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The growing interest in hydrogen as an alternative fuel has stimulated research
into methods that enable the global shift to sustainable, green energy. One
promising pathway is the production of green hydrogen via electrolysis,
particularly when coupled with renewable energy sources like solar power.
Integrating a proton exchange membrane (PEM) electrolyzer with solar energy
can aid this transition. Using treated sewage effluent, instead of deionized water,
can make the process more economical and sustainable. Thus, the objective of
this research is to demonstrate that an integrated electrolysis-water treatment-
solar energy system can be a viable candidate for producing green hydrogen in a
sustainable manner. This study assesses different combinations of water
pretreatment (RO and UF) and solar energy input (PV, ST, and PTC), evaluating
their techno-economic feasibility, efficiencies, environmental impact, and
sustainability. The study shows that CSP scenarios have the highest CAPEX,
roughly fourfold that of PV cases and sevenfold that of national grid cases.
Using solar energy sources like PV, ST, and PTC results in high material efficiency
(94.87%) and environmental efficiency (98.34%), while also reducing CO2

emissions by approximately 88% compared to the national grid. The process’s
economic sustainability averages 57%, but it could reach 90% if hydrogen
production costs fall to $2.08-$2.27 per kg. The outcome of this study is to
provide a green hydrogen production pathway that is technically feasible,
environmentally sustainable, and economically viable.
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1 Introduction

The widespread dependence on fossil fuels for energy generation poses severe
environmental issues. Consequently, the reduction of carbon emissions has emerged as
an urgent issue (Pichardo et al., 2019). In this context, hydrogen is gaining global attention
due to its enormous potential, such as becoming the leading energy carrier and its mobile/
stationary energy applications (Figure 1), of offering an alternative solution to the
aforementioned challenge (Karagöz et al., 2018; Karagöz et al., 2019). A notable
decrease in hydrogen production costs is essential for achieving widespread adoption,
as this is a crucial element for the ongoing advancement and expansion of the hydrogen
economy (Karagoz, 2018).

The global demand for hydrogen is around 70 million metric tons per year, with nearly
all of it produced from fossil fuels. Approximately half of hydrogen production comes from
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the reforming of natural gas and refinery gas, with approximately
30% generated as a byproduct of chemical synthesis. Furthermore,
coal gasification accounts for around 18% of global hydrogen
production, whereas electrolysis accounts for only 4% (Kumar
and Lim, 2022). Hybrid hydrogen production combines various
techniques to generate hydrogen, often integrating renewable energy
sources and traditional methods to enhance efficiency and reduce
environmental emissions.

The overall emission of conventional H2 production pathways
(e.g., such as steam reforming natural gas and coal gasification).
Financial considerations influence technology selection; hydrogen
production from natural gas costs around $2 per kg, resulting in
lifecycle emissions of 10–16 kg CO2 (eq) for each kg of H2 produced.
Renewable energy resources include solar, wind, geothermal and
others combined with green technologies like Electrolysis can offer
great environmental benefits compared to the exciting production
methods. Hydrogen production from renewable energy resources
ranges between 0 and 3 kg of CO2 (eq) per kilogram of hydrogen
produced and the current estimate for the cost of hydrogen
production using electrolysis is between $5 and $6 per kilogram.
Achieving cost parity with steam methane reforming (SMR) at all
sizes requires lowering the cost of hydrogen production via
electrolysis to between $2.08 and $2.27 per kg7.

Access to renewable energy depends mostly on geographical
location. European nations have access to wind and geothermal
energy; while the Middle East and North Africa (MENA) regions are
a prime location for solar energy development due to its abundant
sunlight, high solar irradiance levels, and vast arid land suitable for
large-scale projects. Key commercially viable and scalable solar
technologies in the MENA region include photovoltaic (PV)
technology (especially silicon-based panels), concentrated solar

power (CSP), and hybrid solar systems. Silicon-based PV panels
dominate the market due to their reliability and cost-effectiveness.
Efficiency improvements have reached over 22% for
monocrystalline silicon cells, and further advancements are being
made in manufacturing processes to enhance scalability and reduce
costs (Aghahosseini et al., 2020; Razi et al., 2022; Abdeladim et al.,
2018). Globally, the photovoltaics (PV) industry has achieved
remarkable cost reductions by enhancing efficiency in both
manufacturing and deployment processes. A decade ago, the
price of utility-scale PV systems was $4,000 per kW, and today,
this cost has decreased by a factor of five, resulting in electricity
production at $0.04 per kWh. The target set by the United States
Department of Energy for the unsubsidized levelized cost of
electricity for utility-scale PV is $0.03 kWh-1 by 2025 and
$0.02 kWh-1 by 2030 (Ginsberg et al., 2022). CSP plants are
gaining traction due to their ability to integrate with thermal
storage, allowing power generation even after sunset. Efficiencies
in CSP systems typically range between 35%–40%, and projects like
the Noor Ouarzazate Solar Complex in Morocco exemplify
successful deployments (Aghahosseini et al., 2020; Razi et al., 2022).

Water electrolysis is an electrochemical method for water
splitting aimed at producing green hydrogen through electricity,
potentially representing an emission-free technology if powered
from renewable energy sources. Since the 18th century, water
electrolysis technologies have undergone continuous development
and application in industrial contexts, influenced by various trends
that can be categorized into approximately five generations. Figure 2
illustrates the various generations of water electrolysis and their
associated challenges, technological advancements, and significance.

During the development stages, four categories of water
electrolysis technologies were introduced based on their

FIGURE 1
The role of hydrogen technologies in future energy systems (Guerra et al., 2019).
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electrolyte, operational conditions, and ionic agents (OH−, H+, O2−):
(i) Alkaline water electrolysis, (ii) AEM water electrolysis, (iii) PEM
water electrolysis, and (iv) Solid oxide water electrolysis.
Nonetheless, the operational concepts remain the same across all
instances. The choice between these technologies depends on
specific application needs, including cost, scalability, integration
with renewables, and purity requirements. Among these, Proton
Exchange Membrane (PEM), Anion Exchange Membrane (AEM),
and Solid Oxide (SO) electrolyzer are notable. AEM systems are still
in their early stages of development, and they confront problems in
terms of adaptability and efficiency (Hassan et al., 2024). SO
electrolyzer, on the other hand, uses thermal energy more
efficiently (80%–90%) but still requires high and stable
temperatures. This would make them less suitable for integration
with renewable energy since they face issues of variable power due to
possible damage from temperature variations. Moreover, it faces
challenges in cost, durability, and start-up flexibility (Wang et al.,
2024). Proton Exchange Membrane (PEM) water electrolysis is an
advanced commercialized technology for producing hydrogen
through water electrolysis, leveraging the unique properties of a
proton-conducting membrane. PEM electrolyzer differs primarily
from AEM and SO technologies by their flexibility and adaptability
to variable power sources. This technology is gaining prominence in
the quest for sustainable hydrogen production due to its efficiency
(60%–90%), scalability, and versatility. They are also capable of
quickly responding to variations in power and, therefore, can be
combined with renewable power sources such as solar and wind,
whose output can change significantly. PEM is best suited for
applications requiring high hydrogen purity, dynamic operation,
and renewable energy integration, despite higher costs (Luo et al.,
2023; Sin et al., 2024; Wang et al., 2022).

