 98

Y%
Y%
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It was assumed that both CRS+Desalination configurations provide a total net power
of 14 MW,. The net power resulting from the LT-MED configuration was that considered
for the comparison due to the penalty associated with this configuration. This arises from
the gross power production after subtracting the internal power consumption by the pumps
and the power consumption required by the desalination process and the cooling system.
In both configurations, the CSP plant is located at Tabernas, Almeria (South of Spain),
which is 40 km from the sea and has an altitude of 500 m, in order to avoid the corrosion
problems that the sea could cause in the solar field. For the case of CRS+RO configuration,
it was considered that the RO unit is located close to the sea, and only the cooling water of
the power block needed to be transported over a certain distance to the plant. The energy
demand for feeding the RO unit and for brine disposal was assumed to be negligible. In this
configuration, the steam in the Rankine cycle was expanded up to a pressure of 0.085 bar
(42.7 °C) considering a cooling water temperature of 25 °C.

In the case of the CRS+LT-MED configuration, the steam in the Rankine cycle was
expanded up to a pressure of 0.32 bar (corresponding to a temperature of 70 °C, which is the
steam temperature required by the MED unit), which penalizes the electricity production.
The condensed water of the Rankine cycle was fed back to the feed water tank. The relatively
high feed water temperature replaced the need for preheating the water in the power cycle.
In this configuration, the desalination plant had to be located close to the power plant as
it is fed with the steam coming from the power block. Hence, in this case, the cooling
water and the LI-MED feedwater were transported over the total distance. The rejected
seawater from the condenser and the brine were pumped back into the sea. Considering
an average energy consumption of 3.6 Wh/(m>my;s.) for the conveyance and lift system,
the CRS+LT-MED system would have an energy demand of 2.1 MW, for the water supply
while the CRS+RO system would require 1 MW¢;. Additional simulations were carried out
considering the installation of a pressure boiler working at an operating pressure of 0.32 bar
and 1.1 bar to produce additional steam for the LI-MED plant. The required energy for the
boiler was provided by the exhaust gas coming from the Brayton cycle.

4. Results and Discussion
4.1. Solar Field

Regarding the solar field, Table 7 illustrates the resulting design parameters obtained
by the simulation with the software HFCAL.

Table 7. Resulting design parameters of the heliostat field.

Design Parameter Value Unit
Total reflective area 25,458.6 m?
Number of heliostats 220 -
Heliostat reflective area 115.72 m?2
Efficiency 0.74 -
Average field reflectivity 0.88 -
Field density 0.22 -

These parameters allowed determining the average optical solar field efficiency for
different azimuth and elevation angles of the sun. The resulting optical efficiency distribu-
tion obtained by HFCAL is shown in Figure 7. As can be seen, the tower casts a shadow
on some of the heliostats located close to it, and the heliostats on the borderline of the
solar field show losses due to cosine and intercept factors. According to the date and time
selected for the location of Almeria, the resulting thermal power provided by the solar
field to the receiver was 16,130 kWy,. The efficiency matrices obtained by HFLCAL were
imported to EBSILON for the power plant simulation.
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Figure 7. Optical efficiency distribution of the solar field.

4.2. CRS Plant with RO

The CRS plant performance and thermal efficiencies for powering the RO process are

illustrated in Table 8.

Table 8. EBSILON results of the CRS plant with the RO unit.

Design Parameter Value Unit
Power plant Gross Power Brayton 10 MW,
or forrrF:ance Gross Power Rankine 5 MW,
P Parasitic energy losses 0.1 MW,
Brayton cycle 35.9 %
- Rankine cycle 27.8 Y%
Thermal efficiency Combined Zycle 53.3 %
Solar fraction 41 Y%

It should be noted that the solar fraction was only given for the design point. The
simulation has to be carried out for a full year to conclude more accurate results regarding

the yearly solar fraction.

Table 9 illustrates the freshwater production of the RO plant. As can be seen, the de-
salination plant without an energy recovery system produces less water and, consequently,
needs a lower power demand for the pretreatment. On the other hand, the configura-
tion equipped with a recovery energy system requires more power for the pretreatment
(126 kW¢) and has, consequently, a lesser amount of power available for the RO process.
However, the freshwater produced is higher due to the higher energy efficiency, which

leads to lower specific energy consumption of the RO plant.
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Table 9. Results for the RO plant.

RO Unit Variable Value Unit
Power for desalination 900 kWe
Power for pretreatment MF/UF 87 kW,
No energy recovery Power for RO 813 kWe
system Fresh water production 3200 m3/ day
Number of modules 40 -
SEC RO process 6.07 kWh/m3
Power for pretreatment MF/UF 126 kW
With energy recovery Power for RO 774 kWe
system Fresh water production 4640 m3/ day
Number of modules 58 -
SEC RO process 3.98 kWh/m?3

4.3. CRS Plant with LT-MED
Table 10 illustrates the results of the CRS plant with an integrated LT-MED.

Table 10. EBSILON results of the CRS plant with an LT-MED plant.

