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A B S T R A C T

Transforming ammonia (NH3) synthesis from the energy-intensive, fossil-fuel-dependent conventional Haber- 
Bosch (HB) process to a flexible, green hydrogen-based process is pivotal for decarbonization and enabling 
NH3 utilization in the energy sector. The conventional HB process, operating under high temperature and 
pressure, is incompatible with green hydrogen systems and economically unviable for downscaled NH3 pro
duction integrated with intermittent renewable energies . Therefore, developing alternatives capable of syn
thesizing NH3 under moderate conditions is crucial for achieving green NH3 production. This necessity has 
driven the development of a range of emerging technologies, including thermocatalytic, electrocatalytic, pho
tocatalytic, and plasma-assisted processes, amongst which thermocatalysis stands out in terms of production rate, 
technology readiness, and economic feasibility, demonstrating the greatest potential for NH3 synthesis trans
formation. This review provides a comprehensive overview of advanced thermocatalytic NH3 synthesis beyond 
conventional HB process and the system integration with renewable sources. It highlights key limitations and 
advances in implementing new materials and auxiliary techniques, outlining the challenges and mitigation 
strategies for achieving high NH3 productivity under mild conditions. Alongside multiscale modeling studies, the 
review covers catalyst development, reactor intensification, process integration, and system evaluation, exam
ining progress and conducting meta-analysis in reaction mechanisms, emerging separation technologies, and 
system integration. Scientific obstacles, economic analysis, and environmental impacts are thoroughly discussed, 
offering state-of-the-art insights into mild NH3 synthesis from fundamental research to practical applications. 
Additionally, recent industrial projects of green NH3 production are summarized, showcasing scalability and 
commercial viability. Finally, the remaining challenges and opportunities in advanced thermocatalytic NH3 
synthesis are outlined, identifying future research frontiers.
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1. Introduction

Ammonia (NH3) is an indispensable chemical with widespread ap
plications in multiple sectors, serving as a cornerstone for sustaining 
modern society. Its primary use is in the production of fertilizers, which 
contribute to global food production, providing necessary nutrients for 
crops. Beyond its role in agriculture, NH3 and its derivatives find ap
plications in the pharmaceutical, synthetic fibers, resins, and explosives 
industries [1]. More recently, NH3 has gained recognition as a promising 
candidate for sustainable fuels and a carbon-free hydrogen (H2) carrier 
through the concept of Power-to-X (PtX), in which renewable energy is 
converted into H2 by water electrolysis or into other synthetic fuels such 
as methanol, methane and NH3 [2]. It is one of the most effective so
lutions for storing intermittent energy in long-term and at large-scale 
[3]. The properties of the H2-based secondary chemicals are systemati
cally reviewed in Ref. [4], highlighting the suitability of NH3 as a 
carbon-neutral, easy-to-store, and high-density-energy carrier. The 
recent progress and prospects of NH3 fuel are reviewed in Ref. [5]. The 
International Energy Agency (IEA) has presented the scenario of using 
NH3 as an energy carrier in the report ‘Ammonia Technology Roadmap’ 

in 2021, as shown in Fig. 1 [6].
However, the current dominant method of NH3 production, the 

conventional Haber-Bosch (HB) process, has a substantial carbon foot
print and energy consumption. This century-old process requires high 
temperatures (400–500 ◦C) and pressures (150–300 bar), relying 
heavily on fossil fuels for both energy and H2 production [7]. Due to its 
operational features, typical HB plants are always built in a centralized 
and large-scale form to efficiently and cost-effectively produce NH3, 
which requires stable H2 supply of high purity. Fossil fuel-based H2 as 
the main source is supplied massively to maintain HB reactors operation, 
leading to a substantial carbon emission and energy consumption [8]. 
According to IEA [6], more than 70 % of NH3 production is based on 
natural gas steam reforming, with the remainder based on coal gasifi
cation, giving a large carbon footprint, which contributes to 1.3 % of 
global carbon dioxide (CO2) emissions. On the other hand, the energy 
consumption of NH3 production is substantial, accounting for around 2 
% of the annual global energy use (IEA). Replacing the fossil fuel-based 
energy and H2 supply with renewable sources promises an 
order-of-magnitude carbon emissions reduction [2]. Therefore, decar
bonizing NH3 production is critical for mitigating its environmental 
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impact and achieving global sustainability goals and net zero emission. 
While significant strides have been made in developing alternative NH3 
synthesis technologies, such as electrochemical synthesis [7,9], photo
catalytic synthesis [10], and plasma-assisted synthesis [11,12]. These 
methods are still in their early stages of development and face various 
challenges, including low NH3 yield, low energy efficiency, and the need 
for further research to optimize reaction pathways and develop more 
efficient catalysts.

For example, the emerging electrochemical NH3 synthesis or nitro
gen (N2) reduction reaction (NRR) represents a promising approach that 
could facilitate decentralized, small-scale NH3 production with lower 
environmental impact. Unlike the HB process, electrochemical synthesis 
can operate at ambient pressures and lower temperatures, depending on 
the electrochemical cell used, and can use water directly as the H2 
source, reducing dependence on fossil fuels [13,14]. However, low NH3 
yields and Faradaic efficiency primarily due to the competing H2 evo
lution reaction, high costs, and limited durability of certain electrolytes 
currently limit its practical application [7]. The advancements of elec
trochemical NH3 synthesis have been thoroughly reviewed in Ref. [15], 
with focus on atomic-level fundamentals. The review highlights 
advanced theoretical screening and experimental practices for rational 
electrocatalyst design, addressing current challenges and proposing 
strategies for enhancing electrocatalytic NH3 production. It reports that 
recent progress has seen improvements in NH3 generation rates from 
~10− 12 mol s− 1 cm− 2 to 10− 11-10− 10 mol s− 1 cm− 2, and Faradaic effi
ciencies from <1 % to ~10 %, respectively. However, these advance
ments remain more than an order of magnitude below the threshold 
required for practical applications. The review of techno-economic 
assessment (TEA) for different electrochemical NH3 synthesis units are 
recently reported in Ref. [16], highlighting the significant gap from 
current research status to commercial application.

Plasma-assisted NH3 synthesis also shows promise, particularly for 
its ability to activate N2 and H2 at ambient conditions, potentially 
reducing the high energy demands associated with traditional synthesis 
[12]. This method is compatible with renewable energy, making it a 
promising route for NH3 production. The use of dielectric barrier 
discharge plasma offers additional benefits, such as simpler reactor 
construction and low operating costs under atmospheric conditions [11,
17]. However, plasma-assisted synthesis suffers from low NH3 yield and 
energy inefficiency. Scaling up the process for industrial production 
poses significant challenges. Furthermore, high-energy electrons in the 
plasma can lead to NH3 decomposition, which impacts overall effi
ciency, and catalyst development is needed to enhance the selectivity 
and efficiency of NH3 formation [18].

Photocatalytic NH3 synthesis, directly uses solar energy to drive the 

reaction, operates under mild conditions without high-temperature and 
pressure demands [10]. Photocatalytic N2 fixation to NH3 has been 
reviewed in Ref. [19], covering the fundamental aspects of photo
catalytic reactions, effective photocatalysts, and reactor design strate
gies. Notable progress and discoveries have been recorded, indicating 
that solar-driven NH3 production on a modest scale may become feasible 
in the future. However, photocatalytic methods currently suffer from 
very low NH3 yields, making large-scale application impractical. To 
improve the efficiency of this method, advances in photocatalyst 
development that can effectively capture solar energy and facilitate N2 
reduction, are needed. Additionally, scaling up photocatalytic synthesis 
to industrial levels meets technical and economic challenges that require 
further research. Chemical looping NH3 synthesis offers another novel 
approach by decoupling N2 fixation and hydrogenation steps, which 
could provide a more controlled reaction environment and reduce en
ergy requirements through operation at lower temperatures and pres
sures [20]. While promising, chemical looping technology is still in its 
infancy and generally exhibits lower yields of NH3 compared to more 
established methods. A key challenge is identifying stable and effective 
N2 carrier materials that can reliably transport and release N2 [21]. 
Moreover, a deeper understanding of the underlying reaction mecha
nisms and kinetics is necessary to optimize the process and improve NH3 
yields in chemical looping-based processes.

Each emerging NH3 production technology involves a distinct syn
thesis pathway, addressing specific challenges associated with moving 
away from traditional fossil fuel-based methods. Beyond individual 
approaches, ammonia production can also benefit from multi- 
technology coupled synthesis, an emerging and promising innovation 
that integrates complementary technologies to improve efficiency and 
sustainability. One example is the tandem use of non-thermal plasma 
and electrocatalysis under ambient conditions, where plasma-driven 
oxidation is combined with electrochemical reduction to enhance 
overall system performance and mitigate the limitations of each indi
vidual technology [22,23]. This hybrid method achieves better selec
tivity through decoupled optimization, allowing the independent 
enhancement of nitrogen activation and NH3 formation processes under 
their optimal conditions, delivering NH3 yield rate of 3 mmol h− 1 cm− 2 

and a corresponding Faradaic efficiency of 92 % at − 0.25 V versus 
reversible hydrogen electrode in batch experiments [23]. Even though 
still in its infancy, this technology demonstrates superior performance 
metrics through two-step processes that differentiate the complex N2 
activation step from the more efficient NH3 production stage, allowing 
for nearly complete selectivity in ammonia generation while maintain
ing scalability through flow-mode operation.

In contrast, integrating green H2 into the existing HB process offers a 

Fig. 1. Ammonia use as an energy carrier in the Sustainable Development Scenario (SDS) and the Net Zero Emissions (NZE) by 2050, as a fraction of TFC (final 
energy consumption) in the maritime shipping sector. Reproduced from Ref. [6] with permission from the International Energy Agency.

T. Gu et al.                                                                                                                                                                                                                                       Progress in Energy and Combustion Science 112 (2026) 101262 

3 



Table 1 
Summary of technology development for NH3 production.

Technology Process Required conditions H2 source TRL Plant scale Comments Ref.

Thermocatalysis Conventional HB: 
SMR-HB

400–500 ◦C, 
150–300 bar

Fossil- H2 9 Commercial 
>2000 t/d

- Centralized production with high capital cost
- High production rate with low cost
- Producing more than 95 % NH3 currently
- High energy consumption and carbon emission

[20,
27]

SMR-HB + CCS ​ Fossil- H2 7–9 Pilot - 
Commercial

- Promising to be used in existing large-scale plants 
for carbon reduction

- High production rate
- High cost for CCS, possibly economical competitive 

with carbon tax in future

[28,
29]

Green HB: Grid- 
eH2O-HB

​ eH2 6–9 Pilot – 
Commercial

- Normally in large scale
- Potential for reaching net zero emission
- Connect with grid power for stable operation
- TRL depends on the electrolysis technology 

integrated, e.g., ALK and PEM

[27,
30]

Advanced 
thermocatalysis

eH2O-Adv. HB 300–400 ◦C, 30–150 
bar

eH2 5–8 Pilot <30 kg/d - Can be downscaled and due to mild operation 
conditions

- Connect with dynamic renewable power
- Requires flexible operation
- Integrate with SOE electrolyser remains lower TRL

[8,26]

eH2O-Adv. HB +
Abs.

300–400 ◦C, 30–150 
bar

eH2 4–5 Small - Use ex-situ sorption to replace condensation, which 
is more efficient

- Different operation conditions of catalyst and 
sorbent leads to more energy cost in operation and 
system complexity

- Durability and capability challenge of materials 
after many circles

- Lots of thermal mass (sorbents) are needed for 
large-scale units

[25,
31]

eH2O-Adv. HB with 
in-situ Abs.

300–350 ◦C, 30–150 
bar

eH2 1–3 Small - Potential to exceed equilibrium
- High conversion with many layers without gas 

recycling
- Load catalyst bed and sorbent bed in the same 

reactor
- Operation conditions trade-off is needed for cata

lyst and sorbent
- Challenges in material poisoning and cycling
- Lower space velocity is usually required for longer 

residence time

[26,
32]

eH2O-Adv. HB with 
Membrane

200–350 ◦C, 10–100 
bar

eH2 1–3 Small - Enhance the forward reaction to format NH3

- Low productivity due to mild conditions
- Challenge of membrane tolerance under high 

temperature
- Expensive cost of membrane

[25]

Electrocatalysis Non-aqueous eNH3 200–500 ◦C, <20 bar eH2 1–3 Small <1 kg/d - Non-aqueous (organic) electrolyte used
- Higher Faradaic efficiency compared to aqueous 

eNH3, especially for Li-mediated NRR
- Low NH3 production rate
- Proton/H+ doner is needed
- Challenge in N2 triple bond dissociation, durability 

and continuous operation
- Difficulties in measurement and characterization
- Promising for long-term future

[15,
16]

Aqueous eNH3 <100 ◦C, <20 bar H2O 1–3 Small - Synthesize NH3 directly from water
- Higher voltage is needed to overcome the 

overpotential
- Struggling with the competitive H2 evolution 

reaction
- Challenge in N2 triple bond dissociation
- Low Faradaic efficiency and NH3 production rate
- Huge electrode surface and catalyst loading
- Promising for long-term future

[33]

Photocatalysis Batch reactor Ambient 
temperature and 
pressure

H2O 1–3 Small - Use solar energy to synthesize NH3 from water
- Competing H2 evolution reaction
- Photocatalysts with highly active sites are desired
- Challenges of electrons supply through light
- Ammonia production rate is very low
- The solar-driven N2 fixation is promising for 

distributed NH3 production

[19]

Non-thermal plasma Batch reactor Around 50 ◦C, 
atmosphere pressure

H2O 
vapor; H2

1–3 Small - Active N2 bond by free electrons in plasma
- Potential for on-site NH3 synthesis under atmo

spheric condition
- The efficiency and conversion are very low
- High cost due to the plasma source

[17,
18,
34]

Hybrid plasma- 
electrocatalysis

Flow reactor Ambient pressure 
temperature

eH2 1–3 Small - High selectivity, decoupled optimization
- System complexity, early stage

[22,
23]
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more immediate path, that can significantly reduce the carbon footprint 
of NH3 production. By substituting fossil fuel-derived H2 with green H2 
from renewable sources, the green Haber-Bosch process is promising to 
cut the carbon emissions of traditional NH3 production [24]. This 
approach retains the infrastructural advantages of the conventional 
process while lowering CO2 emissions. However, the HB process is not 
inherently compatible with green H2 systems, necessitating downscaling 
and adjustments to operating conditions. Efforts on novel catalyst 
development, efficient separation methods and process intensification 
have been attempted, driving improvements in the HB process over the 
past century [25] that led to the development of advanced thermoca
talytic NH3 synthesis beyond the conventional HB process, which can 
operate under milder conditions [26]. These advancements achieved 
enable the integration of thermocatalytic NH3 synthesis with water 
splitting, paving the way for alternative NH3 production. Based on the 

latest studies and reports, the operation conditions, technology readi
ness level (TRL), pros and cons of various NH3 synthesis technologies 
and processes are summarized in Table 1.