Despite the obvious advantages of PEM electrolysis, challenges
remain, including the high cost of membranes and catalysts. Several
factors influence the operational cost of PEM, including energy input,

electrolyzer efficiency, water purity, system design and scalability,
durability, operating pressure, maintenance and reliability,
integration with hydrogen storage and distribution, policy and
market factors, and environmental and regional considerations. The
efficiency of PEM is influenced by a variety of factors electrochemical
factors (catalyst performance, membrane conductivity, overpotential),
operating conditions (temperature, pressure, water purity), system-level
factors (cell design, stack Efficiency, balance of plant), integration with
renewable energy (energy Source and load management) and scale-up
considerations (heat and mass transfer, manufacturing and material
costs) (Kumar and Lim, 2022).

Optimizing PEM electrolyzers for large-scale green hydrogen
production involves a holistic approach and depends on
advancements in electrochemical performance, system design,
and integration with renewable energy sources. Continuous
innovation in materials, operational strategies, and scalability will
be essential to optimize efficiency and reduce costs, making PEM
electrolyzers a cornerstone of the green hydrogen economy.
Leveraging technological innovations, system designs, and
favorable market conditions will be key to achieving competitive
green hydrogen production. Several global manufacturers, including
Nel., Cummins, Siemens, ITM Power, Plug Power, and Elogen, have
developed large-scale PEM water electrolyzers for industrial and
transportation applications (Kumar and Lim, 2022). For example,
the Siemens Silyzer portfolio grows by a factor of ten every four to
5 years, driven by market demand. First, Silyzer 100 was developed
with a capacity of 0.1 MW in 2011 and a planned capacity of
1000 MW by 2028+. Currently, the Silyzer 300 full module array
(24 modules) has a plant power demand of 17.5 MW, a plant
efficiency of more than 75.5%, and a hydrogen production rate of
335 kg per hour (Pfennig et al., 2024). Thus, green hydrogen
production through electrolysis is challenging (IEA, 2024).

Integrating Proton Exchange Membrane (PEM) electrolysers
with renewable energy sources is a promising approach to green

FIGURE 2
Advancements in water electrolysis across generations (Kumar and Lim, 2022).
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hydrogen production, but several technological and economic
challenges must be overcome before large-scale deployment is
feasible. Technological limitations include intermittent and
variable renewable energy, durability and degradation, efficiency
losses at partial loads, water quality, and integration challenges.
Economic limitations include high capital costs, the cost of
renewable electricity, energy conversion efficiency, maintenance
and replacement costs, as well as market and policy challenges.
To overcome the technological and economic constraints of
integrating PEM electrolyzers with renewable energy, efforts must
be focused on technological advancement, cost reduction, policy
development, and market expansion (Colella et al., 2014).

In 2024, the share of hydrogen production capacity investment
via electrolysis is nearly 20 GW (GW); 40% of these investments are
made by China with European investment in a close second. These
nations are blessed with abundant water and renewable energy
resources. Although MENA countries are blessed with abundant
solar energy resources, they are mostly arid regions with limited to
non-existing freshwater resources (Zhang Xiang et al., 2019). With
the increasing demand for water, there is a corresponding need to
manage the substantial volume of wastewater generated. Proper
treatment and disposal of this wastewater requires significant energy
and financial resources. In arid regions such as the Gulf Cooperation
Council (GCC) countries, the primary water source comes from
desalination, another energy intensive process. Hence, identifying
methods to reuse treated wastewater for industrious purposes could
represent a transformative approach economically and in terms of
sustainability.

The state of Qatar (a GCC country) has been able to manage the
treated wastewater with a focus on sustainability, setting a good
example to other GCC nations (He et al., 2021). As per
environmental statistics report by planning and statistics
authority of Qatar (Qureshi, 2020), in 2021, treated sewage
effluent (TSE) accounted for 16% of the main water source for
the country. TSE is the effluent of residential wastewater treatment
plants. With 27 wastewater treatment plants, 99.7% of the collected
wastewater, about 253.21 million m3, is treated. According to the
National Action Plan for Climate Change (Kamal et al., 2021), the
goal of the Ministry of Environment and Climate Change is 100%
reutilization of the treated wastewater. The integration of water
treatment, electrolysis, and solar energy is a promising pathway
toward sustainable green hydrogen production. Considering the use
of TSE (wastewater) with Electrolysis can be a promising sustainable
mean for clean energy production.

Incorporating sustainability into process design is crucial in
reaching this goal by reducing or mitigating adverse impacts.
Measuring sustainability performance and decision-making are
essential yet complex procedures for assessing sustainability
levels. Therefore, establishing a methodological approach is
essential for effectively gathering and abstracting the complicated
operations of processes. This will facilitate clear analysis,
communication, and the necessary sustainability indicators
(Karagöz, 2023).

Developing sustainable production frameworks that incorporate
techno-economic, environmental, andmethodological sustainability
assessments is an effective tool for any process scale, supporting the
designer in achieving a thorough performance evaluation. The key
components of sustainability used to assess sustainable performance

levels are economics, energy, the environment, and material
efficiency. These frameworks offer the ability and flexibility to be
implemented at various process scales, such as equipment, process
units, or the complete process, by allowing for direct comparison of
numerous alternative processes that target the same product but use
different designs. The added value of using such a framework is it
gives the designer or researcher a tool to assess sustainability
performance following process changes (Karagöz, 2023; Gonza
et al., 2003).

In this context, the main contributions of this study are as
follows: (i) It proposes a novel integrated framework combining
water treatment (using Reverse osmosis and Ultrafiltration), PEM
electrolysis, and renewable energy sources (Photovoltaic,
Concentrated Solar Power, and Parabolic Trough Collector) for
sustainable hydrogen production using treated sewage effluent; (ii) It
conducts a comprehensive techno-economic, environmental, and
exergy analysis of alternative process scenarios; (iii) It assesses the
sustainability of each scenario using a multi-dimensional set of
indicators covering economic, environmental, energy, and material
aspects; and (iv) It demonstrates that using treated wastewater and
solar energy can make green hydrogen production more viable in
arid regions.

The remainder of this paper is organized as follows: Section 2
(Description of the Conceptual Framework) describes the
conceptual framework of the integrated system combining water
treatment, electrolysis, and solar energy, along with the scenario
definitions and process assumptions. Section 3 (Systematic
Methodology) presents the methodology, including mass
calculations, CAPEX/OPEX analysis, exergy evaluations,
environmental impact assessments, and sustainability analysis.
Section 4 (Results and Discussion) discusses the results for the
scenarios, comparing technical, economic, environmental, and
sustainability performance metrics. Comparisons are made to
identify the most cost-effective and environmentally beneficial
configurations. Section 5 (Conclusions) concludes the study by
summarizing the main findings, advantages of integrating treated
wastewater with PEM electrolysis powered by solar energy for
sustainable hydrogen production and highlighting future research
directions.

