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Abstract:

Ammonia is among the most widely produced chemicals worldwide and plays a fundamental role in the global
economy. However, conventional ammonia production is highly energy-intensive and contributes to global
warming emissions. In the context of the energy transition and the pursuit of carbon neutrality, the production
of green ammonia from renewable energy sources has attracted growing attention. In addition to its importance
in agriculture, ammonia is considered a promising energy carrier and hydrogen storage vector, due to
transportation challenges. In this context, this work performs a comprehensive exergy analysis of green
ammonia production. Different technological routes were evaluated to determine the exergy efficiencies and
electrical energy consumption of the proposed configurations, thereby identifying the most suitable alternative
from a thermodynamic perspective. The hypothetical plant includes seawater desalination processes using
reverse osmosis (RO) and multi-effect distillation (MED). In sequence, electrolysis technologies such as
alkaline (AE), proton exchange membrane (PEM), and solid oxide (SOE) are used for hydrogen production.
The process includes nitrogen production from cryogenic air separation (CAS), ammonia production via the
Haber—Bosch synthesis (HB), and an offshore wind farm supplying electricity to the system. The results
indicate that, among the desalination technologies evaluated, RO presents lower exergy destruction, higher
exergy efficiency, and lower electricity consumption. Among the electrolysis technologies, SOE showed the
best exergy performance, with higher efficiency, lower exergy destruction, and lower electrical energy
consumption. Overall, CAS had the lowest exergy efficiency, followed by RO, SOE, and HB. In terms of
electrical energy consumption and destroyed exergy, the processes were ranked in increasing order as RO,
CAS, HB, and SOE. Therefore, these results provide thermodynamic insights into green ammonia production
pathways; however, factors such as technological maturity, economic feasibility, and resource availability
should also be considered when selecting the most suitable route.
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1. Introduction

Approximately 200 million metric tons of ammonia are produced annually, making it the second-most-produced
chemical worldwide, after sulfuric acid [1]. Traditionally, ammonia synthesis consumes between 1% and 2%
of global energy and accounts for about 1.4% of global CO2 emissions, due to its reliance on fossil fuels for
hydrogen production [2]. Given growing environmental concerns and the pursuit of carbon neutrality by 2050,
sustainable alternatives such as green ammonia via water electrolysis have been studied [3]. Water
electrolysis produces green hydrogen from renewable electricity, which can then be used in ammonia
synthesis, eliminating methane reforming and reducing carbon emissions [4]. Additionally, hydrogen transport
over long distances faces challenges due to its low volumetric energy density, even when compressed.
Converting hydrogen into ammonia is a viable solution, as ammonia is essential for nitrogen fertilizers - a
crucial agricultural input. It is easier and more economical to transport, can be stored as a liquid at ambient
temperature and pressure, and serves as a hydrogen carrier or direct fuel [3,5].

The main technologies for green hydrogen production are water electrolysis, biomass, and photocatalysis.
Currently, water electrolysis is the most mature, while biomass is a promising alternative [6,7]. Water
electrolysis was the first technology used for carbon-free hydrogen, yet only about 4% of global hydrogen
comes from electrolysis [8]. In this process, an electric current splits H20 into hydrogen (Hz) and oxygen (Oz)
with high energy demands [9]. There are four main technologies: alkaline electrolysis (AE), proton exchange
membrane electrolysis (PEM), solid oxide electrolysis (SOE), and anion exchange membrane (AEM)



electrolyzers [10]. Only alkaline and PEM have been commercialized; the others show potential but remain
under development, with AEM being emerging and less mature [11]. They differ in development stage,
electrolyte, charge carrier, operating conditions, and ability to handle intermittent energy sources [12].

Alkaline water electrolysis holds 70% of the market share [6]. It is mature, reliable, safe, and relatively low-cost
for large-scale hydrogen production [8,11]. However, its limitations include low current density and restricted
low-load capacity due to gas crossover through the separator, which raises explosion risks under critical
conditions [11,13]. Concentrated KOH electrolyte, though efficient, is corrosive and operates at low pressure,
reducing efficiency [13].