Despite the rapid development and significant achievements in 
advanced NH3 production, the conventional steam methane reforming 
(SMR)-based HB process is expected to persist for several decades until it 
can be phased out by other zero-emission alternatives [16]. Among the 
existing NH3 synthesis technologies, advanced small-scale thermocata
lytic process integrated with water electrolysis remains the most 
promising in terms of maturity, cost, and energy efficiency [16,35]. 
Drawing upon state-of-the-art reviews in literature, the envisioned 
future of NH3 production and utilization has been outlined. In the 
long-term future (beyond 2050), electrocatalytic synthesis is anticipated 
to dominate NH3 production [30], whereas advanced thermocatalytic 
processes are expected to prevail in the near term (the next several de
cades) [35]. The progression of NH3 production technologies, from 
conventional Haber-Bosch process (Gen. 1) to near-future systems 
integrating water electrolysis with advanced HB (Gen. 2), and ultimately 
to direct electrocatalytic NH3 synthesis in the long term (Gen. 3), is 
depicted in Fig. 2.

Reviews in Refs. [20,25] summarize advances in milder NH3 syn
thesis technologies, comparing thermocatalytic, electrocatalytic, and 
photocatalytic methods for dinitrogen reduction under moderate con
ditions, as well as emerging separation technologies. The NH3 produc
tion system via the Gen. 2 route has been reviewed and assessed in Refs. 
[35,36]. The societal and environmental implications of modern ther
mocatalytic NH3 synthesis are discussed in the context of the future role 
of the Haber-Bosch process in Ref. [26] and the broader NH3 economy in 
Ref. [30]. Despite these efforts, a comprehensive review that systemat
ically explores thermochemical NH3 synthesis beyond conventional HB 
process, encompassing and linking catalyst development, reactor design, 
process intensification, and system integration, has yet to be reported. 
Such a review is crucial for bridging fundamental advances with prac
tical applications, identifying the current challenges and opportunities 
for diverse stakeholders, and ultimately facilitating the transition to 
green NH3 production.

This article presents a comprehensive overview of the progress, 
challenges and opportunities in NH3 synthesis via thermocatalysis 
beyond conventional Haber-Bosch process, examining the advances in 

Fig. 2. Vision of renewable NH3 production and utilization. Gen. 1: Steam reforming-based HB process (+CCS for Gen 1.5), Gen. 2: Water electrolysis-based HB 
process, Gen. 3: Electrochemical NH3 synthesis.

Fig. 3. Theoretical equilibrium conversion of NH3 synthesis. Reprint from 
Ref. [25] with permission from American Chemical Society.
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mechanistic, reactor scale, and system level perspectives. The integra
tion of advanced processes with renewable energy sources are also 
discussed to facilitate the widespread adoption of NH3 production. By 
providing a critical analysis of existing technologies and emerging 
trends, this review emphasizes the role of NH3 in energy sector and 
ongoing efforts to redefine NH3 production via thermocatalysis. This 
paper is structured into seven chapters. Chapters 1 and 2 introduce the 
background of mild thermocatalytic NH3 synthesis, along with its limi
tations and mitigation strategies. Chapters 3, 4, and 5 constitute the core 
of the review, focusing on advances in novel catalyst development and 
mechanism exploration, process intensification and conceptual reactor 
design, and the integration of green NH3 production systems, respec
tively. Modeling studies, ranging from the microscale to the system 
level, are incorporated where relevant. Chapter 6 outlines the current 
challenges and future perspectives from both research and policymaking 
viewpoints, mapping out strategies for advancing NH3 production. The 
review concludes with a summary of key insights in Chapter 7.

2. Limitations and mitigations of ammonia mild synthesis

The thermocatalytic NH3 synthesis beyond conventional HB process 
is interpreted as using compensation technologies to enhance the syn
thesis process which allow it to operate at mild conditions (<400 ◦C, 
100 bar) and thereby maintain competitive NH3 productivity [37]. 
Owing to the moderate operation conditions, the advanced synthesis 

process can be downscaled, exhibiting compatibility with water splitting 
powered by renewable energies, to achieve the Power-to-Ammonia 
(PtA) vision [38].

From a thermochemical point of view, synthesis of NH3 with re
actants of H2 and N2 is an exothermic and reversible reaction, 

3H2 + N2⇌2NH3,ΔH298 = − 92.22 kJ/mol (R1) 

where low temperature and high pressure favor the forward reaction as 
seen in the equilibrium plot Fig. 3 [25].

This plot shows that it is theoretically possible to achieve a high 
conversion of H2 and N2 under low temperature and high pressure. It is 
fundamental to develop low-temperature NH3 thermocatalytic synthesis 
beyond the conventional HB process. However, neither modifying the 
extreme operational conditions of HB nor its integration with water 
electrolysis is easy [25,27]. The first primary issue is the activation of N2 
at reduced temperature. The strong triple bond in N2, with its high en
ergy barrier, demands significant external energy for cleavage, making it 
the rate-determining step in the synthesis process. This limitation results 
in low production rates at lower temperatures. The second critical issue 
is the catalyst oxygenate tolerance, as H2 from water splitting often 
contains small amounts of impurities of oxygen (O2) and moisture that 
can poison the iron-based catalysts traditionally used in the HB process 
[39]. Addressing these two issues requires the development of catalysts 
that are active enough at low temperature and tolerant to these oxy
genates, allowing for the effective use of renewable H2 in existing NH3 
plants [40]. The third challenge is that the HB process is finely tuned for 
fossil-based H2. Adapting operating conditions to maximize efficiency 
and NH3 yield with dynamic H2 production, though essential, is chal
lenging [26]. Additionally, while the high-pressure environment of the 
Haber-Bosch is advantageous for both NH3 synthesis and efficient 
product separation, water electrolysis typically occurs at lower pressures 
[35]. This pressure difference may necessitate additional compression, 
potentially diminishing some of the energy gains from using H2. Finally, 
effective separation of NH3 from unreacted N2 and H2 at these lower 
pressures remains challenging [41]. Conventional condensation 
methods are less effective under such conditions, potentially requiring 
costly refrigeration. Developing alternative separation techniques is 
critical for enabling efficient, low-pressure NH3 synthesis with sustain
able H2 [42,43]. For decades, the efforts to improve HB process and its 
combination with water splitting have been mainly made to overcome 
these limitations. The overview for the limitations in three scales and 
their corresponding mitigation strategies are illustrated in the sections 
of this chapter, as follows.

Fig. 4. Typical HB loop reaction scheme (a) reproduced from Ref. [45] with 
permission from Elsevier; elemental steps (b) reproduced from Ref. [46] with 
permission from Springer Science; energy barrier calculation example (c) 
reproduced from Ref. [20] with permission from Elsevier.

Fig. 5. Illustration of the Sabatier principle (a) reproduced from Ref. [47] with permission from Elsevier; Volcano plot of NH3 synthesis turnover frequencies over 
TMs reprinted (b) reproduced from Ref. [48] with permission from American Chemical Society.
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2.1. Nitrogen activation

At molecular level, the NH3 thermocatalytic synthesis is compli
cated, consisting of many sequential and parallel reaction steps. 
Numerous studies have investigated the synthesis mechanism based on 
surface science, theoretical calculation, material science and so on, 
exploring several catalytic mechanisms under certain circumstances. For 
the industrial HB process over iron-based catalysts, the well-accepted 
reaction scheme is the dissociative pathway, i.e., the process un
dergoes N2 activation through dissociative adsorption (N2→2N*), fol
lowed by the hydrogenation of N adatoms and finally NH3 desorption, as 
illustrated in Fig. 4(a) [44].

The encompassing elementary steps are presented in Fig. 4(b) [46], 
amongst which N2 activation is the rate-determining step for the syn
thesis [40] due to its high energy barrier compared to others, as shown 
in Fig. 4(c). The high barrier is directly caused by the stability of the 
triple bond between the two N atoms. Although theoretically low tem
peratures favor the NH3 synthesis equilibrium, the catalytic reaction 
cannot be triggered at low temperatures owing to the aforementioned 
high energy barrier. Therefore, high temperature is normally used in the 
HB process to activate N2 and thereby force the catalytic reaction.

To address this, more active catalysts that can activate N2 molecules 
at reduced temperatures are desired. The research on catalyst develop
ment for NH3 synthesis in some sense is to investigate the activation of 
N2 and its nature [49]. In the principle of Sabatier, the optimum catalyst 
should bind atoms and molecules with a trade-off strength, i.e., strong 
enough to activate the reactants, and weak enough to desorb the prod
ucts, leading to the volcano plot of activities along the catalyst bond 
strength as shown in Fig. 5(a) [47]. Fortunately, the typically used 
catalyst (Fe-based) is not the optimum one, there are some other tran
sition metals (TMs) such as ruthenium (Ru) and Molybdenum (Mo) 
which show better performance in the volcano plot as shown in Fig. 5(b) 
[20]. This figure shows the theoretical feasibility of developing more 
active catalysts based on other TMs, opening the gate of NH3 synthesis 
under mild conditions.

Moreover, the activity of N2 adsorption on catalyst surface is not only 
on the basis of the transition metal, some materials such as alkali and 
potassium (K) can also make positive effects on the structural and/or 
electronic aspects of the catalyst [50]. Hence, promoters are often 
considered in novel catalyst development, to further enhance the cata
lyst activity. The state-of-the-art for NH3 synthesis novel catalysts and 
mechanism investigations under moderate conditions, are elaborated 
upon in Chapter 3.

2.2. Ammonia separation

Another critical challenge for mild NH3 synthesis is separation of the 
NH3 produced [26]. In general, physical condensation is used after the 
conventional HB loop, separating NH3 from the gas mixture of N2, H2 
and NH3 by their different saturation temperatures. The condensation 
process is energy-intensive, and the separation efficiency is highly 

favored by high pressure according to the vapor-liquid equilibrium 
curve [51]. The condensation-based separation can be achieved with 
cooling water under high pressure, while a much lower temperature is 
needed for separation under lower pressure requiring an expensive 
refrigeration system [35]. Currently, most of the centralized HB plants 
can achieve reported conversions of 10 %–15 % under 425–450 ◦C over 
100 bar [40,52]. Therefore, physical condensation technology is appli
cable. However, for a mild process that is operated at low pressure and 
with a low yield of NH3 (few percent or less), cryogenic condensation is 
neither efficient for separating NH3 nor viable to completely remove the 
low-concentrated NH3 from unconverted H2 and N2.

The mitigation strategy is to develop more efficient NH3 separation 
technologies that align with the conditions of mildly operated HB units. 
Solid sorption (including adsorption and absorption) and membrane 
separation are the two main emerging separation approaches to be used 
in mild HB process [35,51]. Ammonia can also be captured with by 
liquid solvents such as ionic liquid, whereas liquid matters are normally 
not compatible with catalyst-filled reactors, hence rarely implemented 
in advanced NH3 synthesis process. Adsorption of NH3 is based on the 
theory of surface sorption, i.e., fixing the molecule on solid surface by 
the weak binding strength or chemical bonds, which is typically effec
tive only at low temperature [42]. The materials utilized normally 
possess a high surface area such as MOFs and ionic networks. 
Conversely, NH3 absorption occurs when NH3 enters the crystalline 
matrix of the absorbent, forming stable metal ammine complexes inside 
[53]. The absorption-based NH3 uptake is still effective at high tem
peratures (e.g., 300 ◦C) compared to adsorption, and therefore shows 
more promise for in-situ separation during NH3 synthesis. In fact, many 
absorbents developed also have an adsorption capacity of NH3, namely 
composite sorbents, resulting in combined sorption.

