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HIGHLIGHTS GRAPHICAL ABSTRACT

o MSF raises fuel use by 13-18 % in CCPP;
MED cuts thermal demand by 30 %.

e SWRO achieves lowest water cost at
$0.308/m?® in cogeneration systems.

e Hybrid MED-SWRO optimizes fuel effi-
ciency and water yield in CCPP.

¢ HRSG enhances MED’s cost-
effectiveness over MSF in dual-purpose
plants.

o Thermodynamic model treats CCPP as
one input, two outputs for efficiency.
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ARTICLE INFO ABSTRACT
Keywords: This study evaluates the integration of MSF, MED, and SWRO desalination systems with a Combined Cycle Power
Combined cycle power plant Plant (CCPP) to optimize fuel efficiency for the co-production of electricity and desalinated water. A thermo-

Hybrid desalination

Energy cost analysis

Seawater reverse osmosis (SWRO)
Multi-effect distillation (MED)
Multi-stage flash desalination (MSF)

dynamic approach is utilized, modeling the integrated system as a single unit with one fuel input and two
outputs: electrical power and potable water. The standalone CCPP achieves 59.8 % efficiency, but this decreases
when desalination units are integrated due to energy diverted to water production. Among thermal methods,
MED proves more efficient than MSF, reducing fuel consumption by approximately 3 % and lowering water
production costs by up to 19 %. In contrast, SWRO, which relies solely on electricity, demonstrates a 52-62 %
reduction in energy cost compared to thermal methods. Hybrid MED-SWRO systems optimize fuel use, with the
MED3RO?7 system (30 % MED, 70 % RO) achieving the best performance, cutting water production costs by

* Corresponding author.
** Corresponding author at: Center for Advanced Materials, Qatar University, Doha, Qatar.
E-mail addresses: Sihm@swcc.gov.sa (S. Thm), dhan@qu.edu.qa (D.S. Han).

https://doi.org/10.1016/j.dwt.2025.101596
Received 22 September 2025; Received in revised form 24 November 2025; Accepted 2 December 2025

Available online 3 December 2025
1944-3986/© 2025 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-5179-8441
https://orcid.org/0000-0002-5179-8441
https://orcid.org/0000-0002-4804-5369
https://orcid.org/0000-0002-4804-5369
mailto:Sihm@swcc.gov.sa
mailto:dhan@qu.edu.qa
www.sciencedirect.com/science/journal/19443986
https://www.sciencedirect.com/journal/desalination-and-water-treatment/
https://doi.org/10.1016/j.dwt.2025.101596
https://doi.org/10.1016/j.dwt.2025.101596
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dwt.2025.101596&domain=pdf
http://creativecommons.org/licenses/by/4.0/

M. Arunachalam et al.

Desalination and Water Treatment 325 (2026) 101596

about 30 % relative to standalone thermal systems. The analysis reveals that shifting from MSF to MED, sup-
ported by HRSG, significantly reduces thermal energy consumption, positioning MED as a more cost-effective
alternative to MSF. Hybrid systems enhance overall fuel efficiency and economic viability in dual-purpose

power plants.

1. Introduction

As global energy demand keeps rising, driven by rapid urbanization
and technological growth, efforts to optimize energy use in power plants
have become more urgent [1]. The researchers are exploring advanced
systems and architectures to maximize electricity generation efficiency,
from innovative gas turbines and cogeneration cycles to Al-driven grid
management and renewable energy integration. This is critical because
any improvements in energy efficiency can help lower costs, reduce
environmental impacts, and stretch limited fossil fuel supplies further.
Simultaneously, ensuring a reliable supply of freshwater has emerged as
a pressing issue, particularly in water-stressed regions where population
growth and resource constraints have intensified the demand for both
energy and water over recent decades. In such areas, seawater desali-
nation has become a vital solution for securing freshwater supplies, yet
the energy-intensive nature of most desalination technologies poses
significant hurdles [2]. High operational costs and the high price of
desalinated water have historically limited the development and
expansion of industrial desalination facilities, underscoring the need for
more efficient, cost-effective approaches.

Integrating desalination systems with combined-cycle power plants
(CCPPs) presents a compelling solution by enabling the co-production of
electricity and freshwater. This can be achieved by retrofitting existing
single-purpose power plants into multi-purpose facilities that recover
and utilize waste heat for local heating, cooling, or steam generation to
power desalination processes [3]. Conventional power generation sys-
tems typically operate at thermal efficiencies of 30-40 %, with a sig-
nificant portion of input energy lost as waste heat [4]. By coupling
desalination with cogeneration systems, this waste heat can be har-
nessed to drive thermal desalination processes, thereby improving
overall energy efficiency and reducing environmental impact [5].

In the GCC countries, where gas demand is rising rapidly due to its
use in electricity and water production, petrochemical industries,
enhanced oil recovery, and exports, the efficient utilization of fuel has
become a key sustainability priority. Increasing gas consumption has led
to regional shortages, emphasizing the importance of optimizing fuel
efficiency in CCPPs to support both the power and water sectors. Ret-
rofitting strategies have been studied, especially the shift towards tri-
generation systems that include SWRO and absorption cooling,
thereby complementing traditional MSF units in GCC plants to improve
energy and water production [6]. In an Iranian example, a CCPP desa-
lination plant achieving a combined heat and power (CHP) efficiency of
67 % and a water cost of ~$0.74/m*® demonstrates efficiency improve-
ments in combined systems [7]. Research also confirms that
dual-purpose configurations yield a lower “Fuel Cost of Water (FCW)”
than standalone desalination, thereby improving economic feasibility
[8].

CCPPs achieve higher efficiencies than traditional power plants by
integrating gas and steam turbine cycles. In this configuration, natural
gas is combusted in a gas turbine to generate electricity, producing high-
temperature exhaust gases. These gases are then directed to a heat re-
covery steam generator (HRSG), where they capture the thermal energy
to produce steam. The steam drives a steam turbine, generating addi-
tional electricity and significantly improving the plant’s overall effi-
ciency. When paired with desalination, low-pressure steam, which is
unusable for further electricity generation, is repurposed to power
thermal desalination processes, such as multi-stage flash (MSF) or multi-
effect distillation (MED). These methods require substantial low-grade
thermal energy to evaporate seawater and produce freshwater, making

them well-suited for the utilization of waste heat. Alternatively,
seawater reverse osmosis (SWRO) desalination operates solely on elec-
tricity through advancements in energy recovery devices (ERDs),
membrane technologies, and pre-treatment processes. Integrating
CCPPs with desalination systems offers multiple advantages, including
enhanced fuel utilization, reduced greenhouse gas emissions, and eco-
nomic benefits by maximizing energy output per unit of fuel consumed
[9].

Extensive research has evaluated the energy efficiency of desalina-
tion technologies using various fuel allocation methods, such as power-
credit, water-credit, reference-cycle, and power-loss approaches, to
distribute fuel energy between power and desalination outputs equi-
tably [10-12]. These methods highlight the fuel-saving potential of
cogeneration, particularly when steam is extracted from specific cycle
points to support thermal desalination, with performance assessed using
metrics like the performance ratio (PR), which measures water pro-
duction efficiency per unit of energy input. Studies on CHP plants
coupled with desalination have demonstrated lower fuel costs than
standalone desalination facilities, primarily when optimized heat re-
covery is employed, supporting the concept of FCW and its economic
feasibility [13]. Similarly, Saeed’s research on FCW dual-purpose plants
concluded that coupling desalination with combined cycles is more
cost-effective than using steam turbines alone, reinforcing the advan-
tages of the integrated system [14]. Despite the breadth of existing
studies, a lack of unified comparative analysis persists across desalina-
tion technologies (MSF, MED, SWRO) integrated with CCPPs, under
consistent equivalent work/fuel allocation frameworks. For example,
the power-credit method allocates the fuel cost of desalinated water
based on the “opportunity cost” of the electricity that could have been
generated if the steam or energy used for desalination had instead been
directed to the power cycle. While this approach is useful for economic
assessments, it inherently treats electricity as the primary product and
desalination as a by-product, often underestimating the actual value of
water production.