Commercially, PEM electrolyzers are mainly used for small-scale production. Their membrane's low
permeability minimizes flammable mixtures [8,13,14]. PEM is safer than alkaline electrolysis, as it avoids
caustic electrolytes and has lower environmental impact [15]. Another advantage is stable operation with
variable energy sources, enabled by rapid proton transport [8]. PEM offers fast dynamic response, high-
pressure operation, high current density, compactness, and cleaner operation [13,16,17]. However, its main
obstacle is the high cost of electrocatalysts, making the technology more expensive [8,17]. Also, component
durability is limited, and corrosion can compromise cell lifetime, especially under industrial conditions [13].

Solid oxide electrolyzers (SOE), still in R&D, operate at high temperatures using steam instead of liquid water,
reducing electrical demand and increasing efficiency [8,11,15]. SOE has lower operating costs and can be
integrated with industrial waste heat, favoring hydrogen and chemical production (e.g., methanol, ammonia)
[15]. On the other hand, high-temperature operation accelerates material degradation and requires more stable
electrolytes, limiting system lifetime [10,15]. SOEs are less suitable for intermittent energy sources, as thermal
fluctuations can induce microcracks in the electrolyte, compromising performance and durability [8].

Current water electrolysis technologies require high-purity water. Converting seawater into hydrogen using
renewable energy is an alternative given the abundance of saline water [18,19]. Water desalination, essential
for this conversion, is classified into thermal and membrane processes [20]. Thermal processes (e.g.,
distillation) use heat to evaporate water and separate salts. Membrane processes, led by reverse osmosis,
mainly use pressure and electrical energy [21,22].

Reverse osmosis (RO) is the most widely used desalination method for seawater and brackish water [23]. RO
is a hyperfiltration process that produces potable, low-salt water [24]. It applies pressure above osmotic
pressure, forcing water through a semi-permeable membrane that retains salts and impurities [21,25]. RO
stands out for its simplicity, robustness, efficiency, low corrosion, reduced metal use, and low
installation/operating costs [21,24]. Membrane technology has evolved, improving efficiency, durability, and
cost [21,26]. However, challenges include membrane and energy costs (a large portion of operating expenses),
frequent cleaning, low chlorine resistance, and short durability [21,24,26].

Multi-Effect Distillation (MED), a thermal method, has recently regained interest, increasing its market share
[27]. MED operates in a series of evaporators (“effects”), where saline water undergoes multiple boiling stages.
Vapor from one stage heats the next, enabling salt separation [21,23,25]. The key principle is gradual pressure
and temperature reduction along with the effects [21,27]. A major advantage of MED is low-temperature
operation [23], which minimizes corrosion and scaling, reducing pretreatment needs [21,27]. However, lower
temperatures require a larger heat transfer area [21,23]. MED plants are typically designed for large capacities
[27]. Though not viable on a small scale, they have low installation/maintenance costs, require little
supervision, and operate continuously [20,21].

To obtain nitrogen, air separation uses membrane, cryogenic, absorption, or adsorption technologies.
Cryogenic distillation, the first developed and most advanced, is more economical and efficient for large-scale
operations, producing high-purity products [1,28]. Cryogenic air distillation obtains high-purity gases and is
widely used in industry [29]. Like conventional distillation but at much lower temperatures, it has two thermally
integrated columns at different pressures. Nitrogen, more volatile, concentrates at the top; oxygen, with a
higher boiling point, remains at the bottom [29,30]. Argon is separated in a third column, where an oxygen-
argon stream is processed to obtain high-purity argon [31].

The most widely used ammonia production process, accounting for approximately 85% of total production, is
the Haber-Bosch process, in use for over 100 years [1]. Nitrogen (N2) and hydrogen (H:) react under high
pressure and temperature with a catalyst (mainly iron-based) to form ammonia (NHs). In the industrial process,
gases are compressed, then pass through multiple catalytic beds with intermediate cooling to maximize
efficiency. Ammonia is separated by condensation, and unconverted gases are recycled [3,32,33].