On the other hand, membrane separation utilizes the different per
meabilities of gases through specific thin membranes to separate gas 
mixtures, which exhibits advantages in energy consumption [54]. A 
slightly smaller kinetic diameter of NH3 (2.60 Å) compared to H2 (2.89 
Å) makes the size exclusion-based separation insufficient for the mem
brane NH3 separation. The mechanisms of NH3 transport through 
membranes are thus complicated and different according to different 
types of membranes such as polymeric membranes and inorganic 
membranes. For the purpose of separating NH3 in the HB process, the 
membranes require not only selective permeability of NH3, but also 
thermal and mechanical stability under the working conditions of the 
integrated HB process [25]. From this perspective, inorganic mem
branes, which have more tolerance to high temperature, show more 
compatibility with the advanced thermocatalytic NH3 synthesis. The 
different technologies for NH3 separation are compared in Table 2.

Moreover, NH3 separation also can be used as a process intensifica
tion technique for NH3 synthesis reactor, to exceed the single-pass 
equilibrium. The combination of solid absorption or membrane sepa
ration with synthesis can intensify the synthesis process in two ways: 1) 
shift the chemical equilibrium to the forward reaction; 2) accelerate the 
reaction rate by removing the inhibition effects of the instantly 

Table 2 
Comparison of different NH3 separation methods.

Technology Mechanism Materials Pros. Cons.

Physical 
condensation

Separate gas mixture by their different 
boiling points through a cryogenic process

N.A. Mature technology in large-scale 
NH3 synthesis; simple process and 
easy to use

Cooling tower water is needed; large energy 
expenditure, requires high pressures [51]; hard 
to downscale

Solid adsorption Bind gas molecules on the solid surface 
with different surface affinities

Active carbon, 
zeolites, metal 
halides, MOFs

Useful under low pressure Requires large amounts of adsorbents; requires 
low temperatures [42]

Solid absorption Associate gas molecules by forming 
ammine complex

Salt, MOFs, alkali 
metal

Low pressure useable; high capacity 
[53]

Additional desorption process is needed to 
collect NH3

Membrane 
separation

Separate gases by filtering the gas mixture 
through a selective permeability thin 
membrane

Polymer, metal alloy Energy efficient; potential to be used 
in-situ

Expensive; favored at low temperature; difficult 
to upscale [25]
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generated NH3 [55]. The state-of-the-art for novel NH3 separation 
technologies and its-based intensified reactors are extensively reviewed 
in Chapter 4.

2.3. System integration

To accomplish the Gen. 2 scenario of NH3 production, the on-site HB 
reactor is required to integrate with water electrolysis stacks powered by 
renewable energy to supply H2 to the HB loop [4]. However, the HB 
reactor would have operational challenges due to the unstable or uneven 
continuous H2 supply caused by intermittent renewable energy sources 
such as wind and solar [56]. Since the HB process normally requires 
continuous and stable operation, especially for large-scale and heavily 
operated plants, fluctuating H2 supply could lead to safety and in
efficiency problems. Some components of the HB process, such as the 
NH3 reactor and air separation unit, need longer startup times than the 
electric intermittency. Whereby the unmatched delay would cause en
ergy waste and/or other operation problems [57].

There are two mitigation methods for intermittency. Method 1: 
eliminate the intermittency before the HB process; Method 2: develop 
dynamic operation HB process which aligns with upstream intermittent 
electrolysis stack. For Method 1, a battery can be employed prior to 
water electrolysis to store renewable electricity and mitigate its inter
mittency. Alternatively, an H2 buffer can be used to temporarily store 
the generated H2, ensuring a steady supply to the downstream HB pro
cess [26]. For Method 2, necessary flexibility of the HB reactor is 
required, for instance, the catalyst effective temperature and pressure 
swings, and components startup times [58]. In principle, mildly oper
ated smaller-scale HB units have better operation flexibility than the 
conventional large-scale plants, while rigorous dynamic operation 
guidelines and control strategies are still required, where modeling and 
simulation tools play a pivotal role [59]. Besides, there are several other 
key challenges for the NH3 system integration, for instance, incompat
ible operation conditions and impurities from H2 sources. The 
state-of-the-art for the water-electrolysis integrated HB process is thor
oughly reviewed in Chapter 5, including the intermittent renewables 
challenge, H2 impurities, system modeling and assessments.

3. Novel catalysts and mechanisms of ammonia synthesis

Despite its deceivingly simple atomic composition, NH3 can be syn
thesized via several different mechanisms. Broadly speaking, there is the 
dissociative mechanism, where the triple N ≡ N bond in molecular N2 is 
cleaved upon adsorption and each atom is individually hydrogenated via 
NH and NH2 intermediates, and the associative mechanisms, where 
hydrogenation precedes the N ≡ N bond cleavage [60]. Barring different 
adsorption modes of N2 and the H* source, there is little variability in 
the dissociative mechanism. The associative mechanism, however, can 
follow the distal pathway, where one N2 atom is sequentially hydroge
nated via NNH, NNH2, NNH3, or the alternating pathway via NNH, 
NHNH, NHNH2, NH2NH2, NH2NH3 [60]. The mechanism is determined 
by the adsorption interaction of N2 and intermediates and possible steric 
hindrance on the catalyst surface, while the rate determining step is 
always the cleavage of the N ≡ N bond. The Langmuir-Hinshelwood 
mechanism is used in modeling thermocatalytic NH3 synthesis because 
both reactants must adsorb before reacting. Under industrial conditions, 
the dissociative mechanism predominates [61]. This chapter reviews the 
advances on novel catalyst development, focusing on: 

1) Material preparation including noble/non-noble metals, promoters, 
supports and other innovative materials, as well as their potential for 
large-scale applications.

2) Reaction mechanism discovery to understand the complex catalytic 
reactions over novel catalysts.

3) Microscale modeling studies for describing and predicting the cata
lytic reaction process.

3.1. Material preparation and development

Before the introduction of the Haber-Bosch process, NH3 synthesis 
routes were cumbersome, expensive and inefficient. Dry distillation of 
organic matter or the reduction of nitrous acid gave way to the cyana
mide process, where calcium carbide was reacted with molecular N2. 
Immediately before the World War I, the Haber-Bosch process was 
discovered, boasting superior efficiency, conversion and practicality 
[49]. Ever since, research has focused on improving the catalytic ma
terials, which have enabled lower operating temperatures and improved 
efficiency. The graphical overview of developing advanced catalyst for 
improving HB process is depicted in Fig. 6 [40]. Five categories, 
Fe-based, supported Ru, supported cobalt, metal nitride and 
electride-based catalysts, are divided, leveraging on the approaches such 
as using promotors and oxygenate poisoning. In this section, the efforts 
for developing advanced catalysts are reviewed from three aspects: 
transition metals, promoters and other innovative materials.

3.1.1. Transition metal-based catalysts
When Haber proposed to use high pressures in NH3 synthesis and 

efficient ways of procuring cheap H2 and N2 were established, a low- 
cost, efficient and stable catalyst was needed. Several metals were 
tested, ranging from carbides and nitrides to osmium. In 1909, Haber 
was convinced that the best catalyst had to be multi-component. Despite 
extensive search at BASF, iron, first proposed in 1905, remained the best 
performing catalyst for the original Haber-Bosch process [62]. Even 
today, fused iron catalysts remain unrivalled in the industrial applica
tions. Several new types have been developed (A102, A106, A109, A110 
family), which are all magnetite-based. In the 1990s, an iron-based 
catalyst with the wustite structure (Fe1− xO) was also shown to 
perform well [63].

A great leap forward was made in the 1990s, when ruthenium cat
alysts were invented and quickly became second-generation catalysts 
[64]. That ruthenium, iron and osmium are the best pure metal catalysts 
has been known for over a century, but volcano-shaped activity curves 
have since provided rationale for these observations. However, they are 

Fig. 6. Graphical overview of strategies to advancing NH3 catalyst. Reproduced 
from Ref. [40] with permission from Wiley.
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plagued by a high affinity for H2, making them prone to poisoning. 
Among those, osmium has not seen commercialization due to its rarity 
and the corresponding high cost, as well as extreme toxicity. As a foray 
into less expensive materials, cobalt-based catalysts were developed 
already in the 1970s in the UK but the true renaissance had to wait until 
the computational methods in the 2000s showed that Co-Mo-N catalysts 
could outperform iron [48], which was quickly confirmed experimen
tally [65]. This discovery paved the way to finding several different 
binary formulations, such as rhenium nitride [66] or cobalt-rhenium 
[67]. The general idea, however, is not new by any means. It has been 
speculated since the 1960s that an efficient formulation requires an 
electron donor species, such as alkali metals, and a transition metal 
(iron, ruthenium, osmium, potassium) as an electron acceptor [68].

3.1.2. Promoters and supports
It was observed very early that pure iron performs disappointingly in 

NH3 synthesis. It is now known that the activity of different facets de
creases in the following order (111)>(211)>(100)>(210)>(110) [69] 
and that seven-fold coordinated sites (C7) on the (111) bcc facet 
contribute disproportionately to the activity. However, inadvertent 
contamination of the catalyst with Al2O3, CaO2 and potassium, which 
were present in iron ore from Sweden, improved the catalyst remarkably 
[49]. Ever since, promoters were investigated heavily for improvements 
of the catalyst performance along with the effect of different supports, 
such as carbon-supported ruthenium catalysts. A wide variety of pro
moters and supports have been discovered in recent decades [40], which 
combined with Fe, Co, and Ni offer a promising alternative to conven
tional fused-Fe catalysts.

Iron catalysts were first promoted with Al2O3, which prevented 
sintering [70]. Soon, potassium was shown to improve the performance 
at high pressures [50]. Alloying with other metals showed further im
provements, such as Fe-Co [71] and Fe-Ni catalysts [72]. Small amounts 
of zirconium benefitted the reaction, as well [73]. More recently, 
Nb2O5-promoted wustite iron was shown to perform well when melted 
with other promoters [74]. Lithium hydride can help break the scaling 
relations of iron in NH3 synthesis but is highly sensitive to moisture [75]. 
Further research is oriented towards low iron content catalysts [76], 
which can have as little as one percent of iron. These incorporate N2 into 
oxynitride-hydride formulations and can entirely exclude iron [77].

Ruthenium catalyst studies traditionally focused on the use of 
different supporting materials with the aim of exposing as many finely 
dispersed ruthenium atoms as possible due to the cost of ruthenium. 
First graphite-supported ruthenium was discovered already in 1979. 
Recently, research has also focused on finding supports that interact 
with ruthenium and modify its electronic properties. Lanthanum 
cobaltite stood out as a promising material due to the synergistic effects 
of Co with Ru [78]. On one hand, nitrides, amides and hydrides can 
supply active intermediates from the lattice, bringing about the 
Mars-van Krevelen mechanism, which is embodied by TiH2 [79], and 
may have small amounts of BaO added [80]. This paved the way for 
core-shell Ru/Ba–Ca(NH2)2 catalysts [81], and CaFH solid solution 
supports [44]. and various MgO or CaO supports [82]. On the other 
hand, small amounts of barium or other earth alkali metals have been 
shown to favorably modify the electronic properties of ruthenium, 
explaining the addition of small amounts of BaO [80] and using MgO or 
CaO supports [82]. Another approach is to trap ruthenium atoms as low 
concentration substitutes in perovskites, such as in lanthanum cobaltite 
[78]. Using pure intermetallics, such as YRu2, is commercially untenable 
[83].

3.1.3. Other innovative materials
Recently, third-generation catalysts have been developed, such as 

electrides, hydrides, nitrides, rare-earth oxides (cerium, promethium- 
based), oxy-hydrides, perovskites, amides and intermetallics [84]. Spe
cial emphasis is being placed on developing non-noble metal-based and 
catalysts without critical raw materials (CRM). In general, the 

third-generation catalysts are distinguished by the avoidance of the 
scaling relations of the second-generation materials, which is achieved 
by the manipulation of metal-support interactions and unique storage 
properties of electrons [84]. Still, the principal metal in these catalysts 
remains iron, ruthenium, cobalt or molybdenum, while the readily 
available electrons decrease the activation barrier to cleave the N≡N 
bond down to as low as 60 kJ/mol.

Electrides are a type of materials having electrons trapped in cavities. 
Mostly unstable even at room temperature, for instance C12A7:e− syn
thesized in 2003. In its structure, two superoxide ions are substituted 
with four electrons, which can be readily replaced by hydride ions [85], 
and this prevents catalyst poisoning with H2 and therefore exhibits a 
good catalytic activity in NH3 synthesis when used in conjunction with 
Ru [86]. Since, several other electrides have been tested, such as Ca2N: 
e− , [Y5Si3]0.79+:e0.79− [87] and Ru/LaScSi [88]. Other rare 
earth-transition metal-Si combinations were also probed [89].

Hydrides are conceptually similar materials in a sense that anions 
activate the N2 molecule through injecting the electrons. The hydride 
ion is rather large, has a low electron affinity and can move between the 
surface and the bulk [90]. Lithium hydride was first reported in 2016 to 
mediate the reaction when used with transition metals or their nitrides 
[75]. While the latter easily break the strong N ≡ N bond, NH3 synthesis 
is thwarted by the catalyst poisoning with N atoms. LiH mitigates this 
effect by transforming itself into LiNH, improving yields in the process 
[75]. Several other hydrides have been tested (sodium, potassium, cal
cium, barium) and their performance is dependent on the stability of the 
imide formed [91]. However, the role of hydrides goes beyond using up 
N adatoms, as shown by the discovery of [Li4FeH6]− clusters [92], where 
hydride ions both assume a structural role in the lattice and facilitate 
dinitrogen activation and hydrogenation. It is also possible to use hy
drides without transition metals, such as TiH2 [79] or barium oxy
hydride [76], which can be used with ruthenium or iron. Solid solutions, 
such as CaFH, can also be classified as hydrides and have been shown to 
operate at very low temperatures (down to 50 ◦C) [44].