2 Description of the
conceptual framework

This section aims to develop a sustainable production
framework for green hydrogen. The developed framework utilizes
available wastewater, integrating electrolysis, water treatment, and
solar energy to produce clean hydrogen. This involves synthesizing
integrated systems that consider the water pretreatment method and
energy source pathways to improve the overall efficiency,
sustainability, and cost-effectiveness of the green hydrogen
production process. The results of the study offer valuable
insights for the large-scale implementation of green or semi-
green hydrogen production within existing industrial clusters.
However, when incorporating technologies such as PEM
electrolyzers, solar energy systems, and wastewater treatment
systems, scalability emerges as a crucial element influencing total
performance, efficiency, and environmental effect. Each of these
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systems possesses distinct capacities for scaling, operating within
defined parameters influenced by size, energy requirements, and
environmental conditions. Given these disparities, the integration of
these systems should take into account their performance at various
sizes. Each technology’s capacity must be addressed, and system
optimization may not be applicable at all sizes.

Figures 3, 4 illustrate the proposed integrated wastewater to Green
H2 production. The feed water required for the Proton exchange
electrolyzer (PEM) is sourced from the water treatment plant,
treated sewage effluent (TSE). In this study, the possible paths for
water treatment are reverse osmosis (RO) and ultrafiltration (UF), and
the energy required for PEM is provided by the following options:
National grid, photovoltaic plant (PV) and concentrated solar power
plant (CSP) (Solar tower (ST) and parabolic trough collector (PTC)).
According to the chosen options, 8 scenarios are analyzed (see Table 1).

The following are the parameters and assumptions used for the
generated eight pathways:

1) Electrolyzer capacity is 100 MWh.
2) Two possible paths for water pretreatment: Reverse osmosis

and Ultrafiltration.
3) Standards for TSE quality is shown in table 2. Data of sample

collected from a treatment plant in Qatar is also shown
for reference.

Potential effects of TSE on PEM performance and longevity are
membrane fouling, catalyst degradation, corrosion of components,
reduced efficiency and gas purity issues. To mitigate these negative
impacts, a robust and advanced such as RO and UF water
pretreatment process is essential. As shown in table 2, the TSE
quality (used in this) obtained from the Municipal Wastewater
Treatment Plant, Doha North, is within safe operating conditions.

4) Three potential paths for energy input selection: National grid,
photovoltaic and concentrated solar power.

5) In exergy calculations, kinetic and potential exergy are
considered negligible.

6) Rate of thermal energy input for the PEM electrolyzer,
Qheat,PEM � 0 (Since there is no addition of heat to the
PEM electrolyzer)

7) Rate of Exergy of heat by the PEM electrolyzer, Eheat,PEM � 0,

Since,

Eheat,PEM � Qheat,PEMp 1 − T0

T
( ) � 0

To = Reference environment temperature.
T = PEM electrolyzer temperature.

8) Considering the high heating value of hydrogen energy
density for hydrogen production
calculation (39.39 kWh/kg)

9) Properties of feed water to PEM electrolyzer:
a. Feed water temperature is kept at 75 C (The usual range

comes between 50°C and 80°C. Elevated temperature
improves performance by accelerating the kinetic
reaction of the catalyst layer and reducing the ohmic
resistance of the membrane) (Zhou et al., 2022; Bonanno
et al., 2024).

b. Quality of Feed water is per the suggestion of the American
Society for Testing and Materials either Type I ASTM
Deionized water or Type II ASTM Deionized water
(Wang et al., 2024).

c. Density of Feed water is 997 kg/m3).

3 Systematic Methodology

3.1 Mass calculations

Water electrolysis is an electrochemical method for water
splitting aimed at producing green hydrogen through the
application of electricity. The basic reaction of water electrolysis
is as follows in Equation 1.

H2O l( ) + Electricity 237.2 kJ mol−1( )
+Heat 48.6 kJ mol−1( ) → H2 g( ) + 1 /

2O2 g( ) (1)

For the above equation, the theoretical thermodynamic cell
voltage required to electrolyze water into hydrogen and oxygen
at room temperature is 1.23 V. Experimental results indicate that the
optimal cell voltage for effective water splitting is 1.48 V. Additional
voltage is necessary to surmount the kinetics and ohmic resistance

FIGURE 3
Proposed process description.
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associated with the electrolyte and cell components of the
electrolyzer.

For an ideal 100 MWh PEM electrolyzer, the hydrogen
generation rate is 100,000 (kW)/39.39 (kWh/kg) = 2538.715 kg/h.
Assuming a conversion efficiency of 75% (for the Siemens Silyzer
300), the hydrogen production rate is 2538.715 kg/h x 0.75 =
1904.036 kg/h. Equation 1 clearly states that 1 mol of H2O is
required to make 1 mol of H2 gas. The molar mass of H2 is
about 2 g/mol. The molar mass of H2O is about 18 g/mol. To
make 1 kg of hydrogen, we require 9 kg of H2O. Therefore, the
amount of water needed to make 1904.036 kg/h hydrogen is
(1904 kg/h) x 9 = 1714 kg/h H2O. The amount of water required
to make 1904 kg/h hydrogen is 1714 kg/h. H2O The density of H2O
is assumed to be 997 kg/m3. Thus, the total volume of H2O
required = 17,140/997 = 17.19 m3/h (412.5 m3/day). Literature

FIGURE 4
Approach methodology - techno-economic and sustainability analysis.

TABLE 1 TSE to hydrogen production pathways/scenarios.

Case no Description

1 RO + National Grid + PEM Electrolyzer

2 RO + PV + PEM Electrolyzer

3 RO + ST + PEM Electrolyzer

4 RO + PTC + PEM Electrolyzer

5 UF + National Grid + PEM Electrolyzer

6 UF + PV + PEM Electrolyzer

7 UF + ST + PEM Electrolyzer

8 UF + PTC + PEM Electrolyzer
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validation (Bellotti et al., 2019; Nguyen et al., 2019) indicates that a
75% 100 MW electrolyzer yields a hydrogen production rate of
around 1900 kg/h.

3.2 CAPEX/OPEX

The data collected from literature for the capital (CAPEX) and
operational (OPEX) costs estimation for water treatment, PEM
electrolyzers and power generation options are presented in
Table 3, Table 4, 5, respectively.

The range of CAPEX for PEM electrolyzer in the literature
depends on various factors like, operating conditions, high catalyst
and membrane cost, manufacturing techniques, high ohmic

resistance, and high overpotential of oxygen evolution reaction
(Capuano et al., 2021; Escobar-Yonoff et al., 2021; Ayers et al.,
2024; Nizami and Purwanto, 2022).

Table 3 indicates that CAPEX and OPEX values in the literature
range from 880 to 1326 $/kW and from 1% to 5% of CAPEX $/kW,
respectively. The electrical and exergy efficiencies of PEM range
from 60% to 80% and from 56.34% to 72.5% in the literature (Luo
et al., 2023; Sin et al., 2024; Wang et al., 2022; T. International
Renewable Energy Agency, 2020; Incer-Valverde et al., 2023),
respectively.

The reported capacity for RO (Table 4) ranges from 54 to
2760 m3/day, with CAPEX between $10,416 and $218,900, and
OPEX between $0.50 and $0.232 per m3. Exergy efficiency varies
from 4% to 27.3% (without renewable) (Al Ghamdi and Mustafa,

TABLE 2 Standards for TSE (Lahlou et al., 2020).