In contrast, the equivalent-work allocation method considers both
electricity and desalinated water as co-products, converting the energy
used in water production into an equivalent “work” value to allocate fuel
input proportionally and consistently. This approach provides a more
balanced, thermodynamically sound framework, enabling fairer per-
formance comparisons across desalination technologies such as MSF,
MED, and SWRO, and offering better insights into overall system effi-
ciency and optimization potential. Consequently, the equivalent-work
method is increasingly regarded as the preferred approach for tech-
nical, economic, and environmental evaluations of dual-purpose plant
configurations.

This study explores the integration of a CCPP with three desalination
technologies, such as MSF, MED, and SWRO, using an equivalent work
approach like the power-loss method. The power-water cogeneration
model is employed and validated using the actual design data of the Ras
Al-Khair (RAK) CCPP-desalination (MSF + SWRO) cogeneration plant in
Saudi Arabia, which has been operating since April 2014. The new CCPP
features described in this paper are based on recent power-plant design
experience and reflect Middle East operating conditions. The analysis
focuses on evaluating key performance parameters, including energy
cost, fuel utilization efficiency, and technical and economic factors, to
determine the most sustainable and cost-effective configuration for dual-
purpose power-water plants.
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2. Methodology
2.1. System configuration and process description

The CCPP integrates gas turbine (GT) and steam turbine (ST) systems
to enhance efficiency by recovering waste heat. In a typical CCPP
configuration, exhaust gases from GTs, reaching temperatures of around
~600 °C, are directed into a heat recovery system generator (HRSG)
rather than being released to the environment. The HRSG utilizes this
heat to produce steam, which drives STs, boosting the plant’s overall
thermal efficiency to around 60 %. This marks a substantial improve-
ment over conventional power plants, which typically achieve effi-
ciencies of 25-40 % due to their inability to harness waste heat [2,15].
Consequently, CCPPs are ideal for dual-purpose applications, offering
flexible, cost-effective, and sustainable solutions for integrated power
and water production [16].

2.2. Process operation

The process begins with ambient air entering the system through an
air inlet, as illustrated in Fig. 1. The air is drawn into a compressor,
where its pressure increases by a factor of 10.8 before being directed to
the combustion chamber. Here, the compressed air mixes with fuel and
combusts, reaching a temperature of 970°C. The resulting high-
temperature gases drive the gas turbine, which powers both a gener-
ator for electricity production and the compressor itself. Exhaust gases,
still rich in thermal energy, exit the gas turbine and enter the HRSG,
passing through the super heater, evaporator, and economizer stages.
After preheating the feed water, the cooled gases are expelled via the
chimney. The steam produced in the HRSG is either routed to the ST for
additional power generation or diverted as medium-pressure and low-
pressure steam for desalination, enabling efficient co-production of
electricity and water.

2.3. Baseline and advanced CCPP design

The baseline design (2012) employed an F-class Siemens
SGT6-5000F GT with a lower heating value (LHV) efficiency of 36.32 %
under Gulf conditions. In contrast, the advanced new CCPP model
adopts a G-class GE 7HAO2 GT, achieving an enhanced LHV efficiency of
40.08 %. ST performance has also been upgraded. In the original

Fuel supply

Combustion Chamber

L
) -
LI

JBLLLLLLLY

S 4 = Heat Exchanger!
2z 5 L’}’
£ T z|lyo
7 s ¢
Air Inlet —»

Air Compressor | Gas Turbine Power Generator

Desalination and Water Treatment 325 (2026) 101596

configuration, the high-pressure turbine (HPT) operated at an efficiency
of 88.5 %, the intermediate-pressure turbine (IPT) at 88.1 %, and the
low-pressure turbine (LPT) at 87.5 %, with a low-pressure steam quality
of 0.90 at 51°C. The new configuration maintains the HPT efficiency at
88.5 % but increases the IPT and LPT efficiencies to 91.9 % and 91.4 %,
respectively, improving the steam quality to 0.96. The higher steam
quality ensures drier steam at the LPT exit, reducing moisture-related
turbine wear and extending component lifespan.

2.4. HRSG improvements

The HRSG design has similarly evolved. In the phase 1 study, the
HRSG operated without a reheat cycle, utilizing exhaust gases from
633 °C to 178 °C to produce steam at 76.5 bar and 538.6 °C, with an
efficiency (n grsg) of 98.5 %. The new design incorporates a reheat
cycle, increasing steam parameters to 166 bar and 599 °C by leveraging
exhaust gases from 675 °C to 100 °C, achieving an efficiency of 99.5 %.
A minimum pinch point of 7 °C is maintained, ensuring that, at the
closest point of thermal exchange, the exhaust gas temperature exceeds
that of water or steam by at least 7 °C. This optimizes heat transfer ef-
ficiency. The reheat cycle addresses the issue of wet steam in the LPT;
without reheating, excessive moisture (e.g., steam quality x = 0.90) can
reduce turbine efficiency and increase blade erosion. By reheating the
steam, the new configuration achieves a higher quality (x = 0.96),
enhancing both performance and durability. Generator efficiency has
been improved from 97.0 % (GT) and 97.6 % (ST) in the baseline to
99.0 % for both in the new design, further boosting electrical output.
Condensers in both configurations operate with a maximum seawater
temperature of 38 °C, returning condensate to the HRSG at 51 °C
(excluding returns from thermal desalination processes).

2.5. Desalination system integration

Desalination technologies have undergone significant advance-
ments. The original dual-purpose plant used a hybrid MSF and SWRO
desalination system, with MSF operating at a PR of 9.5 (9.1 under fouled
conditions) and a condensate return temperature (Tcg) of 116.3 °C. The
modern study explores multiple configurations, including MSF with PR
values from 9.5 to 15.8, MED-TVC with PR values from 10.1 to 15.8, and
hybrid MED + SWRO systems. For higher PRs, MSF and MED-TVC sys-
tems operate at increased top brine temperatures (TBTs), yielding Tcg

Exhaust ° Deaerators and Preheaters
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Fig. 1. Schematic diagram of a CCPP integrated with desalination systems for simultaneous production of electricity from gas and steam turbines and freshwater

from multiple desalination technologies (MSF, MED, and SWRO).
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values up to 135 °C. Specifically, MSF achieves Tcg of 116.3 °C, at PR
=9.5-11.5, 125 °C, at PR = 13.5, and 135 °C, at PR= 15.8, using once-
through long-tube designs with TBTs of 120 °C and 130 °C for PR = 13.5
and 15.8, respectively. Advanced MED-TVC designs operate at TBTs of
75-85 °C, with T¢cg of 75 °C, at PR= 10.1-11.5, 85 °C, at PR= 13.5, and
135 °C, at PR=15.8, reflecting high-temperature configurations.
Membrane desalination has also progressed, with the specific power
consumption (SPC) of the SWRO system reduced from 6.06 kWh/m? in
the baseline to 3.5 kWh/m? in the new design, indicating substantial
improvements in energy efficiency and cost-effectiveness [17].