Recent research has focused on ternary nitrides, due to their higher 
stability and activity, than the already well researched binary nitrides 
(such as molybdenum, uranium, vanadium or rhenium) [93]. As pre
dicted by the volcano plot of N2 adsorption energies [48], Cs-promoted 
Co3Mo3N achieved a superior NH3 synthesis rate compared to tradi
tional Fe catalysts with two promoters. This high activity is attributed to 
optimal atomic mixing of metals and Cs inhibiting NH3 poisoning [94]. 
Lattice N atoms are highly mobile and participate in the reaction 
through the Mars van Krevelen mechanism, although they are gradually 
lost at higher temperature. Other nitrides, such as Fe3Mo3N performs 
better at higher temperatures [95]. Similar performance is observed in 
antiperovskite nitrides (Co3ZnN, Ni3ZnN, Co3InN, and Ni3InN). 
Ni-loaded LaN and Ru/ZrH2 catalysts demonstrate efficient N2 activa
tion through dual-site mechanisms, rivaling conventional catalysts [96].

Intermetallic compounds (IMCs) have garnered interest in hetero
geneous catalysis due to their unique ordered structural and electronic 
properties. In addition to the IMCs with an electride character, which 
were already discussed, others achieve catalytic activity via structural 
and ligand effects. Historically, rare-earth IMCs were combined with 
transition metals, although post-reaction analysis revealed they often 
decompose into rare earth metal nitrides and transition metals. 
Recently, Ru2Y [83] and RhCo3/CoO(011) have been shown to catalyse 
the reaction [97]. Alloys with disordered structures have not received 
much attention but computational studies suggest alloying Ru or Fe with 
Pt or Rh might improve their performance at the B5 sites [84].

Lanthanum oxides, particularly when used as supports in NH3 syn
thesis, enhance catalytic activity by strengthening metal-support in
teractions, especially in cerium-based oxides like CeO2 and Pr2O3 [98]. 
Doping with metals such as Zr [99] and Ti [100] further enriches O2 
vacancies, significantly boosting NH3 synthesis rates. Ru/La0.5

Ce0.5O1.64, particularly when promoted with Ba, has shown the highest 
activity among oxide-supported catalysts [101]. Perovskites with an 
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ABO3 structure are promising supports due to their stability and tunable 
electronic properties, while their catalytic activity depends on the 
alkaline-earth elements (A in ABO3) and metals (B in ABO3) [102]. For 
example, Ru/CaTiO3, Ru/SrTiO3 and Ru/BaTiO3 show high synthesis 
rates [103].

Traditional catalysts have been extensively characterized in the past, 
allowing us to assign individual components as active sites, promoters, 
and supports. In industrial Fe-based catalysts, iron is widely considered 
an active component and Al2O3 a support, while the definition of the 
active site is less precise. The distinction between support and promoters 
is also blurred, extending to active sites, since the reaction usually 
proceeds fastest at interface sites. Particularly in innovative materials, 
such prescriptive labels become wholly untenable and are preferably 
avoided. Instead, we acknowledge their multifunctionality and the 
coupling between the components.

3.1.4. Feasibility for large-scale industrial application
Despite having potentially superior activity, several catalyst formu

lations remain unsuitable for large-scale industrial applications because 
of prohibitively high cost or other market forces, limitations in activity 
and operation conditions, difficulty in up-scaling or durability-related 
factors. While it is possible to assess all these aspects of established 

catalysts, innovative materials have so far remained constrained to lab- 
scale experiments, allowing us little insight into long-term durability. 
Often, no commercial vendors exist, making the assessment of their 
supply chain and marketability moot. For those, we can only discuss the 
pricing of catalyst raw materials.

Pricing, market conditions and supply chains. With iron priced at 
less than $1 per kilogram, Fe-based catalysts cost a few dollars per ki
logram and typically last 5–10 years in commercial reactors. Market 
prices of metallic ruthenium hover around 20,000–25,000 US dollars 
per kilogram, making Ru-based catalysts extremely expensive [104]. 
Consequently, highly dispersed catalysts with as low Ru loading as 
possible are used. Intermetallic alloys, such as Ru2Y [83] and RhCo3/
CoO(011), are commercially not suitable due to their high metal con
tent. Ternary hydrides, such as Co3Mo3N, Fe3Mo3N, are two-to-three 
orders of magnitude more expensive than iron-based catalysts, yet still 
cheaper than ruthenium-based catalysts. Innovative materials, such as 
electrides and exotic hydrides ([Li4FeH6]− ), are currently prepared only 
on a lab-scale. Promoters usually do not add substantial financial bur
dens, generally ranging from negligible (Al2O3, K2O, KOH, MgO, CaO) to 
very inexpensive at 25–50 US dollars per kg (Zr, Ni, Co, Mo) up to 
moderately inexpensive with a couple hundred dollars per kg (BaO, 
Nb2O5) [105]. Among those, rhenium is a notable exception with a cost 

Table 3 
Characteristics of recently developed novel NH3 catalysts.

Catalyst full composition Temperature (◦C) Pressure (MPa) Space velocity NH3 production rate Ref.

5 % Ru on LaCoSi electrides 400 0.1 18,000 mL g− 1 h− 1 2.88 mmol g− 1 h− 1 [115]
5 % Ru on LaFeSi electrides 5.45 mmol g− 1 h− 1

5 % Ru on LaMnSi electrides 5.78 mmol g− 1 h− 1

Ru-BaAl2O4− ye−y /graphite 300–400 0.1 36,000 mL g− 1 h− 1 0.4–3.7 mmol g− 1 h− 1 [116]
KH0.19C24 240–400 1 36,000 mL g− 1 h− 1 3.9 mmol g− 1 h− 1 [110]
LaRuSi(001) 400 0.1 60 mL min− 1 1.7 mmol g− 1 h− 1 [117]
CaRuSi(001) 0.053 mmol g− 1 h− 1

Micrometer-size Ru 0.02 mmol g− 1 h− 1

1.9 % Ru on ZrH2/Ba 400 1 60,000 mL g− 1 h− 1 27.5 mmol g− 1 h− 1 [118]
1.9 % Ru on ZrH2 400 1 60,000 mL g− 1 h− 1 8.98 mmol g− 1 h− 1

1.9 % Ru on ZrN 2.61 mmol g− 1 h− 1

1.9 % Ru on ZrO2 5.44 mmol g− 1 h− 1

1.5 % Ru on CeO2 400 1 72,000 mL g− 1 h− 1 1395 mmol g− 1 h− 1 [119]
16 wt % Ce-Ru/HZ/CeO2 400 1 – 24.6 mmol g− 1 h− 1 [120]
4.5 % Ru on LaN/C60 400 1 60,000 mL g− 1 h− 1 34.7 mmol g− 1 h− 1 [121]
Ru/3TiCN/ZrH2 400 1–3 60,000 mL g− 1 h− 1 25.6–35.6 mmol g− 1 h− 1 [122]
Mo2C with 0.1 wt%Co 400 1 36,000 mL g− 1 h− 1 6.29 mmol g− 1 h− 1 [123]
Fe/BaTiO3-xNy 400 0.9 – 8.8 mmol g− 1 h− 1 [124]
Co–BaCeO3 400 5 18,000 mL g− 1 h− 1 14.94 mmol g− 1 h− 1 [125]
AMn[RuHm] (AM = Li, Na, K, Ca, or Ba) with MgO 300 0.1 60,000 mL g− 1 h− 1 1–15 mmol g− 1 h− 1 [126]
Fe/K(3)/MgO 350 1–3 36,000/72,000 mL g− 1 h− 1 17.5–29.6 mmol g− 1 h− 1 [111]
Ru-O-Ce 330–400 1 600 mL g− 1 min− 1 4.1–6.7 mmol g− 1 h− 1 [127]
FeN4©G-K with graphene lattice 150–190 0.1 30,000 mL g− 1 h− 1 1.1–10.3 μmol g− 1 h− 1 [108]
Co//BaAl2O4–xHy Electrides 340 0.9 36,000 mL g− 1 h− 1 500 mmol⋅gCo

− 1 h− 1 [128]
Co/SrNH 400 0.9 – 1686.7 mmol⋅gCo

− 1 h− 1 [129]
Ru/La2Ce2O7/BaCsKLi 400 1 90 mL min− 1 6.6–35.9 mmol g− 1 h− 1 [130]
Ru/LaScSi 400 1 60 mL min− 1 1.37 mmol g− 1 h− 1 [131]
Ru/CeTiGe 400 1 60 mL min− 1 0.75 mmol g− 1 h− 1

Ba–Ru/GC 400 1 60,000 mL g− 1 h− 1 18.7 mmol g− 1 h− 1 [132]
1 wt%Cs–5wt%Ru/CeO2 400 1–5 27,000 mL g− 1 h− 1 43–73 mmol g− 1 h− 1 [133]
Co(10 wt %)/SrCN2/Al2O3 300 0.9 36,000 mL g− 1 h− 1 4.43 mmol g− 1 h− 1 [112]
Ru/10SiO2/CeO2 340–400 0.1 18,000–36,000 mL g− 1 h− 1 3.3–5.5 mmol g− 1 h− 1 [134]
Co/Ln2O3 420–470 6.3/9.0 – 0.05–0.8 g/g/h [135]
Graphene oxide (rGO)/K 190–230 0.1 – 0.1–2.1 μmol g− 1 h− 1 [136]
Ru-BaO/MgO/MgAlOx 405 5 18,000 mL g− 1 h− 1 2.93–37.08 mmol g− 1 h− 1 [137]
Fe/Co-CeO2 400 1 36,000 mL g− 1 h− 1 1.3–2.93 mmol g− 1 h− 1 [138]
Ru ACCs (2 wt% Ru)/Ba/Ce 400 1 60,000 mL g− 1 h− 1 56.2 mmol g− 1 h− 1 [139]
Ru nanoparticles/Pr6O11 400 0.1 72,000 mL g− 1 h− 1 6.45 mmol g− 1 h− 1 [140]
Nano-Ru/MgO 400 0.2 60,000 mL g− 1 h− 1 21.7 mmol g− 1 h− 1 [141]
Fe/Ba/MgO 350 1 72,000 mL g− 1 h− 1 13.8 mmol g− 1 h− 1 [142]
Fe–N–C on porphyrinic MOF 300 0.1 30,000 mL g− 1 h− 1 0.56 mmol g− 1 h− 1 [143]
(H3O)2[(Mo6Cl8)Cl6]⋅6H2O/HY-zeolite 400 1 18,000 mL g− 1 h− 1 20.5 mmol gMo

− 1 h− 1 [144]
Re/Mo2CTx 400 1 36,000 mL g− 1 h− 1 22.4 mmol g− 1 h− 1 [109]
Ni/Mo2CTx 400 1 36,000 mL g− 1 h− 1 21.5 mmol g− 1 h− 1

Ru/Cs0.68Ti1.83O4 500 5 – 0.28 mmol g− 1 h− 1 [145]
Ru/CeTX/MgO (T = Ti, Sc; X = Ge, Si) 300–400 0.1-0.3 – 0.6–4.39 mmol g− 1 h− 1 [146]
Ba3SiO5–xNyHz 300 0.9 – 40.1 mmol g− 1 h− 1 [147]
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of ~2500 dollars per kilogram, limiting its use. A well-known drawback 
of iron is the required harsh reaction parameters (150–300 bar, 
400–500 ◦C). Ru-based catalysts operate at milder conditions (10–100 
bar, 300–450 ◦C) and exhibit higher yields, but this is eclipsed by the 
higher cost of catalytic materials.

Marketability is a broader aspect of commercialization, taking all 
market conditions into account, such as global demand for ammonia and 
its outlook. As of 2025, approximately 200 Mt of NH3 is produced 
annually, projected to increase three-to four-fold by 2050 under net-zero 
emissions scenario [106]. For a catalyst with a space-time yield of ~1 
gNH3 cmcat.

− 3 h− 1 with a density of 1 g cm− 3, roughly 50–60 kt of catalyst 
will be required by 2050. Supply chains for novel materials of such ca
pacity currently do not exist, while the annual ruthenium production is 
about 30–50 t annually, far behind the projected requirements. 
Non-noble metal catalysts, such as iron, cobalt and nickel, will therefore 
remain the bedrock of ammonia synthesis for a foreseeable future.

Operating conditions. Naively, operation at low temperature and 
low pressure would be desired to decrease energy expenditure for the 
operation of the reactor vessel itself. However, these might effectuate 
low ammonia concentration at the outlet, which makes its separation 
and purification in the second heat exchanger and subsequent recom
pression more energy intensive. Conventional Haber-Bosch process 
operates viably with a single-pass feed conversion of 25 %, which yields 
a 14 % NH3 concentration at the outlet. A typical GHSV of 10,000 h− 1 

therefore implies a space-time yield of 0.93 gNH3 cmcat
− 3 h− 1 or more 

[107].
Due to thermodynamic constraints, higher temperatures decrease the 

conversion at a constant pressure. A useful operating-temperature en
velope at lower pressures is therefore exceedingly low (below 473 K at 
0.1 MPa and below 593 K at 1 MPa), requiring very efficient catalysts to 
speed the reaction up. Most of the innovative catalyst materials (with the 
exception of FeN4©G-K/graphene [108]) were tested at 673 K and 
0.1− 1 MPa, which is outside the operating envelope and unsuitable for 
industrial applications unless their activity is brought down to lower 
temperatures or they are used at 5 MPa or more, the latter negating most 
of the economical savings in their operation.