CR?JI_)_ ll\a/[r;itl;v ith Variable Value Unit
Gross Power Brayton 10 MW,
Power plant Gross Power Rankine 44 MW,
performance Parasitic energy losses 0.09 MW,
Electric Consumption MED 0.31 MW,

Brayton cycle 35.9 %

Rankine cycle 24.5 Y%

Thermal efficiency Combined cycle 50.2 %

Solar fraction 41 %

Brayton cycle 359 Y%

For this configuration, the Rankine cycle produces lower electricity than in the case
of CRS+RO (4.4 MW,), due to the efficiency drop (50.2% in comparison with CRS+RO
configuration) caused by the limitation of the steam expansion up to 0.32 bar because the
LT-MED requires steam at 70 °C. Table 11 shows the steam mass flow rate, the heat rate
of the supplied steam, the heat recovered and the performance of the LT-MED unit (GOR
and STC) for the three cases considered: without an additional boiler (Case 1), with an
additional boiler that produces steam at 0.32 bar (Case 2) and with an additional boiler that
produces steam at 1.1 bar (Case 3). As expected, the plant produces more freshwater with
an increasing heat supply.

Table 11. Results for the LT-MED plant.

. STC
M (kg/s) Q; (kW) Qrec (kW) Vp (m3/Day) GOR (Wh/m®)
4.249 10,080 8831 3831 10.33 63.1
4.829 11,633 10,214 4562 10.82 61.2
5.231 12,658 11,120 4942 10.82 61.5

4.4. Comparative Assessment of the CRS Plant with RO & LT-MED
Figure 8 shows the produced energy, the amount of heat dissipated in the condenser
(Qcong) and recovered (Q,,.) and the water production (VD) for both plant configurations.
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Figure 8. Comparison between the energy recovered, heat and water production for the two CRS+D
configurations.

As can be seen in Figure 8, the combination of the CRS plant with the RO unit allows
a higher gross electricity generation than the combination of CRS plus LT-MED (see Pjs,).
The RO plant delivers water production of 4640 m®/day, an SEC of 4.6 kWh/m3 and the
overall power plant configuration results in a thermal efficiency of 53.3%.

On the other hand, the CRS+LT-MED configuration results in an average STC of

62 kWh/m3. The dissipated heat rate in the condenser (and) is about 8566 kW, the
temperature of the exhaust gas is 164 °C and the water production is about 3831 m?/day,
which is significantly lower than the water production of the RO unit. In addition, the
effect of integrating the LT-MED plant into the overall power plant leads to a penalty in
the thermal efficiency of the power plant of three points, from 53.3% to 50.2%. In case an
additional low-pressure boiler with an operating pressure of 1.1 bar is implemented to
exploit the energy content in the exhaust gases from the Brayton cycle, it is ensured that the

LT-MED plant gains additional steam (which is shown as Ql in Figure 8). Consequently,

water production rises by Vp . In this case, the temperature of the exhaust gas would
decrease up to 117 °C. In the case that a boiler with an operating pressure of 0.32 bar is

implemented for the same purpose, the recovered heat rate (Qm.) and water production

increases by Q, and Vp, (4932 m3/day) surpassing the RO water production. In this
case, the exhaust gas temperature would drop down to 85 °C as the exhaust heat can be
recovered more efficiently. The thermal efficiency of the combined cycle obtained can be
compared with that obtained in a similar work from Resonnet et al. [26] where they reached
up to 55.19% of thermal efficiency with the configuration CC+RO, while a penalty of seven
points in the efficiency (48.47%) was obtained for the configuration CC+MED.

5. Conclusions

The objective of this paper was to explore combinations of a solar-hybrid gas turbine
system with an expanded combined cycle to produce power and freshwater from seawater
desalination (CSP+D plants). The two desalination systems proposed were RO and LT-MED.
A model of both desalination plants was developed and implemented into Matlab and
Simulink environments. Additionally, the central receiver solar plant with an integrated
combined cycle was simulated in EBSILON for the location of Almeria (Spain). The
analysis was done in a design point, selected on the 21st of May. The two CSP+D plants
were compared against each other in terms of their power and freshwater yields, assuming
an equal net power of 14 MW, in both cases. From the comparison, it was found that the
RO configuration produces 18% more freshwater than the LT-MED configuration. The latter
resulted in a penalty in the thermal efficiency of the power plant (i.e., from 53.3% to 50.2%)
due to the increase in the condensation temperature from 42.7 °C to 70 °C. In addition,
the integration of LT-MED into the combined cycle of a CRS plant faces some challenges
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due to the need to locate the LI-MED close to the power plant. This effectively entails an
additional energy demand for the MED, which was almost double the energy requirements
for the RO unit. Nevertheless, for the case of thermal cogeneration with LT-MED, the new
developments proposed in small-capacity solar tower plants for distributed generation
may represent an opportunity for this option, as there is no penalty in the direct coupling
to the Brayton cycle. Also, the inclusion of exergy analyses based on yearly simulations
could lead to a fair comparison between the two different separation mechanisms, such as
RO and MED.
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Abbreviations