2.6. Modelling approach

The energy and water balance of this cogeneration cycle was
modeled using equations from Ihm et al. [17]. Although the analysis tool
was developed in-house, drawing on commercial CCPP and cogenera-
tion plant references, additional guidance on power plant cycle
modeling is available in [18]. Table 1 provides a detailed comparison of
system design and performance between the Phase 1 baseline (2012
design CCPP + MSF/SWRO hybrid) and the new combined cycle study
(modern CCPP + various desalination options), as follows:

2.7. Methodology for operational data analysis, fuel efficiency, and cost
allocation

In single-purpose industrial plants, fuel consumption directly corre-
lates with the production of a single product, simplifying energy ac-
counting. However, in multi-purpose plants like the CCPP, which
produces both electricity and desalinated water, fuel cost allocation
becomes complex due to its significant share in operational expenses.
Effectively managing and reducing these costs is a critical priority for
plant operators, particularly in dual-purpose plants where the in-
teractions between power and water production remain underexplored
[19]. Traditional analyses often treat desalination units as standalone
systems, neglecting their continuous integration with power generation.
This approach overlooks the dynamic interplay between the processes,
which significantly affects overall system performance. While
exergy-based methods offer detailed insights, their reliance on precise
data collection is often impractical, hindering utility companies’ efforts
to optimize configurations, allocate fuel between power and water
outputs, and enhance efficiency.

This study introduces a framework to evaluate and optimize dual-
purpose plants, focusing on the CCPP’s integration with desalination
technologies: MSF, MED, and SWRO. A novel method calculates overall
fuel efficiency, allocates fuel costs, and determines specific costs for
electricity and desalinated water. Using classical thermodynamics, the
approach treats the power and desalination systems as a unified entity
with one fuel input (natural gas) and two outputs: electrical power and
freshwater. This holistic perspective captures the interdependence of the
processes where, changes in water production affect power generation
and vice versa. The methodology accounts for diverse energy inputs to
desalination, including low-pressure steam from the HRSG for thermal
desalination (MSF and MED) and electrical power from the CCPP for
SWRO, as illustrated in Fig. 1. This schematic depicts air flowing
through the compressor, combusting in the chamber to produce high-
temperature exhaust gases (up to 970°C) that drive the gas turbine,
with exhaust heat recovered by the HRSG to generate steam at 540°C,
230°C, and 133.5°C for the steam turbine and desalination processes. By
assessing energy allocation without separately valuing steam and elec-
tricity, this integrated thermodynamic approach ensures simplicity,
accuracy, and a comprehensive understanding of energy flows, fuel
allocation, and cost structures.

The analysis pursues two primary objectives: thermo-economic
diagnosis of operations and system performance optimization. The
diagnosis quantifies interactions among components: gas turbines,
HRSG, and desalination units, and by evaluating additional fuel
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Table 1
System and performance design in the baseline case as a benchmark and the
modern advanced CCPP.

Component

Actual design
(2012 design CCPP + MSF/
SWRO hybrid)

New combined cycle in this
study (A modern CCPP +
various desalination
options)

Power Plant

HRSG

Steam Turbine
(ST)

Generator

Condenser

Desalination
methods

Thermal
Desalination

Membrane
Desalination

Gas Turbine (GT):

F-class gas turbine

(Siemens SGT6-5000F),

ner (LHV) = 36.32 % at Gulf
conditions

No reheat cycle. Utilizing GT
exhaust gas enthalpy from
633 °C to 178 °C. Generated
steam at 76.5 bara, 538.6 °C.
Nurse = 98.5 %

Nupr = 88.5 %
et = 88.1 %

nwer = 85.7 %

LPT steam out at 51 °C, steam
quality x = 0.90

Neen = 97.0 % at GT, 97.6 %
at ST

T scawater = max. 38 °C
Condensate return (CR) to
HRSG at Tcg = 51 °C (other
than condensate return from
thermal desalination)

MSF + SWRO hybrid

MSF, PR = 9.5

(PR = 9.1 at fouled condition
[19D).

Condensate return
temperature Tcg = 116.3 °C
to HRSG

SWRO
SEC = 6.06 kWh/m>

G-class gas turbine

(GE 7HA02),

ner (LHV) = 40.08 % at Gulf
conditions

Reheat the HP turbine (HPT)
out steam before flowing to the
IP turbine IPT (599°C).
Utilizing GT exhaust gas
enthalpy from 675 °C to 100
cly

Generated steam at 166 bara,
599 °C. nHRSG = 99.5 % 1)
Depending on the temperature
profile in the HRSG to ensure
the minimum temperature
difference of 7 °C at pinch

points.
Nupr = 88.5 %
Nier = 91.9 %

Nt = 91.4 %
LPT steam out at 51 °C, steam
quality x = 0.96

Neen = 99.0 % at GT and ST

T seawater = max. 38 °C
Condensate return to HRSG at
Tcr = 51 °C (other than
condensate return from
thermal desalination)
Various combination

MSF, PR = 9.5-15.8

Tcr = 116.3 °C at PR
=9.5-11.5

Ter = 125 °C at PR = 13.5Y)
Ter = 135 °C at PR = 15.8')
MED-TVC, PR = 10.1-15.8
Tcr =75 °C at PR =10.1-11.5
Tcr = 85 °C at PR = 13.5%)
Tcg = 135 °C at PR = 15.8%)
1)Once-Through Long-Tube
MSF with increased TBT
(120°C for PR = 13.5 and 130
°C for PR = 15.8)

2) High Temperature MED-
TVC with increased TBT (75 °C
for PR = 13.5 and 85 °C for PR
=15.8)

SWRO

SEC = 3.5 kWh/m*

consumption, efficiency variations, and energy losses. For example,
diverting low-pressure steam to the MED plant (as shown in Fig. 1) re-
duces steam turbine output, necessitating adjustments in fuel input. The
optimization objective maximizes economic benefits through a thermo-
economic cost analysis, balancing trade-offs between power and water
production. This involves calculating fuel energy for power-only oper-
ation (F1) and combined power-water operation (F2), with the differ-
ence (F2 - F1) representing the additional fuel required for desalination.
Key performance parameters inform energy efficiency and cost evalua-
tions, including the PR for thermal desalination (ranging from 10.1 to
15.8 for MSF and MED) and SPC reduced for SWRO (3.5 kWh/m? with
energy recovery devices).

Operational data from the CCPP validates the methodology. The
plant features ten V94.2 gas turbines (199.7 MW each, 40.08 % effi-
ciency), one steam turbine, two air compressors, two HRSGs, and a
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seawater-cooled condenser. Its configuration, detailed in Section 3, uses
exhaust gases (initially at 600°C) to produce steam via the HRSG, which
is split for power and desalination. The study assesses power efficiencies,
net heat values, and energy variations under two scenarios: constant fuel
input (1491 MWy,) and constant net power (1000 MW). These scenarios
enable comparisons of MSF, MED, SWRO, and hybrid MED-SWRO
configurations for fuel allocation and cost-effectiveness, providing a
practical solution for optimizing energy use and cost allocation in dual-
purpose plants, particularly in water-scarce regions like the Arabian
Gulf.