Stability, durability and operability. Commercially viable 
ammonia plants have lifetimes of several decades and require highly 
stable catalysts, which retain their activity for a decade or more. This is a 
distinction of commercial catalysts, while novel materials are rarely 
tested for months prior to publication, let alone years. A notable 
exception is Re/Mo2CTx, which was tested for 1100 h (45 days) and 
exhibited minimal deactivation [109]. Other catalysts were tested for 
shorter periods of time, commonly for less than 100 h [110]. Most often, 
stability is only hinted at qualitatively, not going beyond “steady initial 
rate […] for at least 100 h” [111].

Furthermore, the catalysts should be durable, i.e. tolerate various 
contaminants including oxygen and moisture, and exposure to the at
mosphere. Their operability refers to their ability to withstand rather 
frequent powering down and restarting of the reactor for operational 
reasons without noticeable effects on activity. These aspects are hardly 
ever assessed during catalyst-discovery and lab tests with very few ex
ceptions, such as air-durable Co/SrCN2 [112]. Industrial-grade valida
tion (>1000 h, contaminant tolerance, cycling robustness) remains an 
exception rather than the rule.

Formability. In large-scale operations, powder catalysts are not 
desired since they cause pipe clogging and can even damage delicate 
equipment, such as sensors [113]. Instead, stable shapes such as pellets, 
tablets or rings, are preferred. Formability of the catalysts for technical 

use is an important aspect, which is wholly overlooked when reporting 
novel catalyst formulations. This is arguably the largest gap between 
lab-scale catalyst discovery and industrial applicability as none of the 
recent novel catalysts (as shown in Table 3) report formability 
considerations.

Nevertheless, several novel catalysts have shown promising perfor
mance near ambient conditions, but their production remains limited to 
lab-scale and upscaling has not been proved feasible yet [114]. Several 
reviews in the literature report on the development of novel catalysts for 
thermochemical NH3 synthesis [7,40], summarizing studies up to the 
time of publication. A non-exhaustive list of novel catalysts developed to 
date is provided in Table 3.

3.2. Reaction mechanisms

3.2.1. Dissociative pathway
Regardless of reaction mechanisms, there must be the N≡N cleavage 

at one step. As this is the rate determining step in most instances, great 
effort has been put into understanding this step. Theoretical studies 
using the Sabatier principle and Brønsted-Evans-Polanyi (BEP) relations 
have shown that Fe, Ru and the CoMo intermetallic lie near the 
maximum attainable turnover frequencies (TOF) without breaking the 
scaling relations [148]. These first- and second-generation catalysts 
follow the dissociative mechanism, as shown in Fig. 4.

Physisorption of N2 or H2 and its respective dissociation are often 
grouped together into a dissociative adsorption, assuming that phys
isorption is weak. Invariably, N2 dissociation is the rate-determining 
step. It is initiated by the injection of electrons in the antibonding 
orbital of N2, weakening the bond. These electrons stem from the tran
sition metal itself or from the electronegative support material (such as 
electrides or hydrides) [128]. On second-generation catalysts, surface 
H2 accumulation inhibits the reaction rate, similar to catalyst poisons. 
The effective removal of surface H2 rapidly becomes the true reaction 
bottleneck. On other novel catalysts, the accumulation of surface N 
poses a significant challenge, which can be effectively mitigated using 
electrides or hydrides, which sequester surface N and break the scaling 
relations. A diagram example over Ru (0001) catalyst is displayed in 
Fig. 7.

3.2.2. Associative pathway
The associative pathway is less common and only contributes 

noticeably to the reaction on some metal nitrides and other seldom used 
materials. Examples include Ni/CeN [150] or rare earth perovskites 
oxy-nitride hydrides [151], where the following steps take place. 

N2 + * → N2*                                                                                 (I)

H2 + * → H2*                                                                                (II)

H2* + * → 2H*                                                                             (III)

N2* + H* → N2H* + *                                                                  (IV)

N2H* + H* → N2H2* + *                                                               (V)

N2H2* + H* → N2H3* + *                                                             (VI)

N2H3* + H* → N2H4* + *                                                            (VII)

N2H4* + * → 2NH2*                                                                  (VIII)

NH2* + H* → NH3* + H*                                                             (IX)

Fig. 7. Surface reaction steps during NH3 synthesis over a Ru (0001) catalyst. Reproduced from Ref. [149] with permission from Elsevier.
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NH3* → NH3 + *                                                                           (X)

Electron transfer plays a crucial role in efficient NH3 synthesis. As 
discussed earlier, this explains the performance gains of third- 
generation catalysts. In particular, metal-support interactions, surface 
electrides, hydride mobility and other electronic phenomena make them 
well suited for producing NH3. In many cases, the barriers for N=N 
dissociation are lowered sufficiently for the formation of NHx species to 
become the rate determining step.

3.3. Microscopic models for mechanism exploration

Ammonia synthesis possesses a sufficiently small reaction network 
that it can be described with a broad array of methods, ranging from the 
atomistic to reactor-level descriptors. On the one hand, the largest 
conceivable intermediate in the reaction consists of seven atoms 
(NH2NH3) but realistically no larger than four-atom species are 
encountered, making the reaction suitable for first-principles modeling 
[152]. On the other hand, the complex thermodynamics with 
exothermic phenomenon, requiring low temperatures, which are in 
stark contrast with kinetic requirements, call for higher level modelling 
at the macroscale to understand the optimum reactor geometry and 
conditions [149]. In essence, the catalyst surface coverage is impacted 
by the chemical potential and sticking coefficients. The former is a 
function of intensive variables (pressure, temperature) and phenomena 
(composition, material and heat transport), while the latter is particu
larly influenced by surface rearrangements, segregation, deposition, 
subsurface compounds and potential phase changes.

Multiscale modelling, spanning from the atomic scale to the system 
level, is thus preferred to couple the different simulation models of NH3 
synthesis, as illustrated in Fig. 8. This approach encompasses a broad 
temporal and spatial range, from femtoseconds to years and nanometers 
to kilometers. For mechanism exploration in this chapter, microscale 
and mesoscale models are focused. The macroscale modeling studies 
will be summarized in Chapter 4 (reactor scale) and Chapter 5 (system 

and impact level).

3.3.1. Density functional theory calculations
The density functional theory (DFT) is the most used ab initio method 

of describing the reaction at the electronic level. While it can be used to 
calculate the thermodynamic equilibria involved in the synthesis, cost
lier higher-level methods, such as CCSD(T) or GW, are better suited for 
this purpose. While several functionals used in DFT describe the net 
reaction with admirable accuracy, individual steps can be different as 
large as 100 kJ/mol even in the most popular functionals (PBE, RPBE, or 
B3LYP) [153]. Hence, precise CCSD(T) computations with large basis 
sets are used as benchmark when the size of the system allows it. Since 
introducing surfaces necessitates larger systems, heterogeneous catal
ysis has to resort to DFT and higher-level methods remain feasible only 
for equilibria calculations or, at best, single-point electronic calculations 
on pre-optimized structures.

Among all computational techniques, DFT is the most ubiquitous in 
NH3 synthesis research [149]. In some capacity, DFT is included in a 
majority of novel papers, making a short review impractical. Instead, we 
focus on what can be achieved with it. In DFT simulations, different 
atomistic aspects of the process can be computed. Generally, they can be 
grouped into structure computations and mechanistic investigation. In 
the former, the catalyst itself is studied. DFT is used to predict the most 
stable catalyst facet, its surface termination, phase diagrams, d-band gap 
values, band structure, electrostatic potential, charge transfer, bond 
orders etc [154]. On the other hand, mechanistic investigations usually 
follow once the most reliable structure(s) is (are) pinpointed and focus 
on the adsorption of different species and the energetics of their inter
conversion [155]. In postprocessing, these data are converted into in
dividual kinetic rate constants via the transition state theory (TST) or 
similar approaches, which serve as the input for various kinetic models 
(microkinetics, kinetic Monte Carlo, etc.) [156]. Often, quantitative 
values are less important than the qualitative picture and overall trends. 
In these instances, the more likely reaction mechanism or the relative 
performance of different catalysts is sought after.

Fig. 8. Illustration and coupling of multiscale modeling study for NH3 synthesis.
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3.3.2. Molecular dynamics simulations
Molecular dynamics (MD) simulations are well suited for studying 

kinetic phenomena at the mesoscale, such as mass transfer through in
terfaces [157], adsorption [158]. Depending on the aspect investigated, 
very different types of MD can be used. In general, conventional MD 
simulations use classical force fields, where the interaction between 
particles is some combination of electrostatics and van der Waals 
interaction, which is computationally fast. Since such simulations 
cannot capture bond formation and cleavage, they are limited to dy
namic properties in (quasi-) equilibrium conditions, such as clusters of 
liquid NH3 [159] or NH3 adsorption and diffusion [160].

When reactions are of interest, either reactive force fields (ReaxFF) 
must be used [161] or we resort to ab initio MD (AIMD), such as 
Born–Oppenheimer molecular dynamics (BOMD) or Car–Parrinello 
molecular dynamics (CPMD) [162]. Various ReaxFFs can describe larger 
molecular structures, such as 10-nm ruthenium nanoparticles for NH3 
synthesis [163].

on the contrary, AIMD is useful when simulating smaller systems 
where precise quantum-chemical behaviour must be known, such as the 
stability of ruthenium nanoparticles in molten salts [164], ruthenium 
clusters during the reaction [165] or overall motif stability on a 
particular catalyst [166]. This supporting role of AIMD is especially 
common, as it is used to ascertain the stability of some structure used in 
other types of modelling. More extreme environments, such as 
plasma-based NH3 synthesis can also be described [158].

Another case study of dynamics provides a more detailed insight 
than a simple search for stationary points at the potential energy surface 
(PES) [167]. Specifically, it enables the study of temperature depen
dence of the individual reaction steps and the evolution of the catalyst 
surface with respect to different active sites. In dynamics calculations, 
collective variables can be used to obtain ensemble quantities with great 
precision, such as the free energy. More importantly, it can describe the 
sticking coefficients and the local chemical potential in a way that is 
unattainable otherwise [167]. Being the rate determining step, the 
cleavage of N≡N bond is usually the focus of these studies on iron-based 
[168], ruthenium and third-generation catalysts. Catalyst poisoning is 
an inherent surface phenomenon, which was studied with surface mo
lecular dynamics. On Fe(111), N2 atoms stabilize surface structures, 
which are responsible for the formation of vacancies and thus 
auto-regulate the poisoning effect [169].

3.3.3. Microkinetic models
Microkinetic modelling is the classical method to describe catalytic 

systems, which has been around since the dawn of chemical engineering. 
Starting from simple power laws, microkinetic modelling has also 
benefited from the advances in available computation power to the point 
of being able to solve complex systems of several differential equations. 
An important advantage of microkinetic modelling is its versatility. 
Depending on the available computational power and known data 
points, the models can vary greatly in their complexity.

In a microkinetic model, the reaction pathway is postulated to 
consist of several reaction steps, which have individual reaction rates. 
They are proportional to the reaction rate constant and the activity 
(concentration, surface coverage etc.) of the participating species and 
must comply with the principle of microscopic reversibility [170]. A 
mass balance for each participating species, surface or gaseous, is 
written and a set of differential equations is solved based on the ge
ometry of the system in question.

The provenience of the data used, however, lends itself to grouping 
the models according to their purpose. When experimental data is to be 
reproduced for the sake of tweaking the reaction conditions and opti
mizing performance, little thought is given to the microscopic back
ground of the microkinetic parameters (Ai,for, Ai,rev, Ei,for, Ei,rev), and they 
are instead fitted to experimental data [37]. Similarly, structure-based 
and conditions-related parameters are obtained (pressures, flow rates, 
active site density, sticking coefficients, catalyst weight, space time) 

empirically. Such models are particularly useful when elaborate phe
nomena are to be described, such as the kinetics under non-steady 
conditions and cycling behaviour [171]. On the other hand, when 
fundamental understanding is sought after, modern microkinetic models 
make use of ab initio input (surface site density, reaction mechanisms, 
rate constants) [172]. Before that, surface science results were used to 
feed the microkinetic models with.

Early microkinetic models have already used the conventional 
associative and dissociative mechanisms. Kinetic models with a mini
mum number of assumptions, which neglected adsorbate-adsorbate in
teractions and presume an energetically homogeneous surface, were 
already able to describe NH3 synthesis rates in reactors at industrial 
conditions. Already in 1980s, rudimentary quantum chemical calcula
tions [173,174] yielded useful information that was incorporated into 
microkinetic models. Based on kinetic models alone, it was possible to 
identify the dissociation of N2 as the slow step in the mechanism [175] 
and study its adsorption [176]. Most importantly, microkinetic models 
allowed for the extrapolation from surface science studies at lower 
pressures and surface coverages to industrial conditions [177]. Before 
the broad availability of quantum chemical methods, kinetic models 
were already able to qualitatively describe the role of promoters, such as 
potassium [155]. Countless other studies on iron-based catalysts fol
lowed [178].

Modern microkinetic models follow the same set of elementary steps 
regardless of the catalyst, being valid for Ru-based [179], Co-Mo [180] 
or other catalysts [181]. Recently, the models have gained additional 
degrees of freedom, such as accounting for various types of active sites 
(multisite MKM) [182], lateral interactions [183] and kinetics on 
nanoparticles.