Therefore, this work aimed to perform a comprehensive exergy analysis of green ammonia production from
seawater desalination, water electrolysis for hydrogen, cryogenic air separation for nitrogen, and Haber-Bosch
synthesis, assuming renewable energy supply. Different technological routes were evaluated, including
desalination methods (multi-effect distillation and reverse osmosis) and electrolysis types (alkaline, PEM, and
SOE). The goal was to quantify exergy efficiencies, destroyed exergy, and electrical energy consumption at
each stage. Thus, it was compared the exergy performance of the proposed configurations to determine the
most suitable alternative from a thermodynamic perspective for large-scale green ammonia production.



2. Methods

A complete plant was modeled considering the stages of seawater desalination, water electrolysis, cryogenic
air separation, and ammonia synthesis. This plant was based on the previous studies of [34]. The green
ammonia production plant studied, as shown in Figure 1, begins with Seawater Desalination producing brine
and H20. The H20 was then used in Electrolysis to generate Hz, Oz, and purge. Additionally, N2 was obtained
through Cryogenic Air Separation, which produced N2, Oz, Ar, and waste streams. Thus, ammonia was
synthesized through the Haber—Bosch process, with Hz supplied by electrolysis and N2 from cryogenic
separation. The calculations were based on a production of 1000 t of NHs per day. Therefore, the amount of
air and seawater required to carry out the other processes in the overall plant was calculated. Furthermore, for
all plants, each stream was characterized by exergy (b;). Equation (1), which considers the physical bpysical

and chemical (buemica;) CONtributions, was used to calculate the exergy. Note that B = n - b. In addition, the
standard chemical exergy of the components was obtained from [35], and the environmental conditions
adopted were 298.15 K and 101.325 kPa.

b; = bphysical + bchemical = Z Vi (hi —hy—To" (Si - SO) +R-Ty- ln(yi) + bchemicali) (1)
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Figure 1. Schematic representation of the whole plant to produce green ammonia, based on [34].

2.1. Seawater Desalination

For the desalination of seawater, the processes of reverse osmosis and multi-effect distillation were
considered. These technologies were chosen due to their technical and energy advantages compared to other
available technologies. MED stands out among thermal processes for presenting higher water and energy
efficiency, especially in large-scale applications, while RO stands out among membrane processes due to its
greater operational simplicity, lower cost, and wide industrial application. The choice allows a representative
comparative evaluation between the two main groups of desalination processes currently used.

2.1.1. Multi-Effect Distillation (MED)

For the Multi-Effect Distillation, the modified six-effect plant of [36] was used, which can be observed in Figure
2. The salinity of seawater was also adopted as the standard value of 35 g/kg, and it was assumed that the
water enters and leaves the system at 298.15 K and 101.325 kPa. Mass flow 15 corresponds to 15.25% of
flow 24; flow 17 to 31.58%; flow 19 to 48.59%; flow 21 to 65.93%; and flow 23 to 83.17% of flow 24. Mass
flows 3, 5, 7, 9, 11, and 12 present identical values and temperatures of 318.15 K. Flow 13 has a pressure of
35.8 kPa and temperature of 384.85 K, while flow 25 has 12.3 kPa and 323.15 K. Flow 26 corresponds to
94.8% of flow 27. Regarding flow 35, flows 29, 30, 31, 32, 33, 34, and 39 correspond, respectively, to 17.18%,
16.3%, 15.3%, 14.6%, 14.3%, 14.4%, and 9.71%. Furthermore, flows 29, 30, 31, 32, 33, and 34 have
temperatures and pressures, respectively, of 346.4 K and 35.8 kPa; 336.8 K and 23.5 kPa; 333.4 K and 20.1
kPa; 330 K and 17.2 kPa; 326.6 K and 14.6 kPa; and 323.2 K and 12.3 kPa.

The total electric power consumption was the sum of the compressors and pump powers, as shown in Eq. (2).
The exergy efficiency, Eq. (3), was calculated as the rate of useful exergy at the outlet, corresponding to pure
water, divided by the rate of exergy at the inlet, which was the sum of the exergy rate associated with the
electric power and to the heat supplied, plus the exergy rate of seawater. Likewise, the exergy efficiency, Eq.
(4), was obtained from the overall rate of exergy destruction, Eq. (5), and the total rate of exergy supplied.
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Figure 2. Schematic representation of Multi-Effect Distillation.