To evaluate energy distribution and cost implications, the analysis
compares two operational modes: (1) power-only operation and (2)
combined power and desalination operation. The difference in fuel en-
ergy input between these modes (AF = F2 - F1) quantifies the additional
energy required for desalination, assessed under realistic conditions
including gross and net electricity generation, auxiliary power loads,
and water production volumes. Power plant performance is character-
ized by key indicators such as net heat rate and thermal efficiency. Net
power output is defined as gross electrical generation minus internal
consumption, including the parasitic load of desalination units. Fuel
efficiency is evaluated using the heat rate, calculated as:

Input thermal energy(kJ)

Heat Rate (kWh) - Output Electrical Energy(kWh) m

This metric quantifies the impact of desalination integration on
overall plant efficiency. Thermal desalination technologies (MSF and
MED-TVC) are analyzed using the PR, defined as the amount of distillate
produced per unit of thermal energy input (kg/2326 kJ), with values
ranging from 9.5 to 15.8. For SWRO systems, energy performance is
measured by SPC (kWh/m?) and ranges from 3.0 kWh/m?® (with energy
recovery devices) to 6.06 kWh/m?® under high-salinity Gulf conditions.

The methodology further accounts for thermodynamic energy flows
and allocates fuel energy separately to steam and electricity generation.
Calculations for thermal and electrical energy demands of desalination
units are detailed in the supplementary material (S1), alongside the
derivation of specific energy costs for water production in each config-
uration. This comprehensive approach enables a comparative perfor-
mance evaluation of desalination pathways integrated within the CCPP,
supporting data-driven optimization strategies for fuel allocation, en-
ergy management, and cost minimization in dual-purpose plants,
particularly under the challenging environmental conditions of the
Arabian Gulf.

2.7.1. Assumptions

The analysis is based on several key assumptions to ensure consistent
and comparable results. All components, CCPP and desalination units,
are assumed to operate under steady-state conditions, with negligible
heat losses to the surroundings and ideal heat recovery within the
defined pinch temperature limits. The natural gas composition and its
lower heating value (50 MJ/kg) are considered constant, while standard
Gulf ambient conditions of 35 °C and 1 bar are applied throughout.
Thermophysical properties of steam and water are taken from IAPWS
standards, and the reference environment for exergy-related calcula-
tions is defined as 25 °C and 1 atm. The isentropic efficiencies of the gas
turbine, steam turbine, and HRSG components are assumed to be con-
stant, based on manufacturer specifications. For hybrid MED-SWRO
configurations, a 30 % MED and 70 % SWRO water production ratio is
maintained to represent optimal energy allocation. Medium- and low-
pressure steam extracted from the HRSG is used exclusively for ther-
mal desalination (MSF and MED) without affecting HRSG stability.
Auxiliary electrical loads, including pumping and control systems, are
incorporated into the net power output calculation. Feedwater condi-
tions are based on Ras Al-Khair operational data, reflecting the high
salinity of Arabian Gulf seawater (approximately 45 g/L). The system
boundaries encompass the integrated CCPP, desalination units, and
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shared utilities, while external grid effects are excluded from the
analysis.

3. Methods for system performance evaluation and fuel cost
allocation: factors involved in CCPP for power and water
production

3.1. Performance ratios of thermal desalination technologies

The PR quantifies the efficiency of thermal desalination by
measuring the kg of freshwater produced per 2326 kJ of thermal energy
input. Although PR is dimensionless, it is common practice to express it
in units such as [kg/2,326 kJ], indicating that the latent heat of
vaporization normalizes distillate production. The definition of PR ac-
counts for both the quantity and quality of the steam, as well as the
return conditions of the condensate to the power plant.

mdistillate production X 27 326 [k‘]/ kg]
mLP steam X (hLP steam — hCR)

@

PRlkg / 2,326kJ] =

where LP steam is the main low-pressure steam supplied from the LP
turbine of the power plant to the thermal desalination plant, h is the
enthalpy, and CR stands for condensate return from the power plant.

For MSF, PR typically reaches 10.1, with a practical maximum of
15.8. Beyond a PR of 11, costs rise exponentially due to the need for
larger heat transfer areas and additional stages [20]. This study employs
an MSF design with brine recirculation (BR) and cross-tube (CT)
configuration. However, a Once-Through (OT) Long-Tube (LT) MSF
system could achieve a PR of 16 by utilizing 40 stages and a top brine
temperature (TBT) of 130°C, compared to the standard 110-113°C [21,
22]. For MED-TVC, PRs vary with TBT: 15.8 at 85°C, 13.5 at 75°C, 11.5
at 66°C, and 10.1 at 66°C for the lower efficiency case [23]. Higher TBTs
enhance desalination efficiency via improved energy recovery [24] but
introduce challenges such as increased scaling and corrosion, necessi-
tating careful design. These PR values are critical for informing fuel
energy allocation and cost analysis in the integration of thermal desa-
lination technologies with CCPP.

3.2. SWRO operation in high-salinity Arabian Gulf conditions

The SWRO plant operates under challenging conditions, with
Arabian Gulf salinity levels reaching nearly 47,000 ppm [25], requiring
robust pretreatment processes. A dissolved air flotation (DAF) system
removes suspended solids, algae, and oil pollutants, followed by a
gravity-driven dual media filtration (G-DMF) system that eliminates the
need for booster pumps, thereby reducing power consumption. The
plant employs a two-pass SWRO configuration to meet strict product
water quality standards of 26.5 ppm TDS, but this limits the recovery
rate to 31.5 %, resulting in increased brine discharge. High fouling rates
in Gulf seawater led to a membrane replacement rate of about 10 % per
year for both passes and require cartridge filter changes four times
annually. Integrating SWRO with the CCPP ensures a stable power
supply and enables the use of waste heat in hybrid MED systems [15].
The inclusion of ERDs, such as pressure exchangers, has significantly
reduced the SPC in the new combined-cycle study to 3.5 kWh/m?, a
substantial improvement from 6.06 kWh/m?. This reduction signifi-
cantly improves the desalination system’s energy efficiency. These
operational observations highlight real-world challenges and under-
score potential efficiency gains; further studies are recommended to
systematically address long-term chemical and operational impacts in
hybrid dual-purpose plants.

3.3. Electricity consumption of desalination in integration with CCPP

Energy consumption in desalination processes varies significantly
depending on the technology employed and its integration with CCPP
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[26,27]. For MSF systems, the SPC ranges from 3.0 to 3.4 kWh/m? for
process pumps alone, increasing to 3.8-4.0 kWh/m? when auxiliary
systems such as chemical dosing, instrumentation, and HVAC are
included. Notably, higher PR in MSF reduces overall power re-
quirements by improving thermal efficiency. For MED-TVC with PR
values ranging from 10.1 to 15.8, the SPC is estimated using the
equation:

SPC (kWh/m®%) = 7.6438-(PR) 62 3

where PR is measured in kg of distillate per 2326 kJ of thermal en-
ergy, the relationship demonstrates the efficiency gains of MED-TVC
over MSF, as higher PR values lead to lower electrical power con-
sumption. The use of ERDs, such as pressure exchangers in SWRO, re-
duces the SPC to 3.5 kWh/m? from the typical 5 kWh/m? , significantly
improving energy efficiency. Integrating desalination with the CCPP
stabilizes the power supply, and the availability of waste heat supports
hybrid MED configurations, further enhancing overall system efficiency.
Optimization strategies include raising PR in thermal desalination,
employing high-efficiency SWRO membranes, refining pretreatment
processes, and implementing advanced ERDs, all of which contribute to
sustainable power and water production in the challenging conditions of
the Arabian Gulf.