3.3.4. Kinetic Monte Carlo models
Kinetic Monte Carlo (kMC) models offer more detailed information 

into the temporal evolution of the catalyst surface than mean-field 
microkinetic models (MF-MKM). Since kMC describes the reaction 
(adsorption, desorption, diffusion, interconversion) on an arbitrarily 
granular level, the lower limit being the atomistic active site but more 
coarse-grained approaches are also possible, surface reconstruction, 
adsorbate-adsorbate lateral interactions and spectator species effects 
can be observed. In essence, kMC incorporates spatial inhomogeneities 
and correlations. The major drawback of the kMC approach is the 
computational cost. While the first-principles methods for computing 
the potential energy surface (PES) for individual steps do not differ 
between kMC and MF-MKM, the kMC simulation itself is computation
ally much costlier. This is, however, offset by its insensitivity to the issue 
of stiffness or convergence problems [156].

Even when using purely theoretically derived data, such as DFT 
energetics on Fe(111) and Fe(211)R, kMC can approximate the experi
mentally observed TOF to within the factor of 1.8, which correspond to a 
0.04 eV change of the apparent activation energy [184,185]. Such 
models are often extended to describe similar surfaces, which are 
decorated or doped [186–188] and can ultimately serve to perform 
computational catalyst screening [189] or nanoparticle control [190].

Despite its versatility, kMC is rather seldomly used for describing 
thermocatalytic NH3 synthesis. A notable example is the seminal first- 
principles calculation of NH3 synthesis on Ru [191]. However, kMC is 
nowadays prevalent in the description of the electrocatalytic N2 reduc
tion reaction (NRR). In thermocatalysis, NH3 decomposition is more 
often studied with kMC.

3.3.5. Machine learning
Machine learning (ML) is a nascent method for learning from vast 

quantities of data and generalization of the non-obvious underlying 
trends. Hence, ML is not a method tailored to a specific level of process 
description but rather a tool for rationalizing very different sets of data. 
The biggest obstacle to using ML successfully is a relative lack of 
abundant high-quality data. ML excels when the number of data points 
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increases, at least in low four-digit numbers of data points and prefer
ably even more. Unfortunately, very few single sources satisfy these 
requirements, while broad acquisition produces datasets of questionable 
quality due to the incomparability of the data acquisition techniques. 
ML has been used at various levels for describing ammonia synthesis 
process and its variants or successors but no attempts at harnessing ML 
to describe multiple levels concomitantly have been successful. Instead, 
catalyst discovery or reactor optimization are mostly tackled with ML.

An example of a problem with a natively large configurational space 
is high-entropy alloys, which can only realistically be assessed with ML 
[192] applied on existing first-principles data. Alternatively, ML is used 
to study a specific parameter, such as electric field-dipole effects, with 
correlations to reaction energies identified through ML analysis [193]. 
Furthermore, it can be used to predict new reaction pathways [194]. ML 
can exploit experimental data and provide optimum catalyst formula
tions, for instance different ruthenium-based catalysts [195], supports 
thereof [196] or lower ruthenium loading [197]. At higher levels, 
models of entire reactors can be modified and optimized to solve the 
maximum yield problem of NH3 synthesis [198], improve the energy 
efficiency [199] or regulate individual parameters, such as reactor 
hotspot temperature [200]. This approach is not limited to thermoca
talytic processes but can be applied to plasma catalysis and so forth 
[201].

In summary, despite their differences in scale and methodology, the 
microscopic modeling approaches for the ammonia synthesis follow a 
common framework: starting from the accurate description of elemen
tary steps (via DFT and ab initio methods), progressing through the dy
namic evaluation of kinetic phenomena (using MD and AIMD), and 
culminating in the construction of kinetic models (microkinetic or kMC) 
to bridge molecular insights with macroscale observables. These models 
are increasingly supported by data-driven tools such as machine 
learning, which aid in parameter optimization and trend discovery 
across high-dimensional spaces. A recurring theme is the reliance on 
high-quality, first-principles-derived data as the foundation for all sub
sequent modeling layers. Furthermore, the integration of multiscale 
models, linking electronic structure, surface dynamics, and reactor-level 
kinetics, is emerging as a key strategy to achieve predictive capability 
and mechanistic clarity. The readers are referred to Ref. [149] for a list 

of recent studies implementing various micro-to mesoscale modeling 
approaches for NH3 synthesis. Collectively, these approaches not only 
deepen the understanding of NH3 synthesis but also establish general
izable workflows applicable to other catalytic systems.

4. Emerging ammonia separation and enhanced reactor

Apart from catalyst development, NH3 separation other than by 
traditional condensation is a critical step for achieving NH3 production 
beyond conventional Haber-Bosch process. Solid sorption and mem
brane separation are the two main techniques to separate NH3 from 
mildly thermocatalytic synthesis units, demonstrating potential for 
reactor enhancement or intensification [25]. This chapter offers a 
comprehensive review of the progress in solid sorption and membrane 
separation techniques for isolating NH3 from unreacted H2 and N2. The 
chapter covers material development, intensified reactor prototypes, 
and unit-scale modeling studies, systematically summarizing the ad
vances of implementing solid sorption and membrane separation tech
nologies in moderate thermocatalytic NH3 synthesis.

4.1. Separation material development

Development of advanced materials with good separation ability and 
reactor compatibility is the cornerstone of the implementation of NH3 
solid sorption and membrane separation technologies [51]. The 
state-of-the-art material developments in terms of solid sorbents and 
membranes are elaborated in subsequent sections.

4.1.1. Solid sorbents
Solid sorbents for NH3 uptake can be divided into 2 categories: ad

sorbents, where sorption occurs primarily at the surface, and absorbents, 
where sorption takes place in the bulk of the solid [202]. Within surface 
sorption, physisorption is driven by weak van der Waals forces, typically 
filling NH3 molecules into the pores of the adsorbent, while chemi
sorption involves stronger interactions through the formation of chem
ical bonds with reactive surface sites [202]. Accordingly, the commonly 
used adsorbents always have porous or microporous structures, such as 
carbon-based materials, zeolites, metal organic frameworks (MOFs) and 

Fig. 9. Categories of commonly used solid-state materials for NH3 sorption.
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porous organic polymers (POPs) [51], which are favored by reactive 
sites. In contrast, absorption involves bulk uptake, where NH3 molecules 
penetrate the solid and form more stable coordination complexes with 
metal centers [203]. The underlying principle is the formation of 
ammine complexes that store NH3 in a stoichiometric manner [53]. 
Representative bulk absorbents include metal halides, metal hydrides, 
and metal borohydrides, which take up NH3 through coordination or 
reactive absorption [204]. In general, the position of sorption (surface 
vs. bulk) and the strength of interaction (physisorption vs. chemisorp
tion) are distinguished through sorption–desorption isotherms, enthalpy 
of sorption measurements, and reversibility tests under consistent 
operating conditions. For example, porous carbons and MOFs mainly 
operate via surface physisorption, while metal halides and borohydrides 
take up NH3 into the bulk via chemisorptive absorption. Additionally, 
some composite sorbents, which combine adsorbent and absorbent, 
have also been developed. The solid materials mainly used for NH3 
sorption are outlined in Fig. 9.

Adsorbents. Some carbon-based materials such as active carbon and 
biochar have garnered significant attention for NH3 adsorption due to 
their porous structure, high surface area and low cost. However, due to 
the lack of sufficient surface acidity of common active carbon, the NH3 
uptake is only driven by the weak H bonding or Lewis acid-based in
teractions, resulting in low NH3 adsorption capability [205]. The 
adsorption typically follows the Type I (Langmuir-like) physisorption 
isotherms, favored by high pressure and low temperature [206]. The 
adsorption data can often be fitted using Langmuir or BET isotherm 
models, where the former assumes monolayer coverage and the latter 
accounts for multilayer adsorption. The NH3 uptake capacity of normal 
active carbon reported in the range from 0.11 to 1.18 mmol/g at 23 ◦C 
and atmosphere pressure from a flow of 300 mL min− 1 of air containing 
1000 ppm of NH3 [207,208]. Several modification approaches are 
normally used to improve the NH3 uptake capacity of active carbon. For 
example, Zheng et al. have used nitric acid to oxidize the activated 
carbon fiber at room temperature, forming high-capacity adsorbent with 
up to 2.94 mmol/g NH3 uptake ability at room temperature [209]. 
Zhang et al. reported a biochar adsorbent modified by cupric silicate that 
can adsorb 6.36 mmol/g at room temperature and pressure [210]. 
Another modification method is to improve the porous structure of the 
carbon materials, since its limited NH3 capture ability is also partially 
due to its larger pore size (1–2 nm in average) compared to the NH3 
molecule size (0.3 nm) [205]. Qajar et al. have synthesized nano-porous 
carbons with nitric acid treatment, reducing the pore size to a minimum 
value of 0.5 nm. The highest tested NH3 adsorption capacity is 
approximate 10 mmol/g at 25 ◦C and 1 bar [211]. The reported 
carbon-based adsorbents with different modifications are capable to 
uptake NH3 in the range from tens μmol to several mmol per gram 
adsorbent, mostly at atmospheric pressure and room temperature and 
dominated by nanocarbons.

MOFs formed by metal-ligand interaction with high porosity and 
tunable pore size and structures have also been deployed for NH3 
adsorption [212]. The pore size of MOFs can be tuned to the molecule 
level for a targeted gas (0.3 nm for NH3), largely enhancing its adsorp
tion capability through the capillary condensation effect [213]. To date, 
many MOFs have been synthesized using different choices of metals and 
ligands for NH3 removal. For instance, Jasuja et al. reported six varia
tions of functional UiO-66 (Zr-based MOF) for NH3 adsorption from air, 
exhibiting up to 5.69 mmol/g capacity under dry conditions [214]. 
Rieth et al. tested Mn-, Co- and Ni-based MOFs for NH3 reversible uptake 
under standard temperature and pressure, which found that the capac
ities can reach 15.44, 11.98, and 12.00 mmol/g, respectively [215]. 
Moreover, a series of flexible MOFs with the form of M(NA)2 (M = Zn, 
Co, Cu, Cd; NA = nicotinate) have been synthesized in Ref. [216], 
showing Co(NA)2 is the best candidate with the highest adsorption 
ability of 17.47 mmol/g at room temperature and pressure. Notably, 
these materials can be effectively regenerated under vacuum and heat
ing at 150 ◦C for 70 min, without any loss in performance. In general, 

MOFs’ sorption ability is favored by increasing pressure. The sorption 
isotherm behavior of MOFs typically resembles Type I or IV, depending 
on their pore architecture. In mesoporous MOFs, capillary condensation 
at elevated pressures results in steep adsorption branches, thereby 
enhancing NH3 uptake beyond monolayer coverage. For example, Lu 
et al. reported that at 298 K and pressures of 0.001/1.0 bar, the NH3 
uptake capacities were 4.8/12.8, 1.4/10.0, 0.47/9.0, and 0.07/3.0 
mmol/g for MIL-160, CAU-10-H, Al-FUM, and MIL-53(Al), respectively 
[217]. The performances of NH3 uptake for different types of MOFs from 
under low pressure (<2 mbar), normal pressure (1–2 bar) and high 
pressure (>5 bar) are reviewed in Ref. [212]. As novel material, MOFs 
exhibit exciting opportunities for high-quality NH3 adsorption, partic
ularly due to its pore size tunability. However, MOFs cannot withstand 
very high pressures (e.g., 30 MPa for UiO-66), as this may damage their 
structure and reduce porosity. Similarly, high temperatures can 
compromise their structural integrity, further limiting their applica
bility. The practical implementation of MOFs is significantly constrained 
by their limited thermal and moisture stability, as well as their high cost. 
Consequently, most relevant studies on MOFs remain confined to 
laboratory-scale investigations [51,218].

POPs formed by covalent bonds are the other groups of novel 
adsorptive material for NH3 adsorption, featuring large surface area, 
tunable porosity and functionality. Barin et al. investigated the perfor
mance of series POPs with Brønsted acidic groups and two kinds of 
network structures, achieving NH3 uptake capacity as high as 2 mmol/g 
under equilibrium pressure of 0.05 mbar [219]. A group of diamondoid 
POPs functionalized with carboxylic acids has been synthesized for low 
and normal pressure NH3 adsorption. Among them, the best developed 
BPP-5, which is regulated <0.6 nm pore size, can capture 17.7 mmol/g 
at atmosphere pressure. For the larger pore size framework BPP-7, the 
NH3 saturation capacity is limited to 3.15 mmol/g under low pressure 
and room temperature. Compared to MOF material, POP normally 
performs better in terms of stability due to its different synthesis 
method. The metal ions of POP are attached to its major framework 
instead of being connected in the framework like MOFs. Therefore, the 
interaction of adsorbed NH3 with metal ions has no impact on POPs’ 
major framework, avoiding the collapse problem after trapping NH3 
[220]. The representative POPs from recent studies for NH3 uptake have 
been listed in the review paper [51].