2.1.2. Reverse Osmosis (RO)

The process considered for reverse osmosis is presented in Figure 3, representing a single-stage plant with
energy recovery, based on the work proposed by [37]. A pressure exchanger was selected as the energy
recovery device since, compared with energy recovery turbines, it presents higher exergy efficiency and lower
exergy destruction [38,39]. Furthermore, the overall and isentropic efficiencies of the pumps were assumed to
be 85% and 80%, respectively, while the efficiency of the pressure exchanger was 96%. In addition, the salinity
of the seawater was adopted as the standard value of 35 g/kg, and it was assumed that the water enters the
system at 298.15 K and 101.325 kPa. It was assumed that the fraction of pure water produced was 40% and
that 60% of the inlet water passed through the pressure exchanger. The reverse osmosis membrane module
was assumed to operate at 6900 kPa, Pump | increases the pressure in 200 kPa, the brine losing 200 kPa
when leaving the module and 100 kPa after the pressure exchanger, and pure water exits at 101.325 kPa.

The total electric power consumption for reverse osmosis was given by the sum of the power of the three
pumps, as shown in Eq. (6). The exergy efficiency, given by Eq. (7), was calculated as the rate of useful exergy
at the outlet, pure water, divided by the rate of exergy at the inlet, which was the sum of the exergy rate
associated with the electric power and the exergy rate of seawater. The exergy efficiency, Eg. (8), was also
calculated based on the overall rate of exergy destruction, Eqg. (9), and the total rate of exergy supplied.
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Figure 3. Schematic representation of Reverse Osmosis, based on [34].

2.2. Water Electrolysis

Water electrolysis was analyzed considering alkaline (AE), proton exchange membrane (PEM), and solid oxide
(SOE) technologies. Alkaline and PEM electrolysis were chosen because they are already commercialized
technologies and are widely studied, while SOE is included due to its high efficiency potential associated with
operation at high temperatures.

2.2.1. Alkaline Electrolysis (AE)

The alkaline electrolysis plant considered and represented in Figure 4 was developed based on the data
presented by [40]. For the calculations, it was assumed that the electrolyzer operates at 700 kPa and 348.15
K, with pump efficiencies of 80%. The KOH electrolyte was 35% by weight in alkaline electrolysis. Separators
and heat exchangers had a pressure drop of 30 kPa, while the pumps increased pressure by 60 kPa, except
for the first one, which increased the water pressure to 700 kPa. Both the incoming water and the outgoing
hydrogen had temperatures of 298.15 K and pressures of 101.325 kPa.

The total power was given by the sum of the power of the pumps, the electrolyzer, and the fan, as shown in
Eq. (10). Meanwhile, the exergy efficiency, analyzed in Eq. (11), was calculated by dividing the exergy rate of



hydrogen, since it is the main product of electrolysis, by the inlet exergy rate, which corresponded to the sum
of the exergy rate related to the electric power and the exergy rate of the inlet water. The exergy efficiency,
defined by Eq. (12), considering the overall exergy destruction rate, described in Eq. (13), and the total exergy
rate supplied, was also calculated.
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Figure 4. Schematic representation of Alkaline Electrolysis, based on [34].
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2.2.2. Proton Exchange Membrane Electrolysis (PEM)

In the case of proton exchange membrane electrolysis, Figure 5, the plant proposed by [41] was used as the
basis. It was considered that the inlet water and the outlet hydrogen had temperatures of 298.15 K and
pressures of 101.325 kPa, that the electrolyzer operated at 353 K and 103.4 kPa and that there was a pressure
drop in the heat exchanger of 2.1 kPa.

Equation (14) shows how the total power was calculated, which was the sum of the power of the pumps and
the electrolyzer. The exergy efficiency, Eq. (15), resulted from dividing the exergy rate of hydrogen, which is
the main product of electrolysis, by the inlet exergy rate, that was the sum of the exergy rate related to the
electric power and to the heat supplied, plus the exergy rate of the inlet water. In addition, the exergy efficiency,
Eq. (16), was defined using the overall exergy destruction rate, Eq. (17), and the total exergy rate supplied.