4. Results and discussion

4.1. Understanding the heat rates of gross and net power across different
desalination methods

In a power-only scenario, the CCPP achieves a net power efficiency of
59.83 % and a gross heat rate of around 5898.7 kJ/kWh. To deliver a
constant net power output of 1000 MW, it requires 1671.3 MWy, of fuel
energy, producing no water (Fig. 3). This configuration establishes a
baseline for evaluating the effects of integrating desalination technolo-
gies on energy efficiency, heat rates, and fuel consumption.

When desalination is incorporated, the system’s performance adjusts
due to the additional energy demands of water production. For instance,
it is inferred from Fig. 2 that MSF desalination reduces the net power
efficiency to 53 % and increases the heat rate to around 7000 kJ/kWh.
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At a constant net power output of 1000 MW, MSF 15.8 requires
approximately 2010 MWy, of fuel energy, yielding a water production of
377,827 m>/day which is represented in Fig. 3. This decline in efficiency
and increase in heat rate reflects the significant thermal energy diverted
from power generation to the desalination process, making MSF the
most energy-intensive option among the methods analyzed.

In contrast, MED demonstrates a more favorable energy profile. It
achieves a net power efficiency of approximately 54 % and a heat rate of
6700 kJ/kWh (Fig. 2). For a constant net power output of 1000 MW,
MED 15.8 requires about 1934 MWy, of fuel energy, producing
389,176 m® /day of water (Fig. 3). From Table 2, the integration of MSF
desalination increases the net heat rate from 6017.4 to 7118.8 kJ/kWh
as PR rises from 9.5 to 15.8, corresponding to water production from
180,000 to 285,000 m*® /day. In comparison, MED shows lower heat

Water production (m*/day)
- 377827 389176
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Fig. 3. Comparison of the required fuel energy for various desalination con-
figurations (SWRO, MED, MSF and SWRO) under a constant net power output,
relative to the power-only operation.
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Fig. 2. The variation of heat rate and net power efficiency when integrating different desalination configurations (MSF, MED, SWRO) with power generation systems

under a constant fuel energy input.
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Table 2
A constant fuel energy supply of 1491 MWy, to produce power and water.
Desalination  Net Net power Net Heat Water
Power Efficiency (%) Rate (kJ/ production
(MW) kWh) (m®/d)
Power only 892 59.83 6017.4 Nil
MSF 9.5 763 51.17 7034.8 180000
MSF 10.1 763 51.17 7034.8 190000
MSF 11.5 761 51 7053 215000
MSF 13.5 757 50.7 7090.6 250000
MSF 15.8 754 50.57 7118.8 285000
MED 10.1 773 51.8 6943.8 205000
MED 11.5 773 51.8 6943.8 230000
MED 13.5 773 51.8 6943.8 260000
MED 15.8 771 51.7 6961.8 300000
SWRO 804 53.9 6676.11 600000

rates (6943.8-6961.8 kJ/kWh) while achieving higher water output up
to 300,000 m® /day, indicating better thermal efficiency than MSF. The
lower heat rate for MED, despite higher water output, is due to its su-
perior heat recovery and lower specific energy requirement compared to
MSEF. Hence, we concluded that compared to MSF, MED delivers a lower
heat rate and slightly higher water production with less fuel energy,
indicating better utilization of thermal energy within the CCPP.

SWRO emerges as the most efficient desalination method for fuel
energy utilization. Fig. 2 shows that SWRO achieves a net power effi-
ciency of approximately 54 % and the lowest heat rate among desali-
nation technologies at around 6600 kJ/kWh. At a constant net power
output of 1000 MW, it requires 1853 MWy, of fuel energy while
achieving a water production of 746,052 m®/day (Fig. 3). Unlike MSF
and MED, which rely on thermal energy, SWRO primarily uses electrical
power, consuming 804 MW of net power for its high-water production.
Its reliance on electrical energy rather than thermal energy results in a
lower heat rate and higher efficiency per unit of fuel energy. However, it
requires adequate power availability within the plant.

Under a constant fuel energy input of 1491 MWy,, the CCPP gener-
ates a gross power output of about 802-804 MW. The net power output
varies with the auxiliary power consumption of each desalination
method, as presented in Table 2. Fig. 2 illustrates that the power-only
scenario optimizes efficiency, while integrating desalination in-
troduces a trade-off between power generation and water production.
MSF exhibits the highest heat rate and lowest efficiency due to its sig-
nificant steam consumption. MED offers a balanced approach, with a
lower heat rate and moderate water production, making it a more
energy-efficient thermal desalination option than MSF. SWRO, with its
minimal heat rate and maximal water output, emerges as the most
power-efficient method, though its electrical energy demands require
careful management.

To further assess the energy implications, the fuel energy required to
maintain a constant net power output of 1000 MW was analyzed across
the scenarios, with the results detailed in Table 3. The power-only
configuration requires 1671.3 MWy,, achieving a net efficiency of
61 % and a heat rate of approximately 6100 kJ/kWh (Fig. 2), with no
water production (Fig. 3). Integrating MSF 15.8 increases the fuel energy
demand to 1976.8 MWy,, reducing efficiency to 53 % and elevating the
heat rate to 7000 kJ/kWh, while producing 377,827 m® /day of water.
MED 15.8 requires 1934 MW, maintaining a 54 % efficiency and a heat
rate of 6700 kJ/kWh, with a water output of 389,176 m® /day. SWRO,
requiring 1853 MWy,, achieves the highest water production
(746,052 mS/day) with the lowest heat rate (6600 kJ/kWh) and a 54 %
efficiency, highlighting its superior energy efficiency among the desa-
lination methods.

The trends observed in Figs. 2 and 3 reveal significant variations in
energy efficiency and water production across the desalination tech-
nologies. MSF, despite its widespread use, demands the highest fuel
energy per unit of water produced, rendering it the least efficient option.
MED balances thermal energy use and water output, offering a viable
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Table 3
Required fuel energy to produce gross power and water with a constant net
power production of 1000 MW across different desalination technologies.

Desalination  Fuel Gross Gross Gross Water

Energy Power power Heat production

(MWg)  (MW) Efficiency Rate (m3/d)

(%) (kJ/
kWh)

Power only 1671.3 1020 61.03 5898.7 Nil
MSF 9.5 1954 1052.4 53.85 6686.6 235786
MSF 10.1 1954.6 1052.4 53.84 6686.2 248937
MSF11.5 1961.3 1055.2 53.80 6691.4 282513
MSF 13.5 1969.9 1059.4 53.80 6694.0 330260
MSF 15.8 1976.8 1063.6 53.80 6691.3 377827
MED 10.1 1929 1038.8 53.85 6685.0 265308
MED 11.5 1930.8 1038.8 53.80 6691.2 297672
MED 13.5 1928 1040.0 53.94 6673.8 336200
MED 15.8 1934 1041.0 53.85 6685.2 389176
SWRO 1853 1131.0 61.05 5897.0 746052

alternative for plants with available steam resources. SWRO’s reliance
on electrical power enables it to maximize water production with the
least fuel energy, positioning it as the most efficient choice under the
studied conditions. Hybrid solutions, such as combining MED with
SWRO, could potentially optimize both thermal and electrical energy
utilization, enhancing overall system performance. These findings
emphasize the importance of selecting a desalination method based on
energy availability, efficiency objectives, and water production
requirements.