Zeolites are also able to adsorb NH3 due to their high porosity, 
abundant acidic sites and small pore size (comparable to NH3 molecule 
level) [221]. Lucero et al. demonstrated a selective NH3 adsorption 
process using a synthesized zeolite NaP, displaying high NH3 sorption 
capacity of 8.47 mmol/g from N2 and H2 mixture [222]. Helminen et al. 
proved that the Langmuir-Freundlich isotherm model provides the most 
accurate fit for the two kinds of zeolite (13X and 4A), achieving 3.0–3.5 
mmol/g capacity over the temperature range of 298–393 K [223]. 
Similar to zeolite, the other natural mineral bentonite is also capable of 
being used for NH3 adsorption. For example, Cheng et al. proposed to 
use a modified bentonite for NH3 removal from domestic wastewater, 
displaying 0.34 mmol/g saturated sorption capacity at low temperature 
[224]. Recently, Wang et al. prepared novel nanosheets with multi-layer 
structure from bulk BiI3 powder, exhibiting up to 22.6 mmol/g NH3 
uptake at ambient conditions, which is approaching the maximum 
recorded value for NH3 reversible adsorption [225]. The efforts on new 
material development for NH3 adsorption are ongoing.

Absorbents. The most promising NH3 absorbent is metal halide 
material due to its notable absorption capacity. In principle, the sorption 
of NH3 is through the bulk interactions of NH3 and absorbent forming 
ammine complexes. The general reaction of NH3 absorption in metal 
halides can be written as follows [53]. 

MXm + nNH3 ⇄M(NH3)nXm (R2) 

Where M denotes metal, for instance Mn, Ni, Mo; X denotes a halide such 
as F, Cl, I, Br. Liu et al. summarized the thermodynamic properties of 
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alkaline earth halides (such as MgCl2, CaCl2 and CaBr2) in NH3 sepa
ration procedure [226]. The sorption capacities and equilibrium pres
sures for a temperature swing of 298–473 K and pressure swing of 0–80 
kPa, are also listed. The order of calculated equilibrium pressure at 298 
K for the pure alkaline earth metal chlorides is BaCl2 (187 kPa) > SrCl2 
(15.2 kPa) > CaCl2 (1.36 × 10− 3 kPa) > MgCl2 (6.45 × 10− 7 kPa). 
Moreover, among the same alkaline earth metals, the affinity to NH3 of 
bromide is higher than that of chloride, whereas chlorides are more 
commonly used due to their better stability. The formation process of 
ammine complexes namely Mg(NH3)6Cl2, Mg(NH3)3Cl2 and Mg(NH3) 
Cl2 is investigated in Ref. [227], revealing the temperature impacts to 
the chemisorption process. In addition, the NH3 desorption behaviors of 
metal (Mg, Mn, Ca and Ni) chlorides are studied in Ref. [228]. The 
mechanisms and impacts of heat transfer for the reversible absorption 
are elucidated, indicating the fast desorption kinetics for all steps. A 
recent review study on metal halides using as NH3 absorbent has been 
reported in Ref. [229], listing the advanced material developments and 
ongoing mechanism investigations. MgCl2 based sorbents are performed 
as the best candidate in terms of sorption capacity and rate. However, 
MgCl2 is inherently hygroscopic, making the sorbent susceptible to 
moisture absorption when exposed to air [229]. The reaction with 
moisture generates hydrogen chloride (HCl), which poses a significant 
risk of corrosion to the reactor, thereby limiting its feasibility for prac
tical applications.

Similar to metal halides, the general reaction of NH3 uptake by solid- 
state metal borohydrides can be written as follows [230,231]. 

M(BH4)m + nNH3 ⇄M(NH3)n(BH4)m (R3) 

The normally used metal borohydride based NH3 absorbents are: 
LiBH4, NaBH4, KBH4, Mg(BH4)2 and Ca(BH4)2 from previous studies, 
and the number of absorbed NH3 molecule n can be 1, 2, 3, 4, 5 and 6 
[53,232]. For instance, the maximum amount of NH3 uptake is recorded 
as 5 mol per mol sorbent (Mg(BH4)2 or Ca(BH4)2) at room temperature, 
as reported by Ref. [230]. The NH3 uptake performances for various 
metal borohydrides at different temperature and pressure were evalu
ated, as presented in the dataset of U.S. National Institute of Standards 
and Technology [53]. The results indicate that the overall tendency of 
equilibrium pressure at plateau follows the order of Peq(Na(NH3)2BH4) 
> Peq(Li(NH3)2BH4) > Peq(Ca(NH3)2BH4) > Peq(Mg(NH3)2BH4).

Different from forming ammine complex like metal halides or metal 
borohydrides, NH3 storage in metal hydrides follows the reversible re
action below [53]: 

MH + NH3 ⇄MNH2 + H2 (R4) 

It is an indirect way of absorbing NH3 with the formation of H2, 
which is only used under specific purpose and more applied to NH3 

cracking for H2 generation [233]. For instance, Yamamoto et al. inves
tigated a series of recyclable MH samples for H2 generation by absorbing 
NH3 under 0.5 MPa and 300 ◦C. The results confirm that that the re
activities of MH with NH3 follow the metal’s atomic number on the 
periodic table, i.e., Li < Na < K [234].

Composite sorbents. Recently, composite sorbents combining ad
sorbents and absorbents have been investigated for improving the per
formance of NH3 sorption in terms of capacity, rate and mass and heat 
transfer [202]. Porous adsorbents such as graphite and active carbon are 
usually used in combination with bulk sorption materials such as metal 
halides for composite sorbent development [235]. For example, in 
Ref. [236] a composite sorbent comprising CaCl2 and multi-walled 
carbon nanotubes was developed, demonstrating a significantly 
enhanced sorption capacity of 50.49 mmol/g. Wang et al. have devel
oped and analyzed five composite sorbents of NH4Cl, NaBr, BaCl2, CaCl2 
and SrCl2 with ENG-TSA as matrix for NH3 storage under temperature 
below 100 ◦C [237]. The results show that NH4Cl-based sorbent has the 
highest NH3 storage capacity under low pressure, while CaCl2-based 
sorbent excels for its reasonable working pressure and lower cost. The 
metric and principles for the development of composite sorbents are 
reviewed in Ref. [202], along with the characteristics of the existing 
composite sorbents. Pros and cons for different types of sorbent mate
rials are compared in Table 4. Generally, adsorbents, such as 
carbon-based materials and MOFs, are better suited for applications 
under mild conditions (e.g., room temperature and atmospheric pres
sure), offering benefits like cost-effectiveness and ease of regeneration. 
In contrast, absorbents and composite sorbents are more appropriate for 
high-temperature and high-pressure environments, making them 
particularly promising for in-situ sorption applications coupled with 
ammonia synthesis process.

4.1.2. Membrane preparation
Gas separation via membrane is based on the different permeabilities 

of gas molecules through a thin membrane. Two key factors, namely 
NH3 permeance and selectivity over N2 and H2, are the main concerns of 
the membrane material design and development for NH3 separation. An 
ideal membrane can selectively permeate NH3 into one side of the 
membrane while retaining the unreacted N2 and H2 in the other side for 
system recycling [25]. Typically, membrane separation selectivity arises 
from molecular size or specific chemical interactions [54], resulting in 
two kinds of membrane: porous membrane and dense membrane. For 
porous membranes, the separation utilizes the molecular size-sieving 
effect of the thin membrane structure. Unfortunately, the molecular 
size of NH3 lies between the two other species (H2 and N2), thus largely 
limiting the separation capability based on the size exclusion [51]. Some 
efforts have been attempted recently, for example, William et al. have 

Table 4 
Summary table of the reported sorption materials.

Sorbent Type Pros. Cons.

Carbon Based - High surface area and porosity
- Cost-effectiveness
- Effective at room temperature and pressure

- Low NH3 uptake capacity (1 mmol/g to over 10 mg/g)
- Limited surface acidity

MOFs - High tunability of pore size
- High adsorption capacity (over 24 mmol/g) at lower temperature

- Thermal and moisture instability
- High production costs
- Limited applicability under high temperature and pressure

POPs - Large surface area
- Good stability under different conditions

- Limited commercial availability
- Potentially slightly lower capacity than MOFs

Metal Halides - High absorption capacity in wide temperature range (room temperature to 200 ◦C)
- Effective chemisorption with reversibility
- Simple regeneration process
- Low cost

- Limited by stability in moisture
- Potentially form HCl leading to corrosion
- Structural instability caused by volume swings

Metal Borohydride - High NH3 uptake capability
- Effective under various conditions

- Less stability
- Limited reversibility
- Complexity in handling and regeneration

Composite Sorbents - Very high sorption capacity (over 50 mmol/g)
- Enhanced performance characteristics
- Improved mass and heat transfer

- Complexity in synthesis
- Potentially higher costs
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investigated NH3-selective membranes using nanostructured sulfonated 
block copolymers at near ambient conditions. Membranes with poly
styrene sulfonate domains of 7–23 nm were synthesized and tested, 
showing its NH3 permeability is over 20.1 × 10− 17 kmol m/(m2 s Pa) 
(600 Barrers) at 25 ◦C and 2 bar with over 90 selectivity to a mixed gas 
feed containing NH3 and N2. The NH3 permeance for a synthesized 
membrane with 500 nm thickness is thus 1200 gas permeance unit 
(GPU, 1 GPU = Barrer/μm (membrane thickness)). It also proves the 
block copolymer membranes exhibited high NH3 selectivity, particularly 
under mixed gas conditions, compared to Nafion membranes, which lost 
selectivity due to swelling [238]. In practical application, a membrane 
must possess an NH3 permeance over 100 GPU, as well as a selectivity of 
NH3 towards hydrogen and nitrogen of no less than 10 [239]. Wei et al. 
have synthesized LTA type zeolitic imidazolate framework membranes 

(ZIF-21), successfully demonstrating the synthesis of continuous ZIF-21 
membranes grown on alumina porous tubes [240]. The developed 
membranes exhibit a high NH3 permeance of 1727 GPU, with 35 and 12 
selectivities over N2 and H2, respectively. In Ref. [241], a set of 
high-performance NH3-selective MFI nanosheet membranes have been 
prepared, exhibiting an NH3/N2 separation factor of 2236 GPU with NH3 
permeance of 1.1 × 10− 6 mol m− 2 s− 1 Pa− 1 at room temperature. At a 
higher temperature of 323 K, the separation factors are 191 GPU and 
220 GPU at 3 and 7 bar, respectively. The results suggest that MFI 
membranes can potentially be used in separating NH3 in NH3 synthesis 
and utilization processes. In the two cases, the NH3 separation is actually 
achieved mainly through the favored adsorption of NH3 by ZIF-21 and 
MFI compared to that of N2 and H2.

For dense membranes, the gas permeation is mainly attributed to the 

Fig. 10. Schematics of NH3 synthesis processes using condensation (a), ex situ absorption (b), and in situ absorption separation (c). Reprinted from Ref. [246] with 
the permission from IOP Publishing.

Fig. 11. Thermodynamic limits of NH3 synthesis using different separation techniques (a), summary of synthesis conditions in previous studies relative to separation 
limitations (b), circle size indicates the number of studies at a particular system pressure and temperature. Reproduced from Ref. [247] with permission 
from Elsevier.

Fig. 12. Diagram of the conventional NH3 synthesis reactor (top) and the conceptual reaction-absorption reactor (bottom). Reproduced from Ref. [248] with the 
permission from American Chemical Society.
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solution-diffusion mechanism, by which the permeance of the targeted 
gas is enhanced by the mass transport phenomenon [54]. In order to 
increase the selectivity of NH3, active sites are introduced that selec
tively enable interaction with NH3 into the matrix of dense membranes. 
For instance, Yang et al. integrated imidazolium-based protonated ionic 
liquids (ILs) into the Nexar membrane matrix, achieving an NH3 
permeability of 3565 Barrers, with ideal selectivities of 186 for NH3/N2 
and 364 for NH3/H2 [242]. Moreover, immobilized NH3 thiocyanate 
liquid membranes in porous nylon demonstrated an NH3 permeance of 
1900 GPU and an NH3 selectivity of 8700 over N2 at 23 ◦C and 268 kPa 
[25]. It is worth noting that most of the membranes developed work 
under 100 ◦C, which is not compatible with the NH3 synthesis reactor 
normally used. To develop an NH3 membrane that can work over 300 ◦C 
is a challenge and only inorganic membranes show the possibility due to 
their thermal stability [243]. Padinjarekutt et al. recently developed 
Na+ -gated nanochannel membranes for efficient NH3 separation from 
mixed gases containing H2 and N2 under high temperature and pressure. 
By optimizing synthesis parameters, such as seeding and gel aging, the 
membranes achieved NH3/H2 and NH3/N2 selectivities of 328 and 1106, 
respectively, at 200 ◦C and 21 bar [244]. The properties and working 

conditions (mostly under mild operation) for several membrane exam
ples for separating NH3 from H2 and N2 are summarized in Ref. [239]. 
More work needs to be done for the high-temperature tolerant mem
brane materials development, to enable the in-situ application of 
membranes for NH3 synthesis.

4.2. Enhanced reactors

4.2.1. Sorption-enhanced reactors
The strategy of sorption-enhanced reactors is to use sorbents to 

separate the NH3 produced instead of conventional condensation and 
thereby bringing the conversion rate near or even above the equilibrium 
limitation, intensifying the HB loop or reducing the severity of its 
operation conditions [42,245]. The sorption-enhanced reactors for NH3 
synthesis can be divided into two categories, i.e., ex-situ sorption reactor 
and in-situ sorption reactor. The former one always uses two reactors for 
loading catalyst and sorbent separately, and thus the NH3 synthesis and 
absorption processes can work under different operating conditions, 
while the latter one normally loads catalyst and sorbent in a single vessel 
(layer by layer or fully mixed), hence the yield NH3 from catalyst surface 
can be absorbed instantly by the nearby sorbent under the same working 
conditions. Fig. 10 shows the concept diagrams for NH3 synthesis using 
traditional condensation, ex-situ sorption and in-situ sorption. The 
substantial difference between the ex-situ and in-situ sorption configu
rations lies in whether the catalyst and sorbent are housed in the same 
vessel. In the in-situ configuration, both are integrated within a single 
reactor, requiring them to operate under the same reaction conditions.