WPEM = Wpumpl + Wpumpll + Wpupiplll + Welectrolyzer (14)
Nex,pem = 100 - = B10. : (15)
‘Belectric +‘Bl +.Bq1
Belectric + Bl - Bdestroyed PEM
Nex,destroyea,pem = 100 - - - - (16)
ex ‘es roye ' Be.zlectrif: + Bl.+ Bq{
Bdestroyed,PEM = Bejectric + B1 + Bql — Bg — By (17)

6 0, 5 9 H, 10
Separator Separator

PEM
Electrolyzer

4

Figure 5. Schematic representation of Proton Exchange Membrane Electrolysis.

2.2.3. Solid Oxide Electrolysis (SOE)

Based on the data from [42], the model of the solid oxide electrolysis plant presented in Figure 6 was
established. It was assumed that the electrolyzer operated at 890.7 K and 994 kPa, that the conditions of the
feed water and the hydrogen at the outlet were 298.15 K and 101.325 kPa, and that the ratio between the total



mass of water in circulation and the feed water flow rate was approximately 2.07. For the separators and heat
exchangers Il, lll, and IV, a pressure drop of 4 kPa was adopted, while for heat exchangers I, V, and VI the
pressure drop was 8 kPa.

As presented in Eq. (18), the total electrical power of the system was obtained from the sum of the power
consumed by the pump and the power required by the electrolyzer. The exergy efficiency of the process,
defined in Eq. (19), was calculated as the ratio between the exergy rate of the hydrogen produced, and the
total exergy rate supplied to the system, which corresponds to the sum of the exergy associated with the input
electrical energy, heat supplied, and the exergy of the water fed to the process. Additionally, the exergy
efficiency based on exergy destruction, as presented in Eq. (20), was determined from the overall exergy
destruction rate of the system, shown in Eq. (21), in relation to the total exergy rate supplied.
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Figure 6. Schematic representation of Solid Oxide Electrolysis.

2.3. Nitrogen Extraction

To obtain N2 from renewable sources, a cryogenic air separation method used by [43] was considered and the
developed model is shown in Figure 7. The air is 78.12% N2, 20.95% Oz, and 0.93% Ar, and its flow was split
in a ratio of 85% for the HPC (higher pressure separation column) and 15% for the LPC (lower pressure
separation column). From the initial air entering the system, it was assumed that 38.9% of the initial N2, 18.4%
of the Ar, and 75.7% of the Oz were separated (the purity of O2 being 98.5%). The thermodynamic parameters,
such as the pressures after each compressor, were 198 kPa, 346 kPa, and 635 kPa. The mixture entered the
HPC at 570 kPa and 99.35 K, and the LPC at 130 kPa and 79.25 K, 83.65 K, and 82.25 K. Moreover, waste
and Oz were measured at 110 kPa and 298.2 K, N2 was measured at 101.325 kPa and 298.15 K, while Ar was
measured at 120 kPa and 88.85 K.

The total electrical power consumption was given by the sum of the power of the three compressors, as shown
in Eq. (22). For the exergy efficiency, Eq. (23) considers in the numerator the useful exergy rate at the outlet,
which is the exergy rate of N2, since this is the component required to produce green ammonia. The
denominator was the inlet exergy rate, corresponding to the sum of the exergy rate associated with the
electrical power and the exergy rate of the air. In addition, the exergy efficiency, Eq. (24), was calculated
considering the overall exergy destruction rate, Eq. (25), and the total exergy rate supplied.
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Figure 7. Schematic representation of Cryogenic Air Separation, based on [34].
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2.4. Ammonia Synthesis

The ammonia synthesis was modeled based on research conducted for large-scale ammonia production by
[44,45] and on the study of green ammonia production by [46]. The plant is presented in Figure 8. It was
considered that the efficiency of the first reactor was 17.4%, the second 6.1%, and the third 5.7%, while the
isentropic efficiency of the compressor was 80%. In addition, the operating pressure of the reactors was 20,000
kPa, with a pressure loss of 130 kPa in the reactors. The operating temperature of the first reactor was 583.15
K, the second 702.45 K, and the third 653.15 K. Furthermore, the percentage of recycled ammonia was 1.81%,
and the H2/N:2 feed ratio to the reactor was 3:1. In addition, hydrogen and nitrogen entered at 101.325 kPa and
298.15 K, while ammonia exited at 101.325 kPa and 239.8 K.