Greek Symbols

Xeon Heat loss convective coefficient, W/m?K
Aprec Nominal pressure drop in the receiver, bar
Apr Pressure drop over the turbine of the ERS, bar
ATpign Evaporator high-temperature difference, °C
AT Evaporator low-temperature difference, °C
Hat Factor for atmospheric extinction

b1 Efficiency reduction due to blocking

el Cleanliness factor

Neomp Compressor efficiency

Ycos Cosine efficiency

/e Efficiency of the generator

NHE Solar field efficiency

1HE, par Efficiency reduction due to parasitic losses
Mp Efficiency of the pump

Nsh Efficiency reduction due to shadowing

nr Efficiency of the turbine

Nth,co Thermal efficiency of the combined cycle
Hopt,SF Optical solar field efficiency

7R Receiver efficiency

Nspl Efficiency reduction due to spillage

eHF Average solar field reflectivity

Erec Receiver emissivity

Agb1 Latent heat of evaporation inside the 1st effect of the MED unit, k] /kg



Processes 2023, 11, 1181 18 of 20

As Latent heat of condensation in the 1st effect of the MED unit, k] /kg
Ay Latent heat of condensation in effect i of the MED unit, k] /kg

s Osmotic pressure, bar

TTCon Osmotic pressure of the concentrate, bar

Tp Osmostic pressure of the feed, bar

I1 Pressure ratio, Brayton

o Recovery Ratio for the RR

or Density of the feed water, kg/m3

Roman Symbols

Agp Aperture area, m?

Actfi Heat transfer area of the effect i in the MED unit, m?

AqlF Total area of the heliostat solar field, m?

Apm Membrane area, m?

Cp Specific heat, kJ /kg °C

Ci Concentration of the component “i” in the solution, mol/ m3

FF Fouling factor

GOR Gain Output Ratio

IpnT Direct normal irradiation, W /m?2

L Permeability coefficient, m® /hm?bar

My ; Distillate mass flow rate leaving each effect of the MED unit, kg/s
My Feedwater mass flow rate sprayed in the 1st effect of the MED unit, kg/s
Mgy Total vapor mass flow rate generated in the 1st effect, kg/s

Mprod Mass flow rate of the total distillate produced in the MED unit, kg/s
Mg Steam mass flow rate supplied in the 1st effect of the MED unit, kg/s
M,,i Vapor mass flow rate generated in effect i of the MED unit, kg/s

p Pressure, bar

P, Net power produced by the Brayton cycle, W

Prow Boiler low pressure, bar

DPhign Boiler high pressure, bar

Prank Net power produced by the Rankine cycle, W

Qeon Receiver losses due to conduction, W

Qcov Receiver losses due to convection, W

Qefri Thermal energy supplied in the 1st effect of MED plant, W

Qint Design intercept power, kW

Qin,By Thermal energy input of the Brayton cycle, W

Qin, Rank Thermal energy input of the Rankine cycle, W

Qrad Receiver losses due to radiation, W

Qre f Receiver losses due to reflection, W

0 Rinc Intercepted thermal flow at the receiver, W

Q R,out Output heat flow from the receiver to the power block, W

R Universal gas constant, ] /molK

RR Recovery Ratio

T Temperature, °C

Ty Temperature of brine in the 1st effect of the MED after evaporation, °C
Tf Temperature of the feedwater sprayed in the 1st effect of the MED, °C
T, Gas turbine inlet temperature, °C

Trec Surface temperature, °C

Ty i Vapor temperature in the effect i of the MED unit, °C

Vair Volume of air, m®

VD Total permeate/distillate flow rate, m3/ day

Veon Concentrate flow rate, m3/s

Ve MED Volume flow rate of feed water, m3/s

VE RO Feedwater flow rate in the RO, m>/s

Pro/MED Power consumed by the desalination processes, W

Pp, Power consumed by the pretreatment, W
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Pprocess Power consumed by the RO process, W
SEC Specific Energy Consumption of the RO process, Wh/ m>
STC Specific Thermal Energy Consumption of the MED process, Wh/m?
Uefr Heat transfer coefficient, kW/m? °C
csp Concentrating Solar Power
CSP+D Concentrating Solar Power and Desalination
CR Central Receiver
CRS Central Solar Receiver
IsCC Integrated solar gas turbine-steam turbine combined cycle
LT-MED Low-temperature multi-effect distillation
MED Multi-effect distillation
MENA Middle East and North Africa
MSF Multistage flash
PSA Plataforma Solar de Almeria
PT Parabolic Trough
RO Reverse Osmosis
ROSA Reverse Osmosis System Analysis
SDI Silt Density Index
TDS Total Dissolved Solids
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