Parameter Standard value Unit Municipal wastewater treatment plant, Doha North

pH 6–9 - -

Chemical oxygen demand (COD) 150 mg/L 8.7

Biological oxygen demand (BOD) 10 mg/L 1.7

Total suspended solids (TSS) 10 mg/L 1.9

Total dissolved solids (TDS) 1750 mg/L 1005

Dissolved oxygen >2 mg/L -

Sulfate (SO4
−2) 400 mg/L 360

Total coliforms 23 MPN*/100 mL
* Most Probable Number

-

TABLE 3 CAPEX and OPEX values for PEM electrolyzer as reported in the literature.

Article Capacity CAPEX [$/kW] OPEX [$/kW] References

1 100 MWh 880 - Park et al. (2021)

2 100 MWh 850 17 - 42.5a Greiml et al. (2021)

3 100 MWh 1100 14.3b Pandey et al. (2021)

4 100 MWh 1326 13.26 Chen X. et al. (2023)

aAssumes 2%–5% of CAPEX.
bAssumes 1.3% of CAPEX.

TABLE 4 CAPEX and OPEX values for water treatment as reported in the literature.

Treatment method Capacity
[m3/day]

Efficiency [%] CAPEX Unit OPEX
[$/m3]

References

RO 300 75–80 110 $/m3/
day

0.086 He et al. (2022)

2760 70 96 0.52 Echevarría et al. (2022)

54 60 10,416 $ 0.5 Pérez García et al. (2022)

500 45 218,900 $ 0.232 Elfaqih and Belhaj (2021), Castro et al.
(2020)

UF 1000 - 329 $/m3/
day

- Iglesias et al. (2017)

60 90 46,730 $ 0.66 Pérez García et al. (2022)
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2022) and from 37.67% to 54% (with renewable energy) (Kupcu
et al., 2023; El Mansouri et al., 2020).

The reported capacity for UF (Table 4) varies from 60 to
2800 m3/day, with CAPEX between $46,730 and $138,020, and
OPEX ranging from $0.66 to $0.04 per m3. The efficiency and exergy
efficiency range from 80% to 90% (Gonzalez-Ca et al., 2023) and
75.47% (Kupcu et al., 2023), respectively. In this study, the first
energy source investigated is the national grid. And natural gas-
generated electricity costs $37/MW, bringing the total energy cost
for a 100 MW electrolyzer to $3700 per hour.

Subsequently, solar energy is examined as a renewable energy
source, with Table 5 presenting the CAPEX and OPEX values for
solar power (PV, ST, PTC) as reported in the literature.

3.3 Exergy calculations

Exergy is the maximum useful work obtainable as a system
moves to equilibrium with its environment, unlike energy, which is
always conserved. Exergy analysis evaluates energy quality and
identifies inefficiencies due to irreversibility’s, leading to entropy
generation (Jorgensen and Fath, 2008; Rosen, 2004).

5 types of Exergies are majorly used for exergy analysis of a
system (Chitsaz et al., 2019), they are:

• Physical Exergy: Exergy from temperature and
pressure changes.

• Chemical Exergy: Exergy from chemical reactions.
• Thermal Exergy: Exergy in heat interactions.
• Kinetic Exergy: Exergy when the system is in motion.
• Potential Exergy: Exergy when the system is at an elevation or
has gravitational impact on it.

A PEM electrolyzer, used for hydrogen production, involves
energy and exergy input to drive water electrolysis. The total energy
demand includes electrical and thermal components. Exergy
efficiency measures how effectively energy is converted to useful
work, highlighting losses due to ohmic resistance, activation
overpotentials, and heat dissipation (Ni et al., 2008). In our case
we consider Kinetic and potential exergy to be negligible since we
assume the electrolyzer is kept horizontally without any
movement involved.

Exergy analysis helps pinpoint areas of inefficiency and guides
improvements in system design and operation. It shows that while
energy and exergy efficiencies are related, exergy analysis provides a
more comprehensive view of energy quality and irreversibility,

aiding the development of more efficient hydrogen
production systems.

3.3.1 Proton exchange membrane (PEM)
The exergy efficiency of PEM can be calculated (Fellaou et al.,

2021; Lee et al., 2022) by Equations 2-7 below. The main
assumptions that have been made are: the kinetic and potential
energy flows are negligible, the properties at the reference state are
To = 298.15 K, Po = 1 atm, steady state, Q (heat, PEM) = 0 (Since
there is no addition of heat to the PEM electrolyzer) and E (heat,
PEM) = 0.

ηex �
EH2pNH2 ,out

Eelectric + Eheat,PEM + Eheat,H2O
(2)

In this equation,NH2 ,out is the outlet flowrate of H2, Eelectric and
Eheat,PEM are the rate of electric energy input and the rate of thermal
energy input for the PEM electrolyzer, respectively. Eheat,H2 is the
rate of energy content of H2 stream and Eheat,H2O is rate of thermal
energy input to the heat exchanger for heating up the H2O.

Total exergy flow rate of stream j is given by:

Exj � _mp εPH + εCH( ) (3)

In this equation, _m is molar flow rate, εPH is physical exergy flow
and εCH is chemical exergy flow.

Then:

εPH � h − h0( ) − T0 s − s0( ) (4)
where h = flow’s enthalpy, s = flow’s entropy, T0 = Ambient
temperature, s0 = Ambient entropy h0 = Ambient enthalpy

εCH � ∑N
i�1
yie

0
i + G −∑N

i�1
yiGi (5)

OR

εCH � ∑N
i�1
yie

0
i + RpT0[ ] −∑N

i�1
yip ln yi (6)

where yi = Mole fraction, e0i = standard chemical exergy, G = Gibbs
free energy and R = Gas constant (8.31447 × 10−3).

Finally, exergy of heat is given by:

Exheat � 1 − T0

�TH
( )Q (7)

where Q = Heat flow (kW), �TH = Heat transfer surface temperature
(℃) and T0 = environment or dead state temperature.

TABLE 5 CAPEX and OPEX values for solar power as reported in the literature.

Renewable type CAPEX Unit OPEX Unit References

PV 625 to 972 $/kW 6.25 to 13.0 $/kW Greiml et al. (2021), Liu et al. (2022)*

1.58E+06 $ 4.88E+06 $/yr Ab et al. (2022)

ST 6.47E+03 to 7.33E+03 $/kW 66 $/kW Liaqat et al. (2023), Praveenkumar et al. (2022), Elfeky and Wang (2023)

PTC 4.79 E+03 to 5.30 E+03 $/kW 9.52 E+06 to 14.6 E+06 $/yr Althuwaini and Philbin (2021), Wang et al. (2021)

6.46 E+08 to 6.55 E+08 $ - - Orangzeb et al. (2023)
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3.3.2 Reverse osmosis (RO)
The exergy efficiency of reverse osmosis can be determined

(Delpisheh et al., 2021) using Equation (8) provided below.

εRO � ECH
P + ECH

C( ) − EPH
F

EPH
F − EPH

P + EPH
C( ) (8)

where E is the rate of energy content, F is feed water, P is permeate
water, and C is concentrate.