The total electrical power consumption was given by the sum of the power of the compressors, as shown in
Eq. (26). The exergy efficiency, Eq. (27), was determined by dividing the useful exergy rate at the outlet, the
exergy rate of ammonia, by the inlet exergy rate, which corresponded to the sum of the exergy rate related to
the electrical power, the exergy rate of hydrogen, and the exergy rate of nitrogen, plus the exergy rate related
to the heat supplied. The exergy efficiency, as represented in Eq. (28), was also determined based on the
overall exergy destruction rate, illustrated in Eq. (29), and the total exergy rate supplied.
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Figure 8. Schematic representation of Haber-Bosch Synthesis, based on [34].
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3. Results and Discussion

Figures 9, 10 and 11 show the exergy efficiencies, electrical power and destroyed exergy for the processes in
the green ammonia production plant. It is observed that, in decreasing order, the efficiencies of the processes
were: HB, SOE, AE, PEM, RO, MED, and CAS. Additionally, the exergetic efficiencies calculated based on
the rate of exergy destruction followed the same trend observed for the conventional exergetic efficiencies,
since the useful products represent the dominant exergy streams in most processes. The main exception was
reverse osmosis, which presented the highest exergetic efficiency when calculated based on exergy
destruction due to the contribution of the brine stream in the overall exergy balance. Also, the energy
consumption and destroyed exergy in increasing order were: RO, MED, CAS, HB, SOE, AE, and PEM.
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For seawater desalination, reverse osmosis achieved 7, zo 0f 36.78%, close to the literature value of 31.9%
[37]. The exergetic efficiency considering the destroyed exergy rate was 93.13%, higher because brine was
included. The electrical power required for pure water was 207.1 kW and the destroyed exergy was 0.17 MW.
For multi-effect distillation, the exergetic efficiency was 20.75%, very close to literature values of 21.35% [47]
and 21.49% [36]. As with RO, the efficiency based on exergy destruction was higher (41.22%) due to the brine
stream. The electrical power for MED was 2.63 MW and the destroyed exergy was 2.59 MW.

In electrolysis, alkaline electrolysis showed an exergy efficiency of 74.44%, whereas literature reports lower
values (e.g., 55% [48]) due to different operating conditions (lower temperature and electrolyte concentration).
The efficiency using the destroyed exergy rate (75.08%) was similar, as other products were negligible. The
electrical power was 322.37 MW and the destroyed exergy was 80.56 MW. For PEM electrolysis, both
efficiencies were also close (70.44% and 70.95%), in agreement with literature values ranging from 56% to
80% [49-52]. Electrical power was 340.59 MW and the destroyed exergy was 98.95 MW. Solid oxide
electrolysis achieved efficiencies of 78.85% and 79.11%, consistent with literature values of 77.62% to 93.11%
[42,53], requiring 303.09 MW and the destroyed exergy was 62.54 MW.

Cryogenic air separation considered only Nz as the useful product for green ammonia, yielding an exergy
efficiency of 3.10%, low compared to literature (13% [54] and 14% [43]). However, including oxygen and argon
as products raises efficiency to 12.95%, closer to literature. Efficiency based on exergy destruction was
16.17%, higher because all outputs (including waste) are considered. Electrical power required was 7.89 MW
and the destroyed exergy was 6.61 MW. For Haber-Bosch synthesis, both efficiencies were 88.32%, within
the literature range of 77% to 91.3% [45], requiring 9.32 MW and the destroyed exergy was 30.80 MW.

Thus, from a thermodynamic perspective, reverse osmosis outperforms multi-effect distillation due to lower
electrical consumption, higher exergy efficiency, and lower exergy destruction. Among electrolysis methods,
SOE stands out with the highest efficiency, followed by AE and then PEM, as reported in the literature [55].
Therefore, the plant with the best performance (highest exergy efficiency, lowest electrical consumption, and
lowest exergy destruction) comprised reverse osmosis, SOE electrolysis, cryogenic air separation, and Haber-
Bosch synthesis. Overall plant efficiency was 0.79% based on useful products only, and 10.52% based on
exergy destruction.