4.1.1. Analyzing the energy cost of water

The energy cost of desalinated water is a pivotal factor in deter-
mining the economic feasibility of desalination projects, often out-
weighing technical performance in investment decisions. Even when a
desalination technology demonstrates satisfactory technical efficiency,
its competitiveness among water treatment options depends primarily
on the cost per cubic meter of water produced [28]. Energy costs have a
major impact on the operation and maintenance expenses of desalina-
tion plants. This highlights the economic advantage of utilizing low-cost
energy sources, such as waste heat, to drive desalination processes.
Consequently, researchers have increasingly investigated the economic
performance of desalination technologies driven by waste heat to lower
overall water production costs. Given that energy expenses constitute a
substantial portion of total water production costs, any reduction in
thermal or electrical energy costs directly translates to lower water
production expenses.

The current study focuses on the energy-based performance of
desalination technologies integrated with a CCPP, specifically quanti-
fying the contributions of electrical and thermal energy and calculating
the resulting energy cost of water. The capital expenditure (CAPEX) and
operational expenditure (OPEX) were not explicitly considered, as the
primary objective is to assess operational energy efficiency and energy
cost allocation rather than to perform a full techno-economic analysis.
Including CAPEX and OPEX would require a detailed financial model,
assumptions about plant lifetime, financing, maintenance schedules,
and component costs, which are beyond the scope of the present work,
and could be addressed in our future work.

In a CCPP coupled with desalination, the energy cost of water pro-
duction is assessed by calculating the power loss attributable to desali-
nation and the equivalent fuel energy allocated specifically for water
production. Power loss is defined as the difference between the net
power output in the cogeneration mode (power and water) and the net
power output in the power-only mode. Likewise, the equivalent fuel
energy for water production is calculated by subtracting the fuel energy
required for power generation alone from the total fuel energy
consumed in cogeneration mode. The HRSG is instrumental in supplying
steam for thermal desalination processes, such as MSF and MED [5,29].
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This integration establishes the CCPP as an efficient cogeneration system
for both power and water generation. However, MSF’s higher steam
demand than MED increases its reliance on the HRSG, resulting in
greater fuel energy allocation and power losses. Although HRSG-based
cogeneration enhances thermal energy utilization, MSF remains less
efficient than MED due to its dependence on steam-driven flash
evaporation.

Table 4 provides a comparative analysis of MSF, MED, and SWRO
across key metrics: power loss due to desalination, equivalent fuel en-
ergy allocation, electrical and thermal energy portions per cubic meter
of water, and the resulting energy cost of water production. The data
reveal that MSF incurs the highest power loss, peaking at 182.8 MW at a
PR of 15.8, with an equivalent fuel energy allocation of 305.6 MWy,. In
contrast, MED demonstrates greater efficiency, with a lower power loss
of 157.2 MW and a fuel energy allocation of 262.78 MWy, at the same
PR of 15.8. The energy cost of water production for MSF ranges from
$1.166/m® at PR of 9.5 to $0.799/m> at a PR of 15.8, reflecting its
substantial steam consumption. MED, benefiting from lower steam re-
quirements, achieves energy costs decreasing from $0.924/m? at PR
10.1 to $0.645/m® at a PR of 15.8. SWRO, operating solely on electrical
energy without steam, exhibits the lowest power loss at 109.18 MW and
the most competitive energy cost for water production at $0.308/m>.

Table 4 also details the electrical and thermal energy portions per
cubic meter of water. For MSF, as the PR increases from 9.5 to 15.8, the
electrical energy requirement decreases from 3.29 kWhe/m?®to 2.76
kWhe)/m? . The thermal energy demand also drops significantly, from
23.25 kWhy,/m?® to 14.78 kWhy,/m? , resulting in lower water produc-
tion costs. Similarly, for MED, the electrical energy portion declines
from 1.7 kWhe)/m? at PR 10.1-1.29 kWhe/m?® at PR 15.8. At the same
time, the thermal energy requirement decreases from 20.46 kWhth/
m? to 14.03 kWhy,/m?® . Higher PR indicates more efficient use of ther-
mal energy in the desalination system, allowing more water to be pro-
duced per unit of heat. As a result, both the specific thermal energy
(kWhg,/m?) and electrical energy (kWhe/m?®) per unit of water decrease,
since less auxiliary work, such as pumping and circulation, is required
relative to the water produced.

Despite these improvements, MSF’s higher steam demand results in
greater fuel energy allocation compared to MED, rendering it the more
expensive option. SWRO, with an electrical energy portion of 3.59
kWhe/m® and no thermal energy requirement, maintains its cost
advantage. The observed decline in energy cost with increasing PR re-
flects improved efficiency, as higher PR values enhance steam utilization
and reduce the SPC. The HRSG’s ability to optimize steam production is
critical to minimizing energy expenditures, positioning MED as a more
cost-effective choice than MSF in CCPP-integrated desalination systems.

4.2. Hybrid MED-SWRO solutions for efficient power and water
production in CCPP

Hybrid MED-SWRO systems provide a practical framework for
integrating power and water production within CCPPs. These systems

Table 4
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leverage the complementary strengths of thermal desalination via MED,
which utilizes low-pressure steam from the HRSG, and membrane-based
desalination via SWRO, which relies on electricity to drive high-pressure
pumps for freshwater extraction. The hybrid approach offers multiple
benefits. First, thermal desalination produces ultra-pure water (less than
25 ppm salinity), allowing SWRO to operate with relaxed water quality
targets, accommodating higher salinity and boron levels while still
meeting WHO standards through blending. This enables the use of
single-pass or minimal two-pass RO designs, reducing capital and
operating costs while increasing overall water recovery. Second, during
colder seasons when SWRO performance declines due to lower seawater
temperatures, using warmer discharge water (typically 7-10 °C higher)
from thermal or power plants as SWRO feed helps maintain production
at lower operating pressures, thereby saving energy. Third, hybrid sys-
tems enhance operational flexibility; when electricity demand is low and
thermal desalination output decreases due to reduced steam availability,
SWRO, powered solely by electricity, can compensate to maintain a
consistent water supply.

By integrating these technologies, hybrid MED-SWRO configurations
reduce the steam demand on the HSRG, thereby improving overall plant
efficiency and minimizing fuel consumption. To evaluate the optimal
balance between MED and SWRO, a PR of 15.8 was selected for MED,
and four distinct configurations were analyzed: MED7RO3 (70 % MED,
30 % RO), MED5RO5 (50 % MED, 50 % RO), MED3RO7 (30 % MED,
70 % RO), and 2MED3RO7 (two sets of MED3RO7). Note that the
desalination capacity is determined when MED consumes most
(approximately 96 %) of the available LP steam in the MED7RO3,
MED5ROS5, and 2MED3RO7 cases. However, in the MED3RO?7 case, only
56.4 % of the LP steam is consumed by MED. Therefore, a con-
densing-extraction steam turbine is considered instead of a back-
pressure steam turbine, which may provide higher gross power plant.
These configurations allow a comprehensive evaluation of how varying
proportions of thermal and membrane desalination affect power effi-
ciency, water production capacity, and overall system performance.

The performance of these hybrid configurations was assessed under
two operational scenarios: a constant fuel energy supply of 1491 MWy,
(Table 5) and a constant net power output of 1000 MW (Table 6). In the
constant fuel energy scenario, MED3RO?7 achieves a gross power output
of 846 MW and a power efficiency of 56.8 %, benefiting from reduced
reliance on thermal energy. In contrast, MED7RO3 delivers a lower gross
power of 802 MW and an efficiency of 53.7 %, reflecting its higher
steam dependency, which increases fuel consumption per unit of power
produced. The 2MED3RO7 configuration exhibits the lowest net effi-
ciency of 44.9 % due to its substantial thermal energy demand, despite
achieving the highest water production of 1000,000 m® /d. These results
show that increasing the SWRO fraction improves power efficiency by
reducing the HRSG’s steam load.