3.3.3 Solar power
The photovoltaic geographical information system by the

European Commission gave insight into the irradiation data
needed for the CSP and PV plants. For the selected location of Qatar:

Data fromFigure 6 is utilized to ascertain the potential for electricity
generation from solar energy in the state of Qatar. Upon evaluating the
radiation data from Figure 6A, the maximum irradiation value was
determined to be 7.008 kWh/m2/day, the minimum value 5.732 kWh/
m2/day, and the average irradiation value 6.473 kWh/m2/day.
Combined with an average daylight duration of 12 h (Figure 6C),
these values suggest high potential for PV power generation. Also, there
isn’t much variation between monthly in-plane irradiation. Figure 6C
provides a detailed summary of technical inputs and simulation outputs
from the Photovoltaic Geographical Information System (PVGIS). The
Amizuth angle and Slope angle were adjusted to get the maximum
yearly in-plane irradiation. We can see a −11.31% losses due to high
temperatures in Qatar. Figure 6C gives a clear picture of the expected
performance and limitations of the PV system.

3.3.3.1 Photovoltaic (PV)
Exergy efficiency of the PV can be written as (Equations 9-16)

(Saloux et al., 2013; Kuczynski and Chliszcz, 2023; Nosratabadi
et al., 2021):

ψ � Exout

Exin
�

UMPPpIMPP( ) − 1 − Ta
Tcell

( )pαpAp Tcell − Ta( )( )
1 − 4

3
Ta
Ts
( ) + 1

3
Ta
Ts
( )4{ }pGpA (9)

Inlet exergy (Saloux et al., 2013; Kuczynski and Chliszcz, 2023;
Nosratabadi et al., 2021):

Exin � ExsunpA (10)
where Exin is input exergy and A is Area of photovoltaic module (m2)
(Saloux et al., 2013; Kuczynski and Chliszcz, 2023; Nosratabadi
et al., 2021).

Exsun � 1 − 4
3

Ta

Ts
( ) + 1

3
Ta

Ts
( )

4

{ }pG (11)

where Exsun is solar exergy, Ta is ambient temperature (298.15 K), Ts is
surface temperature of sun (K) andG = Solar radiation intensity (W/m2).

Output exergy (Saloux et al., 2013; Kuczynski and Chliszcz,
2023; Nosratabadi et al., 2021):

Exout � Exelec − Extherm (12)
where Exout is output exergy, Exelec is electrical exergy and Extherm is
thermal exergy.

Exelec � UMPPpIMPP (13)
whereUMPP is voltage at maximum power point and IMPP is current
at maximum power point (Saloux et al., 2013; Kuczynski and
Chliszcz, 2023; Nosratabadi et al., 2021).

Extherm � 1 − Ta

Tcell
( )pαpAp Tcell − Ta( ) (14)

Tcell � Ta + G
NOCT − 20

800
(15)

where Tcell is temperature of cell and NOCT is normal operating cell
temperature (Saloux et al., 2013; Kuczynski and Chliszcz, 2023;
Nosratabadi et al., 2021).

α � 5.7 + 3.8p]( ) (16)
where α is heat transfer coefficient (convection) and ] is wind speed
(Saloux et al., 2013; Kuczynski and Chliszcz, 2023; Nosratabadi
et al., 2021).

The exergy efficiency of PV systems typically ranges from 10% to
20% under standard conditions. This is lower than their energy
efficiency (which can exceed 20% for high-performance panels)
because exergy efficiency takes into account not only the total
energy output but also the quality of the energy and the
irreversibilities that occur during energy conversion. For
monocrystalline and polycrystalline silicon panels, typical exergy
efficiencies range between 12% and 15%. These systems are
commonly used due to their relatively high energy efficiency, but
their exergy efficiency is impacted by thermal losses and the
inherent inefficiencies in converting sunlight into electricity.

3.3.3.2 Parabolic trough collector (PTC)
Exergy balance of PTC is given by (Equations 17, 18) (Bamisile

et al., 2019; Ghazouani et al., 2020; Kumar et al., 2020):

FIGURE 5
Technical and economic data collected from literature.
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Ib 1 − Ta

Tsun
( ) − Q 1 − Ta

Tr
( ) � IbT0

1
Tr

− 1
Tsun

[ ]
+ Ib − Q[ ] 1 − Ta

Tr
( ) (17)

Exergy efficiency is given by (Bamisile et al., 2019; Ghazouani
et al., 2020; Kumar et al., 2020):

ηEx �
Exout

Exin
�
m ∫Tout

Tin
Cp T( )dT − Ta∫Tout

Tin

Cp T( )
T( )dT − vΔP[ ]

WaLIb 1 − 4
3

Ta
Tsun
( ) + 1

3
Ta
Tsun
( )4{ } (18)

Where Ib is the Incident beam radiation (W/m2); Q is the Solar
irradiation; Tr is the Temperature of the receiver tube; T0 is the
Outlet fluid temperature; Tin is the Inlet fluid temperature; Tsun is
the Surface temperature of sun; Cp is the Specific Heat Capacity
(kJ/kg-K); vΔP is the Mechanical energy due to flow; Wa is the
Aperture width and L is the Collector length.

The exergy efficiency of Solar Tower (ST) systems, particularly
for power generation, typically falls in the range of 20%–30%,
depending on system design, thermal integration, and location-
specific factors. The exergy efficiency of Parabolic Trough Collector
(PTC) systems typically ranges between 15% and 20% under optimal
conditions. This efficiency can be influenced by factors such as the

receiver design, heat transfer medium, and environmental
conditions like wind speed. Exergy destruction in PTC systems
occurs primarily due to thermal losses, frictional losses in the heat
transfer fluid, and temperature gradients within the system
components.

3.4 Environmental assessment

The environmental assessment for CO2 emissions entails
estimating greenhouse gas (GHG) emissions in CO2 equivalents
(CO2e), accounting for all phases of a product or system’s life cycle.
These stages often encompass manufacture, operation, and end-of-
life phases. The scope of the environmental assessment is often
organized around the three major stages of a product’s or system’s
life cycle: (1) Direct emissions from owned or controlled sources
(e.g., fuel burning transportation). (2) Indirect emissions result from
the use of purchased power, steam, heating, and cooling. (3) Other
indirect emissions, which encompass the full product value chain,
such as supply chain emissions (for example, raw material
extraction, transportation, and waste disposal).

The boundaries of the environmental assessment delineate the
life cycle phases and the activities to be evaluated within each phase.
These generally encompass manufacture, operation, and end-of-life

FIGURE 6
(a) Monthly in-plane irradiation data for fixed angle and fixed coordinates, (b) Hours of daylight month wise for State of Qatar, (c) Summary of
technical data from Photovoltaic Geographical Information System (PVGIS).
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phases. Manufacturing encompasses raw material extraction,
material processing, assembly, and transportation. CO2e
emissions encompass energy utilized in manufacturing, alongside
methane (CH4) and nitrous oxide (N2O) emissions from production
processes, as well as emissions from energy-intensive machinery,
manufacturing facilities, and transportation. During the operational
phase, energy consumption associated with the typical use of the
product or system, including electricity, fuel, or gas, is taken into
account. The CO2e emissions accounted for include those from fuel
combustion, energy consumption resulting in indirect emissions
(such as from power generation), and emissions from refrigerant
leakage or other gases during utilization. The end-of-life phase
encompasses decommissioning, recycling, and waste
management. The CO2e emissions accounted for include those
from energy utilized in disposal or recycling, methane emissions
from landfills, and emissions associated with trash transportation.