The results highlight the strong influence of the electrolysis stage, since hydrogen production is the most
energy-intensive step in green ammonia production, accounting for a large share of total electricity
consumption. Thus, improvements in electrolysis efficiency directly impact overall plant efficiency. Although
SOE showed higher exergy efficiency, its technological maturity remains lower than that of alkaline and PEM
electrolysis, which are commercially available.

Additionally, thermal integration between process units could further improve overall efficiency. It is also
important to note that several units within the plant require heat supply. In this context, a question arises: is it
consistent with the rational use of energy to employ high-quality electrical energy as a primary input for heat-
demanding processes, or should alternative solutions be considered, such as the use of solar thermal exergy
or other renewable heat sources? From an exergetic perspective, the use of heat input instead of electrical
work, may lead to lower exergy destruction rates, particularly in processes where heat is the main requirement.
Furthermore, to ensure that the system can be classified as “green,” it is essential that the energy supplied
originates from renewable sources. In this regard, thermal energy can be provided by biomass or biogas-fired



boilers, as well as by solar thermal technologies. Reported efficiencies for these alternatives are relatively high:
solar thermal systems may reach efficiencies of up to 70% [56], while biomass boilers can achieve around
85% [57], and biogas-based systems approximately 80% [58].

Despite thermodynamic advantages, the selection of a green ammonia route cannot rely solely on exergy
analysis. Each technology has specific advantages and limitations depending on context. For example, RO
has lower electricity consumption and higher exergy efficiency, but MED may be advantageous where low-
grade waste heat is available or where membrane fouling, chlorine sensitivity, and frequent replacement pose
challenges. MED is also robust and suitable for large-scale continuous operation where thermal energy is
readily accessible. Although SOE exhibited the highest exergetic efficiency, it faces challenges related to
material stability, thermal stresses, and long-term durability, and remains under development for large-scale
applications. In contrast, AE is well-established, mature, reliable, safe, and relatively low-cost. PEM offers
operational advantages such as high current density, compact design, and rapid response to fluctuating
electricity supply, making it suitable for integration with intermittent renewables.

Furthermore, all these technologies are undergoing continuous development, and improvements in efficiency,
durability, and cost are expected in the coming years. Therefore, although the configuration combining reverse
osmosis and SOE electrolysis presented the best thermodynamic performance in this study, other
configurations may be preferable depending on technology maturity, system flexibility, resource availability,
and economic considerations.

4. Conclusion

Therefore, the exergy analysis carried out in this study made it possible to evaluate the thermodynamic
performance of different technological routes to produce green ammonia from seawater desalination, water
electrolysis, cryogenic air separation, and synthesis through the Haber—Bosch process. The results indicated
that, among the desalination processes evaluated, reverse osmosis presented higher exergetic efficiency,
lower electrical energy consumption and lower exergy destruction when compared with multi-effect distillation.
For hydrogen production, solid oxide electrolysis demonstrated the best exergetic performance among the
analyzed technologies, followed by alkaline electrolysis and PEM electrolysis. Based on these analyses, it was
verified that the configuration composed of RO, SOE electrolysis, CAS, and HB represents the most favorable
alternative from a thermodynamic perspective for green ammonia production.

In addition, the results showed that the water electrolysis is responsible for a significant portion of the energy
consumption, highlighting it as priority areas for technological improvements and process optimization.
Although the identified configuration presents better exergetic performance, the selection of the most suitable
route for green ammonia production should also consider factors such as technological maturity, economic
feasibility, resource availability, and local operating conditions. Therefore, future studies may explore
strategies for energy integration, utilization of waste heat, and techno-economic analyses to further improve
the efficiency and feasibility of sustainable ammonia production.
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Nomenclature

AE alkaline electrolysis

b specific exergy, kJ/kmol
B exergy rate, kKW

CAS cryogenic air separation
h specific enthalpy, kJ/kmol

HB haber-bosch
MED multi-effect distillation

n molar flow rate, kmol/s
PEM proton exchange membrane electrolysis
R universal gas constant, kJ/(kmolK)

RO reverse osmosis



specific entropy, kJ/(kmolK)

SOE solid oxide electrolysis
T temperature, K

W power, KW

y mole fraction
Greek symbols

n efficiency
Subscripts and superscripts
0 standard

ex exergy

i state
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