Under the constant net power scenario of 1000 MW, fuel energy
requirements vary significantly (Table 6). The 2MED3RO7 configura-
tion demands the highest fuel energy input of 2229 MWy,, yielding the
largest water output of 1495,270 m® /d. Conversely, MED3RO7

The energy cost evaluation for water production across various desalination systems.

Desalination ~ Power loss due to desalination Equivalent fuel energy Electrical portion (kWhe)/  Thermal energy portion Energy Cost for
(MW) allocation m3) (kWhp,/m®) water
(MW¢,) ($/m®)
MSF 9.5 169.1 282.7 3.29 23.25 1.166
MSF 10.1 169.4 283.3 3.12 22.07 1.106
MSF11.5 173.5 290 2.98 19.60 1.002
MSF 13.5 178.65 298.6 2.86 16.91 0.889
MSF 15.8 182.8 305.6 2.76 14.78 0.799
MED 10.1 154.18 257.7 1.70 20.46 0.924
MED 11.5 155.25 259.5 1.50 18.38 0.828
MED 13.5 153.58 256.7 1.42 15.93 0.727
MED 15.8 157.2 262.78 1.29 14.03 0.645
SWRO 109.18 182.5 3.59 - 0.308
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Table 5
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Combined desalination technologies under a constant fuel energy supply of 1491 MW to produce power and water.

Desalination Power produced (MW) Power efficiency (%) Heat rate (kJ/kWh) Water production
(m®/d)
Gross Net Gross Net Gross Net

MED7RO3 802 53.7 50.4 6692.7 7137.7 430,000
752

MED5RO5 803 53.9 48.8 6684.4 7383.2 600,000
727

MED3RO7 846 56.8 50.9 6344.6 7081.3 600,000
758

2MED3RO7 803 53.9 44.9 6684.4 8023.3 1000,000
669

Table 6

Performance metrics of hybrid MED-SWRO desalination systems under constant net power generation of 1000 MW, showing required fuel input, heat rate, efficiencies,

and daily water production.

Desalination Fuel energy (MW,) Gross power produced (MW) Power efficiency (%) Gross heat rate (kJ/kWh) Water production
3
d

Gross Net Gross Net (m®/d)
MED7RO3 1986.0 1066.5 53.7 50.4 6703.8 7149.6 572,049
MEDS5RO5 2051.0 1104.5 53.9 48.8 6685.0 7383.6 825,186
MED3RO7 1966.0 1116.0 56.8 50.9 6341.9 7077.6 791,115
2MED3RO7 2229.0 1200.3 53.9 44.9 6685.4 8024.4 1495,270

consumes 1966 MWy, to produce 791,115 m® /d, highlighting the fuel-
intensive nature of additional MED units due to their reliance on
steam. The MED5RO5 configuration, with an equal MED-SWRO split,
requires 2051 MWy, and produces 825,186 m® /d, offering a balanced
compromise between water output and energy efficiency. Notably,
MED7RO3, the most MED-dominant setup, consumes fuel energy of
1986 MWy, but produces the smallest water volume of 572,049 m® /d,
emphasizing the limitation of steam availability in constraining water
production. These findings suggest that while higher SWRO fractions
generally reduce fuel consumption, the inclusion of additional MED
units, as in 2MED3RO?7, counteracts these savings by increasing thermal
energy demands. Optimizing hybrid MED-SWRO systems in CCPPs thus
necessitates a strategic balance of HRSG steam availability, power de-
mand, and desalination capacity to maximize efficiency.

4.2.1. Assessment of thermal and electrical energy inputs and water
production energy costs for hybrid desalination

The energy cost implications of the hybrid desalination configuration
are detailed in Table 7, assessed under two scenarios: a constant fuel
energy supply of 1491 MWy, and a constant net power output of
1000 MW. Key metrics include power loss due to desalination, equiva-
lent fuel energy allocation, electrical and thermal energy portions per
cubic meter of water, and energy costs for water production. Under the
constant fuel energy scenario, MED7RO3 allocates 233.9 MWy, of fuel
energy for desalination, resulting in a water production energy cost of
$0.534/m>. As the MED fraction decreases in MED5RO5, thermal

Table 7
The energy cost analysis for water production in hybrid desalination systems.

reliance drops, reducing the cost to $0.471/m>. MED3RO7 and
2MED3RO7 achieve further reductions, with energy costs of $0.403/
m? and $0.402/m?, respectively, highlighting the efficiency gains from
higher SWRO fractions. In the constant net power scenario, MED7RO3
requires 314.7 MWy, for desalination, yielding a higher energy cost of
$0.545/m>. Configurations with reduced MED reliance, such as
MED5RO5, MED3RO7, and 2MED3RO7, exhibit low thermal demands,
with energy costs of $0.474/m°, $0.576,/m°, and $0.405/m>, respec-
tively. Notably, 2MED3RO7 emerges as the most cost-efficient option
under constant net power conditions, as its high-water output offsets its
elevated fuel requirement of 2229 MWy,. The optimal configuration
depends on operational priorities: MED3RO7 minimizes power alloca-
tion, making it ideal for energy-focused operations, while 2MED3RO7
excels in cost efficiency, suitable for scenarios emphasizing water pro-
duction. Hybrid MED-SWRO systems thus provide operational flexi-
bility, enabling real-time adjustments based on power and water
demand and fuel availability.

As depicted in Fig. 4, hybrid MED-SWRO systems reduce energy costs
compared to standalone MED systems. The bar chart illustrates the
distribution of electrical energy (kWhe/m®), thermal energy (kWhgy,/
m?), and water production costs ($/m>) across various configurations
under constant fuel energy (1491 MWy,) and constant net power
(1000 MW) scenarios. For single MED systems, thermal energy domi-
nates, decreasing from approximately 20.46 kWhg/m® at PR
10.1-14.03 kWhy,/m® at PR 15.8, with energy costs dropping from
$0.924/m> to $0.645/m> In hybrid configurations, increasing the

Desalination ~ Power loss due to desalination Equivalent fuel energy Electrical portion (kWhe)/  Thermal energy portion Energy cost for
(MW) allocation m®) (kWhg,/m®) water
(MW¢1) ($/m®)
With a constant fuel energy supply of 1491 MWy,
MED7RO3 140 233.9 1.79 10.00 0.534
MEDS5RO5 165 275.0 2.32 7.15 0.471
MED3RO7 134 2239 2.80 4.28 0.403
2MED3RO7 223 372.7 2.78 4.29 0.402
With a constant net power of 1000 MW
MED7RO3 188 314.7 1.95 9.93 0.545
MED5RO5 227 379.7 2.45 6.93 0.474
MED3RO7 176 294.7 291 4.07 0.576
2MED3RO7 333 557.7 2.89 4.11 0.405




M. Arunachalam et al.

Desalination and Water Treatment 325 (2026) 101596

25
P Electrical energy part (kWhel/m3)
W Thermal energy part (kWh,,/m®)
B 1 Energy consumption cost for water production ($/m?)
r— - . " 1
204 Single MED !
I
I I
I : M7- PR 15.8 MED70 RO30
1 1 MS5- PR 15.8 MED50 RO50
: : M3- PR 15.8 MED30 RO70
154 ¢ | 2M3- PR 15.8 2MED30 RO70
I I
I I
I I
4! ! roTTTm T T T A —
| i Mybrid MEDSWROat 1| Hybrid MED/SWRO !
10 | | |constant fuel energy supply, | at 1000MW net power |
- I I
I Lo - !
1 ! 1 ! ! !
! 1 ! ! ! !
1 1 1 ! ! !
1 ! 1 ! ! !
! 1 ! : ! :
1 1 1 | ! |
> o o .
1 1 1 ! ! !
1 ! 1 ! ! !
41 1 ! ! ! !
! 1 1 ! ! !
' L) L ’
I
0 - I I I | I 1 I 1 : : 1 1 1 g ! ] 1 1 1 g !
B S R e e p e e e S e S e e

10.111.513.515.8

M7 M5 M3 2M3 --

M7 M5 M3 2M3

Performance Ratio

Fig. 4. Distribution of electrical and thermal energy requirements and corresponding energy cost implications for water production across different desalination

technologies (MED, MSF, and SWRO).