The CO2 equivalent emissions from electricity generated by
natural gas generally range from 0.4 to 0.6 kg of CO2 equivalent per
kilowatt-hour (kg CO2e/kWh) (Hardisty et al., 2012). The CO2

equivalent footprint of power generated from photovoltaic (PV)
solar panels typically varies from 0.02 to 0.1 kg of CO2 equivalent per
kilowatt-hour (kg CO2e/kWh) over the system’s lifespan (Peng et al.,
2013). The carbon dioxide equivalent footprint of energy generated
from concentrated solar power (CSP) systems and parabolic trough
collectors (PTC) often varies from 0.03–0.1 and 0.03–0.09 kg of CO2

equivalent per kilowatt-hour (kg CO2e/kWh) over the system’s
lifespan (Timilsina, 2021; Shahabuddin et al., 2021), respectively.
The CO2 equivalent footprint of RO and UF water treatment
generally varies from 0.5 to 2.5 and 0.1–1 kg of CO2 equivalent
per cubic meter (kg CO2e/m

3) of processed water, respectively. The
fluctuation within this range may be influenced by factors including
the energy sources utilized for operation, system efficiency, and local
conditions (Zhou et al., 2011).

3.5 Sustainability assessment

Measuring sustainability performance and making decisions are
crucial and difficult tasks. As a result, it is necessary to develop/
implement a systematic approach that assures the ability to collect
and abstract complex process operations, as well as provide
straightforward analysis and communication using relevant
sustainability indicators. Considering the aforementioned
elements, this study proposes the conceptual framework as a
powerful tool for any process scale, supporting the designer in
getting a full performance evaluation. This technique has the
ability and flexibility to be applied at various process sizes, such
as equipment, process units, or the complete process, by allowing for
direct comparison of viable alternative processes that target the same
result but use different designs. Furthermore, designers and
researchers can easily apply this approach to assess the
sustainability performance following process changes.

Proper and sufficient indicators need to be selected (directly can be
adapted or modified from the literature) or developed. This phase is
very critical since the selected indicators require measuring
sustainability performance and making decisions. For sustainability
assessment, the classified indicators are used for the alternative
proposed processes’ designs to determine process potential which is

defined as “a metric’s maximum level of improvement, over a
technology’s current state of the art, that can be attained by any
conceivable design employing the same technology”. The ratings of
sustainability indicators lack relevance without the provision or
selection of reference states. At present, the majority of sustainability
indicator outcomes are articulated in terms of total quantities of
materials or energy utilized by the process or per unit of product.
This technique for existing processes is implemented by comparing
current outcomes with prior trials or by evaluating other procedures
yielding the same product. Nonetheless, this technique will become
more challenging when the analysis is conducted across varying process
design scales and boundaries. A system for identifying and selecting a
sustainability scale for each indicator, framed by two scenarios reflecting
optimal (100% sustainability) and minimal (0% sustainability) targets,
was presented to address this issue. This sustainability scale facilitates
the conversion of any indicator score into a dimensionless format by
employing the worst and best situations, as delineated in Equation 19.
This equation facilitates the visualization and comparison of
sustainability assessment outcomes for each indicator across the four
domains: Energy, Efficiency, Environment, and Economic.

Supplementary Tables 1–4 in the Supplementary Material
defines the sustainability indicators—efficiency, energy,
environmental, and economic—used in this study.

Indicatormeasurement i( ),% � Actual Score[ ] − Worst Score[ ]
Best Score[ ] − Worst Score[ ] x 100%

(19)

4 Results and Discussion

Since the efficiency and power of the electrolyzer remain constant,
the amount of feed TSE required for the electrolyzer, and Hydrogen
production rate remains the same for all the cases. (we have not
considered the oxygen production rate in this study). For the TSE
to hydrogen production pathways (listed in Table 1), Table 6
summarizes the final calculated/literature-based high and low values
for each scenario to identify the best- and worst-case scenarios
regarding CAPEX, OPEX, energy/exergy efficiency, and emissions.

The following sections will focus on the main conclusions of the
paper for the analysis of CAPEX, OPEX, emissions, and
sustainability assessment.

4.1 CAPEX

Table 6; Figure 7 indicate that PEM, ST, and PTC technologies
necessitate significant capital investment, with worst-case and best-
case scenarios ranging from 132.63 to 88.03 million dollars,
732.521 to 646.76 million dollars, and 655.7 to 646.1 million
dollars, respectively. In the comparison of the eight cases
(Figure 7), Case 1 and Case 5 exhibit the lowest capital cost
investment, both averaging approximately 110 million dollars in
CAPEX. This is attributed to their reliance on grid electricity,
eliminating the need for direct capital investment. Cases 3, 4, 7,
and 8 demonstrate the highest capital investment due to
incorporating technologies requiring significant capital,
specifically PEM, ST, and PTC, with an average CAPEX value of
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TABLE 6 The summary of the high and low values of CAPEX, OPEX, Energy Efficiency, Exergy Efficiency and CO2e for 8 scenarios.

Parameters SCENARIO 1 Parameters SCENARIO 5

PEM RO National Grid PEM UF National Grid

High Low High Low High Low High Low High Low High Low

Capacity 100 MWh 2760 m3/day 54 m3/day NA Capacity 100 MWh 2800 m3/
day

60 m3/day NA

CapEx 880 $/KW 1326 $/KW 218900 10416 88800 88800 CapEx 880 $/KW 1326 $/KW 138020 46730 88800 88800

OpEx 5% of capex 1% of capex 0.5 $/m3 0.232
$/m3

NA OpEx 5% of capex 1% of capex 0.66 0.04 NA

Efficiency (%) 80 60 80 45 NA Efficiency (%) 80 60 95 85 NA

Exergy (%) 72.5 56 27.3 4 NA Exergy (%) 72.5 56 ND ND NA

kg CO2e 31.535 per kg H2 21.013 per kg H2 2.5 per m3 0.5 per m3 0.6 per kWh 0.4 per kWh kg CO2e 31.52 per kg H2 21 per kg H2 1 per m3 0.1 per m3 0.6 per
kWh

0.4 per
kWh

Parameters SCENARIO 2 Parameters SCENARIO 6

PEM RO PV PEM UF PV

High Low High Low High Low High Low High Low High Low

Capacity 100 MWh 2760 m3/day 54 m3/day 100MWh Capacity 100 MWh 2800 60 100 MWh

CapEx 880 $/KW 1326 $/KW 218900 10416 158 Mn 62.5 Mn CapEx 880 $/KW 1326 $/KW 138020 46730 158 Mn 62.5 Mn

OpEx 5% of capex 1% of capex 0.5 $/m3 0.232
$/m3

13 $/KW 6.25 $/KW OpEx 5% of capex 1% of capex 0.66 0.04 13 $/KW 6.25 $/KW

Efficiency (%) 80 60 80 45 19.9 15.59 Efficiency (%) 80 60 95 85 19.9 15.59

Exergy (%) 72.5 56 27.3 4 15 12 Exergy (%) 72.5 56 ND ND 15 12

kg CO2e 5.256 per kg H2 1.073 per kg H2 2.5 per m3 0.5 per m3 0.1 per kWh 0.02 per
kWh

kg CO2e 5.26 per kg H2 1.051 per kg H2 1 per m3 0.1 per m3 0.1 per
kWh

0.02 per
kWh

Parameters SCENARIO 3 Parameters SCENARIO 7

PEM RO ST PEM UF ST

High Low High Low High Low High Low High Low High Low

Capacity 100 MWh 2760 m3/day 54 m3/day 100 MWh Capacity 100 MWh 2800 60 100 MWh

CapEx 880 $/KW 1326 $/KW 218900 10416 732521000 646760000 CapEx 880 $/KW 1326 $/KW 138020 46730 732521000 646760000

(Continued on following page)
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TABLE 6 (Continued) The summary of the high and low values of CAPEX, OPEX, Energy Efficiency, Exergy Efficiency and CO2e for 8 scenarios.