SWRO fraction reduces thermal energy reliance, e.g., from 10 kWhg,/m®
in MED7R03-4.28 kWhg,/m® in MED3RO7 under constant fuel energy.
In comparison, electrical energy rises from 1.7 kWhel/m3 to 2.7 kWhg/
m®, lowering energy costs from $0.534/m> to $0.403/m> The
2MED3RO?7 configuration, with two MED units, consumes thermal en-
ergy to 4.29 kWhy,/m? and also maintains a low energy cost of $0.402/
m?> as well as high-water output. Under constant net power, similar
trends hold, with 2MED3RO7 achieving the lowest energy cost of
$0.405/m? . This flexibility in shifting between steam-driven MED and
electricity-driven SWRO optimizes power and water outputs in response
to demand. Additionally, blending MED and SWRO brine before
discharge reduces salinity, mitigating environmental impact. Large-
scale implementations, such as the RAK plant in Saudi Arabia and the
Fujairah plant in the UAE, have demonstrated up to 30 % cost reductions
compared to standalone thermal processes. Future enhancements,
including ERD, Al-driven optimization, and renewable energy integra-
tion, promise to improve further the sustainability and cost-effectiveness
of hybrid desalination systems in meeting water demands in power-
intensive regions.

4.3. Comparison of energy distribution and energy cost for water
production across different desalination technologies

In a CCPP, the power required for desalination comprises both
electrical and thermal components, each significantly influencing the
overall energy cost of freshwater production. Fig. 5a illustrates that the
thermal energy demand decreases when transitioning from MSF to MED.
At a PR of 15.8, MSF requires approximately 14.78 kWhgp,/m? of thermal
energy, whereas MED reduces this to 14.03 kWhth/me’ (Table 4). This
reduction directly correlates with lower energy costs for water produc-
tion, as shown in Fig. 5b. Specifically, the energy cost for MSF at PR 15.8
is $0.799/m>, compared to $0.645/m> for MED at the same PR, high-
lighting MED’s efficiency advantage due to its lower steam demand.

Hybrid desalination systems, such as MED combined with SWRO,
further enhance energy efficiency by minimizing thermal energy
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consumption while increasing water production capacity. For example,
the hybrid configuration MED3RO7 at PR 15.8 consumes only 4.28
kWhth/m3 of thermal energy and 2.80 kWhel/m3 of electrical energy,
achieving a water production cost of $0.403/m> under a constant fuel
energy supply (Table 7). This cost is notably lower than that of stand-
alone MSF or MED systems, demonstrating the economic benefits of
hybridization. Since energy consumption is a primary driver of desali-
nation costs, reducing thermal energy use directly lowers the cost per
cubic meter of desalinated water.

The PR, a measure of thermal energy utilization efficiency in desa-
lination, significantly influences cost reduction. A higher PR indicates
improved thermal efficiency, enabling greater freshwater production
per unit of energy consumed. For MSF, increasing the PR from 9.5 to
15.8 reduces thermal energy demand from 23.35 kWhg/m® to
14.78 Why,/m®, decreasing the energy utilization cost from $1.66/m° to
$0.799/m3 (Table 4). Similarly, for MED, elevating the PR from 10.1 to
15.8 lowers thermal energy from 20.46 kWhg,/m? to 14.03 kWhy,/m?,
reducing the energy cost from $0.924/m? to $0.645/m? . These trends,
as shown in Fig. 5a and b, underscore the energy cost savings achieved
through higher PR values. By integrating hybrid desalination techniques
and optimizing PR, a CCPP can achieve enhanced efficiency, increased
water output, and substantially reduced energy costs for water
production.

5. Conclusion

Addressing the growing demand for electricity and freshwater re-
quires optimizing power plants for cogeneration. This study investigates
the integration of MSF, MED, and SWRO desalination systems into the
RAK CCPP and evaluates the distribution of fuel energy between power
and water production. The energy-cost approach used here provides a
fundamental understanding of energy requirements and operational cost
trends, which is a necessary first step before a full economic evaluation.
A novel thermodynamic method is introduced to assess overall fuel ef-
ficiency in combined power and desalination plants, treating the system
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Fig. 5. Comparison of desalination performance: (a) Thermal energy consumption of MED, MSF, and SWRO processes. (b) Variation of water production energy costs

across different desalination technologies at varying PR.

as a unified entity with one fuel input and two outputs: electricity and
water. While a standalone power plant achieves an efficiency of
59.83 %, integrating desalination reduces this efficiency because energy
is diverted to water production. The additional fuel energy required for
desalination, denoted F2-F1, is calculated directly without separately
quantifying the contributions from steam and electricity.

The analysis reveals significant differences in energy consumption
and costs across desalination technologies. MSF, with its high steam
demand, incurs the highest energy consumption costs, ranging from
$1.166/m? at PR 9.5 to $0.799/m? at PR 15.8. In contrast, MED, with
lower steam consumption, offers improved efficiency, with costs
decreasing from $0.924/m? at PR 10.1 to $0.645/m?> at PR 15.8. SWRO,
relying solely on electrical energy, achieves the lowest energy cost for
water production at $0.308/m*, primarily due to the elimination of
steam requirements and minimal power losses. As energy costs decrease,
the overall cost of water production declines correspondingly. Hybrid
MED-SWRO systems optimize fuel utilization and maximize water
output. The 2MED3RO7 configuration (two MED units with 70 % RO)
requires the highest fuel input at 2229 MWy, but produces the largest
water output of 1495,270m®/d. In contrast, the MED3RO7
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configuration (one MED unit with 70 % RO) uses less fuel (1966 MWy,)
to produce 791,115 m? /d, while the MED7RO3 configuration, with the
least fuel consumption (1986 MWy,), produces the lowest water output
(572,049 m®/d), demonstrating the limitation of excessive MED reliance
due to steam availability constraints.

A key finding is that transitioning from MSF to MED significantly
reduces thermal energy demand, thereby lowering the energy cost for
water production. Increasing the PR improves thermal efficiency,
generating more freshwater per unit of energy and reducing specific
energy costs. The HRSG plays a critical role in optimizing steam utili-
zation, rendering MED more cost-effective than MSF within a CCPP
framework. Balancing power generation and desalination is essential for
maximizing fuel efficiency and economic viability. Hybrid MED-SWRO
systems emerge as an effective strategy, reducing costs, improving en-
ergy efficiency, and enhancing water production capacity in dual-
purpose power plants.
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