Parameters SCENARIO 3 Parameters SCENARIO 7

PEM RO ST PEM UF ST

High Low High Low High Low High Low High Low High Low

OpEx 5% of capex 1% of capex 0.5 $/m3 0.232
$/m3

9.5238 Mn$/yr OpEx 5% of capex 1% of capex 0.66 0.04 9.5238 Mn$/yr

Efficiency (%) 80 60 80 45 <46 Efficiency (%) 80 60 95 85 <46

Exergy (%) 72.5 56 27.3 4 30 20 Exergy (%) 72.5 56 ND ND 30 20

kg CO2e 5.274 per kg H2 1.58 per kg H2 2.5 per m3 0.5 per m3 0.1 per kWh 0.03 per
kWh

kg CO2e 5.26 per kg H2 1.576 per kg H2 1 per m3 0.1 per m3 0.1 per
kWh

0.03 per
kWh

Parameters SCENARIO 4 Parameters SCENARIO 8

PEM RO PTC PEM UF PTC

High Low High Low High Low High Low High Low High Low

Capacity 100 MWh 2760 m3/day 54 m3/day 100 MWh Capacity 100 MWh 2800 60 100 MWh

CapEx 880 $/KW 1326 $/KW 218900 10416 655.7 Mn$ 646.1 Mn$ CapEx 880 $/KW 1326 $/KW 138020 46730 655.7 Mn$ 646.1 Mn$

OpEx 5% of capex 1% of capex 0.5 $/m3 0.232
$/m3

14.59 Mn$/yr OpEx 5% of capex 1% of capex 0.66 0.04 14.59 Mn$/yr

Efficiency (%) 80 60 80 45 46.7 43.3 Efficiency (%) 80 60 95 85 46.7 43.3

Exergy (%) 72.5 56 27.3 4 20 15 Exergy (%) 72.5 56 ND ND 20 15

kg CO2e 4.75 per kg H2 1.58 per kg H2 2.5 per m3 0.5 per m3 0.09 per
kWh

0.03 per
kWh

kg CO2e 4.736 per kg H2 1.576 per kg H2 1 per m3 0.1 per m3 0.09 per
kWh

0.03 per
kWh

ND, no data, NA, not applicable.
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approximately 750 million dollars. CAPEX values for concentrated
solar power cases are relatively higher than those for photovoltaic
cases (Approximately four–4.4 times).

4.2 OPEX

Table 6; Figure 8 indicate that PEM and PV technologies exhibit the
highest operational costs, with worst-case and best-case scenarios
ranging from 6.63 to 0.88 million dollars and 1.3 to 0.625 million
dollars, respectively. Operating expenses (Figure 8) for photovoltaic
cases are significantly higher than those for concentrated solar power.
CAPEX and OPEX remain unaffected by the type of water treatment
employed, whether RO or ultrafiltration (Figures 7, 8).

4.3 Emissions

Table 6; Figure 9 present the calculation of CO2 equivalent
emissions per kg of H2 produced via PEM, derived by aggregating
the contributions from the energy source and the water treatment
method. This calculation includes factors such as direct emissions from
combustion and indirect emissions associated with the extraction,
processing, and transportation of natural gas, as well as the
manufacturing, installation, operation, and decommissioning of solar
panels, operational efficiency, and local conditions. Substituting grid-
based energy with PV, ST, and PTC technologies significantly reduces
the kg CO2e/kg H2 (appromitaly averaged %88).

4.4 Sustainability assessment

This study assesses the sustainability of the Siemens Silyzer
300 PEM (100 MWh) with an emphasis on renewable energy
sources. The first step is to calculate the exergy efficiency of the

aforementioned electrolyzer to use in the energy efficiency
calculation regarding its impact on overall sustainability. Then,
the overall sustainability assessment results are represented in the
following paragraphs as explained in the previous section (3.5.
Sustainability Assessment).

4.5 Exergy efficiency calculation for the
Siemens Silyzer 300 PEM

For the base case, the hydrogen production rate is 1904 kg/h or
944.5 kmol/h, the electrical efficiency of the electrolyzer is 75%, and
the water temperature is 75°C.

The rate of energy content of H2 stream:

Ex,H2 � _m exph,H2
+ exch,H2( ) (20)

exph,H2 � h − h0( ) − T0 s − s0( )
� 4650.4 − 3931.7( ) kJ

kg
− 298.15K 55.657 − 53.429( ) kJ

kg · K
� 54.4218

kJ

kg
�� 109.7143488

kJ

kmol

exch,H2 � 1*236090
J

mol
+ 8.314

J

mol*K
*298.15K* ln 1 � 236090

J

mol

Ex,H2 � _m exph,2 + exch,2( )
� 944.4625784

kmol
h

* 109.7143488 + 236090( ) kJ

kmol

� 223081791.3
kJ

h

The rate of electric energy input:

Eelectric � 100MW � 100000
kJ

s
*3600

s

h
� 360000000

kJ

h

The rate of thermal energy input for the PEM electrolyzer:

FIGURE 7
CAPEX for 8 scenarios.
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Eheat,PEM ≈ 0

The rate of thermal energy input to the heat exchanger for
heating up the H2O from 25°C to 75°C;

Eheat,H2O�944462.5784
mol
h

* 75.52662( ) J
mol*K

* 348.15 −298.15( )K

� 3566603.313
kJ
h

FIGURE 8
OPEX for 8 scenarios.

FIGURE 9
CO2e/kg H2 values for the scenarios.
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The exergy efficiency:

ηex �
EH2 × _NH2,out

Eelectric + Eheat,PEM + Eheat,H2O

� 223081791.3 kJ
h

360000000 kJ
h + 0 + 3566603.313 kJ

h

� 0.6136

Figure 10 illustrates the sustainability assessment for the
integration of PEM, RO/UF, and a renewable energy source,
considering material efficiency, energy efficiency, environmental
impact, and economics. The efficiency of a process or unit
operation is indicated by the quantity of materials and services
needed to produce the desired product or accomplish a specific task.
Mass transfer operations significantly affect energy demand,
equipment size, costs, raw materials, and emissions. Efficiency

indicators offer sustainability assessments that are valuable for
identifying opportunities in process design during the conceptual
stages, significantly impacting all aspects of process sustainability.
The integrated process exhibits an average material efficiency of
94.866%, which can be deemed successful concerning sustainability
objectives.

The primary significance of this study is to suggest an integrated
method that mitigates adverse environmental impacts, including global
warming. The attainment of these environmental impact minimization
goals should start from the process input, such as considering the nature of
the rawmaterial and energy sources. Figure 10 illustrates that the suggested
process integration achieves an average environmental efficiency of
98.34% through the utilization of renewable energy sources. Utilizing
grid-based energy in the process diminishes the average environmental
efficiency to 62.59% due to its significant global warming potential.

FIGURE 10
Sustainability assessment for the integration of PEM, RO/UF, and a renewable energy source.
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The demand for energy significantly impacts the sustainability
performance of a chemical process or equipment, as shown in
overall product costs, energy goods and services, and heat
emissions. Like other indicators of process sustainability, energy
indicators must be scientifically valid, easily calculable, and
consistent, as the computation of thermodynamic characteristics
relies on many data and reference states that should be accessible,
particularly for novel chemical processes. The average energy
sustainability is 83.06% due to an exergy efficiency of roughly 61%.

Enhancing PEM efficiency can augment the average energy
sustainability. Improving the efficiency of PEM electrolyzers is
essential to reducing the cost of green hydrogen and expanding
its role in the energy transition. Key strategies and technologies such
as advanced catalyst materials, improved membrane materials,
enhanced electrode structures, optimized operating conditions,
innovative system designs and integrating artificial intelligence
and machine learning are implemented to enhance their
efficiency. Catalysts are crucial for improving reaction kinetics in
PEM electrolyzers. Current advancements focus on iridium-based
catalysts, non-noble metal catalysts and core-shell structures
(Carmo et al., 2013). Membrane properties significantly influence
the efficiency and durability of PEM electrolyzers. Advances in
perfluorosulfonic acid (PFSA) membranes have improved proton
conductivity while maintaining mechanical and chemical stability.
Hybrid structures combining PFSA with additives such as inorganic
oxides enhance conductivity, reduce gas crossover, and improve
thermal stability. Efficient electrode design improves the utilization
of catalyst materials and facilitates better mass transport. Catalyst-
coated membranes (CCMs) and porous transport layers (PTLs) are
primary focal points (Haider et al., 2021). Improvements in system-
level design, including modular systems and system heat recovery,
enhance the overall efficiency and scalability of PEM electrolyzers
(Lange et al., 2024). AI tools are increasingly being used to optimize
PEM electrolyzer performance: Predictive maintenance analyzes
operational data to predict and prevent failures and machine
learning models identify optimal operating conditions to
minimize energy consumption (Lange et al., 2024).

Finally, modifying operational parameters to optimize efficiency
while ensuring durability involves dynamic operation and elevated
operating temperatures. Especially, optimizing its operational
temperature and integrating waste heat recovery are crucial for
improving its efficiency and overall system performance. The
operational temperature of PEM electrolyzers has an effect on
reaction kinetics and membrane conductivity. Higher
temperatures improve reaction kinetics by reducing activation
energy barriers for the hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER). This leads to increased
electrochemical performance and lower overpotentials. Proton
conductivity of the PEM increases with temperature, reducing
ohmic losses. However, excessive temperatures can degrade the
membrane and other components, such as the catalyst layer and
gas diffusion layers. PEM electrolyzers typically operate within a
range of 50°C–80°C. Balancing temperature within this range
ensures enhanced performance without compromising the
durability of components. However, Future research focuses on
developing high-temperature membranes that operate efficiently
above 80°C, enhancing the potential for waste heat utilization.
Advanced thermal management systems using sensors and

controllers are deployed to maintain optimal operating
temperatures and minimize fluctuations during variable power
inputs, especially when integrated with renewable energy sources
(Lange et al., 2024; Mao et al., 2024). PEM electrolyzers generate
waste heat during operation, which can be recovered and utilized to
improve overall energy efficiency. Electrochemical reactions in the
cell produce heat as a byproduct and heat losses occur through
electrical resistance in the membrane, electrodes, and external
circuitry. Waste heat can be used to preheat the feedwater for
electrolysis, reducing the energy required to reach operational
temperatures. Heat recovery techniques such as heat exchangers
and thermal storage systems can be used. Heat exchangers transfer
waste heat from the electrolyzer stack or coolant systems to a
secondary process. Captured heat can be stored in phase-change
materials or insulated tanks for later use, enabling more flexible
operation (Carmo et al., 2013; Chen Y. et al., 2023).

Nevertheless, the most challenging aspect of the proposed
integrated process is the economic factor due to having high
production costs (the current estimate for the cost of producing
hydrogen via electrolysis is between $5 and $6 per kilogram). To
achieve cost parity with steam methane reforming (SMR) at all
capacities involves lowering the cost of hydrogen production via
electrolysis to between $2.08 and $2.27 per kg. We need to further
study profitability analysis for green hydrogen production from
wastewater at varying scale that considers the generated income
from oxygen production as well as other costs such infrastructure,
conditioning and storage. Such detailed study can quantify the actual
production cost of green hydrogen for the integrated system. Currently,
the average economic sustainability of the process is approximately
57%. Reducing the production cost to $2.08 and $2.27 per kg can
enhances sustainability to approximately 89.65%.

5 Conclusion

This study highlights the potential of an integrated system
combining electrolysis, water treatment, and renewable energy
sources, such as solar power, to produce sustainable green
hydrogen. Through a comparative analysis of eight scenarios
involving different combinations of water treatment technologies
and energy inputs, the research demonstrates the following results:

5.1 Capital and Operational Costs

a) CSP scenarios show the highest CAPEX, approximately
4 times higher than PV cases.

b) PV cases have higher OPEX, though the type of water
treatment has little impact on CAPEX and OPEX.

c) Grid-based electricity scenarios have the lowest capital
investment ($110million), while CSP scenarios have the
highest ($750 million)

5.2 Sustainability Indicators

a) The integrated process achieved high average material
efficiency (94.87%) and high average environmental
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efficiency (98.34%) when using renewable energy, as opposed
to lower environmental efficiency when using grid
electricity(62.59%).

b) The system’s average Energy sustainability (83.06%) can be
further enhanced by augmenting the PEM efficiency.
Additionally, applying waste heat and heat integration to
the proposed system (water treatment-solar energy-PEM)
can enhance its energy sustainability performance.

c) Renewable energy sources such as PV, solar tower (ST), and
parabolic trough collector (PTC) reduce CO2 emissions by
approximately 88% compared to national grid.

5.3 Economic Challenges

a) Hydrogen production via electrolysis currently costs $5 to
$6 per kg, which is higher than SMR.

b) The process’s average economic sustainability stands at 57%
but could rise to 90% if hydrogen production costs are lowered
to $2.08-$2.27 per kg.

These findings emphasize the need for further research to
improve efficiency and reduce the costs of the integrated system.
With advancements in technology, green hydrogen can be a
cornerstone in the transition toward sustainable energy
systems, especially in regions like GCC that are rich in solar
energy but limited in fresh water. Also, the conclusions highlight
that although the integration of PEM electrolyzers, solar energy,
and wastewater systems presents significant opportunities for
clean energy and resource recovery, the scalability of each
technology constrains the validity of the findings. The results
and conclusions are valid for specific ranges of scale and may not
be generalized to very small or very large systems without further
optimization studies.
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