Compared to the typical condensation, the sorption enhanced pro
cesses (both ex-situ and in-situ) can break the practical thermodynamic 
limits of the HB process. Since it is possible to remove NH3 under very 
low pressure (0.01 bar) using absorbents compared to conventional 
condensation (>1.5 bar), the boundary curves shift toward low pressure 
by implementing absorption as shown in Fig. 10(a) [247]. Theoretically, 
the ex-situ sorption enhanced process can remove NH3 completely under 
its favored conditions, therefore it does not exhibit thermodynamic 
limitations (red line in Fig. 11(a)). However, the energy cost caused by 
un-reacted N2 and H2 recirculation and NH3 desorption leads to practical 
limits in its implementation (represented by red markers in Fig. 11 (a)). 
On the other hand, in the case of the in-situ sorption reactor, where both 
the catalyst and absorbent operate isothermally, the thermodynamic 
limit is governed by the ammonia partial pressure required for 

Fig. 13. Schemes of NH3 synthesis process with and without absorption and 
recycling. Reproduced from Ref. [38] with the permission from American 
Chemical Society.

Fig. 14. Integrated catalyst-absorbent layer by layer system. (a) Configuration of two reactors with 3 layers and 5 layers, respectively. (b) Comparison of measured 
change in flow to that predicted by the self-developed model and the corresponding estimated fractional conversion by the self-developed model. (c) Summary of the 
first 30 min conversion compared to equilibrium. Reproduced by Ref. [55] with the permission from Wiley.
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Table 5 
Recent studies on sorption-enhanced NH3 synthesis process.

Studies Materials used Operation conditions Remarks Source

1 Magnetite (Fe3O4) catalyst 
Anhydrous MgCl2 sorbent

Ex-situ sorption mode. 80 bar and 400 ◦C for 
catalyst reactor, 200 ◦C for absorbent loading 
reactor. N2 and H2 molar supply ratio is 1:3

⁃ NH3 conversion can achieve over 95 % using MgCl2 for selective 
absorption.

⁃ NH3 synthesis rates over time with/without sorbent are compared, 
highlighting NH3 diffusion impact in solid MgCl2 to the overall 
kinetics.

⁃ Highlight the intricate balance between reaction kinetics and 
absorption equilibria in achieving high conversion.

[245]

2 Catalyst: Nonstoichiometric 
ferrous oxide catalyst (wustite) 
Sorbent: Anhydrous CaCl2

Ex-situ sorption mode. Catalyst bed: 620–740 K. 
Absorbent bed: 460 K. Pressure swing: 20–90 bar. 
Flow rate: 0.7–3 mL/s

⁃ Demonstrated the viability of NH3 synthesis at significantly lower 
pressures with CaCl2 enhanced production and separation of NH3.

⁃ Temperature, pressure and gas transport impacts on NH3 

production rates for low pressure NH3 synthesis.
⁃ CaCl2 can work efficiently under the temperature close the 

synthesis temperature.
⁃ Larger recycle flow results in faster absorber breakthrough, leading 

to faster loading absorbents.

[248]

3 Wustite-based Fe catalyst 
Sorbent: MgCl2 supported on 
silica

Two reactors: 15–30 bar, 400–500 ◦C for catalyst 
reactor. 100–200 ◦C for absorbent reactor

⁃ Output a kinetic model for NH3 sorption and desorption using 
MgCl2 sorbent.

⁃ A dynamic model to explore optimal process designs across various 
scales (100 kg/h to 10,000 kg/h).

⁃ Scalability demonstration with a capacity exponent of 0.77, 
indicating favorable economics at smaller scales.

⁃ Desorption heating as the primary energy consumer, accounts for 
over 80 % of the total energy usage.

[249]

4 Catalyst: wustite-based 
Sorbent: MgCl2 and CaCl2

400 ◦C for synthesis, 
100–450 ◦C for absorbents. Pressure from 10 to 
100 bar

⁃ Detailed analysis of how NH3 synthesis rates are influenced by 
synthesis and absorption interactions.

⁃ Absorption significantly enhanced NH3 production rate, potentially 
exceeding 1000 % with optimized recycle rates.

⁃ Optimizing the synthesis and absorption process separately by 
modeling methods.

⁃ Investigate the same conditions of catalyst bed and absorbent bed 
at constant temperature in a single vessel.

[250]

5 Catalyst: Ru-based catalyst 
(Ru/Ce/CsO2) 
Sorbent: MnCl2/SiO2

Single reactor with catalyst and absorbent 
staggered layers. 250–400 ◦C, 20 bar

⁃ Comparison of absorption-enhanced NH3 conversion with 
equilibrium.

⁃ Layer by layer in situ sorption reactor that can exceed single-pass 
NH3 synthesis equilibrium.

⁃ Feasible pathway of low-temperature (<300 ◦C) NH3 synthesis 
using Ru-based catalyst and sorbent.

⁃ Develop and implement two kinetic models for NH3 synthesis and 
absorption under same operation conditions.

⁃ Impacts of layer numbers to final conversion and required layer 
numbers to achieve 95 % conversion.

[55]

6 Catalyst:5 %Ru/10 %Ce/CsO2, 
commercial KATALCO 74-1, 
KATALCO 35-8A from Johnson 
Matthey 
Absorbent: MnCl2/SiO2

Catalyst reactor and catalyst-absorbent reactor. 
220–420 ◦C 20 bar

⁃ Compared the performance of Ru-catalyst and the commercial 
catalysts under low temperature and pressure, showing the po
tential for utilizing existing catalysts in novel, renewable energy- 
driven processes.

⁃Explores the integration of NH3 synthesis with absorption separation 
in a single vessel, highlighting a shift towards lower pressures (<30 
bar) and temperatures (<380 ◦C).
⁃ Indicates the viability of commercial, especially iron-based, cata

lysts for NH3 synthesis under low-temperature and low-pressure 
conditions with presence of in-situ NH3 absorption.

⁃ Commercial catalysts may offer a cost-effective and efficient 
alternative for NH3 production.

[251]

7 Catalyst: Fe-based 
Sorbent: NiCl2 and MgCl2

Integrated reactor 
400 ◦C and 27 bar, stoichiometric mixture of N2 and 
H2

⁃ Demonstrates an integrated approach by combining NH3 synthesis 
and separation in a single vessel at 400 ◦C, achieving comparable 
rate to traditional methods.

⁃ Explores the kinetics and thermodynamics of NH3 absorption at 
400 ◦C.

⁃ NiCl2 exhibits substantial uptake even at lower NH3 partial 
pressures compared to MgCl2.

⁃ The integrated process can operate effectively at 27 bar, offering an 
energy and capital effective distributed NH3 synthesis route.

[42]

8 Promoted Fe-based catalyst 
Anhydrous CaCl2 sorbent

Double reactors, stoichiometric mixture of N2 and 
H2 

380–475 ◦C 
<30 bar

⁃ Highlighted the viability of NH3 production at pressure as low as 
30 bar, utilizing CaCl2 as the absorbent.

⁃ Optimization of operating parameters in a reaction-absorption 
process, achieving NH3 production rate up to 27 μmol/gcat/s.

⁃ Absorber temperature significantly influences NH3 production, 
with optimal absorption observed at 25 ◦C.

⁃ The reaction-absorption process across multiple cycles with has no 
decay in absorber performance after short regeneration cycles, 
indicating the potential for continuous, efficient operation.

[38]

9 Fe-based catalyst 
sorbent: phosphate solution

600–1000 K 
50–200 bar

⁃ A system simulation for small-scale NH3 synthesis at reduced 
pressures by integrating phosphate absorption.

[41]

(continued on next page)
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absorption and the ammonia partial pressure achieved during the re
action (yellow line in Fig. 11(a)). This behavior suggests that employing 
low-temperature (<300 ◦C) catalysis could enable a process operating at 
low to moderate pressures. Overall, the in-situ sorption performs best in 
terms of thermodynamic limitations compared to the other two 
methods, opening the avenue of low-temperature (<300 ◦C) and mod
erate pressure HB process [247]. Fig. 11(b) summarizes the operation 
conditions in previous studies for NH3 thermal catalytic synthesis based 
on the three separation approaches. The results indicate that NH3 syn
thesis with in-situ absorption has the potential of challenging the HB 
restrictive conditions.

For example, Malmali et al. designed and tested a conceptual reactor 
consisting of overlapping absorbent layers after each catalyst layer, 
which is able to produce 1.8 mol NH3 per hour, as shown schematically 
in Fig. 12 [248]. The arrows from catalyst layers to absorbent layers 
with the color of green, blue and red represents the bed in process, 
transition and regeneration, respectively. Constrained by the target 
productivity (1.8 mol NH3 per hour) and absorption performance (outlet 
mole fraction of NH3 <1 %), the reactor is filled with 17 catalytic sec
tions followed by absorption. The mole fraction of NH3 drops signifi
cantly compared to the case without absorption, namely from 19.7 % to 
1 %, and the mass balance is confirmed through monitoring the flow 
rate. The resulting data proves that the reaction-absorption reactor is 
capable of producing 1.8 mol NH3 hourly under a pressure of 25 bar 
[248].

Similarly, Nowrin et al. have investigated absorption enhanced NH3 
synthesis process with two reactors with and without recycling, as 
depicted in Fig. 13 [38], where RXN denotes the reaction-only setup, 
RXN-then-ABS applies an absorber vessel after the reaction reactor in a 
single pass, RXN-ABS is a closed-loop system with gas recycling under 
approximately constant pressure. The recycling technique in the 
two-reactor system enables the in-situ separation of the yield NH3, while 
allowing the absorber reactor to work under different thermal condi
tions. The results indicate that the reaction temperature predominantly 
governs the overall ammonia production rate, regardless of the ab
sorption temperature, due to equilibrium limitations. Moreover, the 
recycling flow rate has a significant impact on the production rate, 
beyond the effects of the operating conditions alone. Under optimized 
conditions, a production rate exceeding 27 μmol gcat

− 1 s− 1 was achieved. 
The reaction–absorption process demonstrated stable performance over 
more than nine cycles, however, heat dissipation from both reactors 
contributes to the system’s energy inefficiency.

Noticeably, Smith et al. have investigated in-situ sorption reactor 
with loading catalyst and absorbent layer by layer to exceed the 

thermodynamic limitations during NH3 synthesis process, as shown in 
Fig. 14(a) [55]. A series of experiments have been conducted using 
MnCl2 as the sorbent, including the temperature swings, changes in 
reactant ratios, and the impacts of layer numbers. The results show that 
the in-situ sorption enhanced synthesis can exceed the equilibrium 
limitation as shown in Fig. 14(c), and that a greater number of layers 
favors this behavior. Fig. 14(b) proves that the layer number increases 
would significantly raise the conversion, by comparing the left figures 
(single-layer system) to the right figures (double-layer system). The 
monitored change in flow verifies the NH3 removed by the absorbents, 
demonstrating the effectiveness of this layer-to-layer catalyst and 
absorbent configuration. The calculation method for optimizing the 
layer number with a certain conversion rate is also demonstrated in this 
paper. Guided by the theoretical analysis of absorption-enhanced NH3 
synthesis process, many scientific investigations have been conducted. 
Table 5 summarizes the most relevant studies on sorption enhanced NH3 
synthesis.

Although many efforts have been devoted to sorption-enhanced NH3 
synthesis, challenges still remain. A key issue lies in the desorption 
process: NH3 release from sorbents typically requires heating and/or 
fluid washing, both of which introduce additional energy costs. A 
modeling study [249] estimated desorption conditions of 500 ◦C and 
13.4 bar for the absorbent vessel. Experimental work [43] demonstrated 
that efficient NH3 desorption from supported MgCl2 absorbents occurs 
within the range of 180–400 ◦C, which is significantly higher than the 
absorption working temperature of ~50 ◦C. More recently, it was re
ported that desorption at 200 ◦C under sufficiently low sweep gas flow 
enables MgCl2 sorbent regeneration and yields NH3 with 72 mol% purity 
[253]. This result is particularly significant, as it shows the feasibility of 
reducing the energy penalty of sorption-enhanced ammonia synthesis. 
Nevertheless, these studies all employ separate reactors for the absor
bent and catalyst, and the desorption behavior in integrated cata
lyst–sorbent reactor systems remains largely unexplored. In in-situ 
configurations, sorbent regeneration at elevated temperatures may 
inadvertently promote NH3 decomposition within adjacent catalytic 
zones, thereby diminishing the overall collection efficiency. In addition, 
the application of purge gases to facilitate desorption introduces the risk 
of NH3 dilution, which complicates downstream separation and reduces 
product purity. The issue of NH3 desorption during sorbent regeneration 
makes in-situ sorption-enhanced ammonia synthesis practically unvia
ble, underscoring the need for substantial advances in both regeneration 
strategies and reactor design.

In summary, recent advances in sorption-enhanced reactors for NH3 
synthesis have demonstrated significant potential to overcome the 

Table 5 (continued )

Studies Materials used Operation conditions Remarks Source

⁃ Process efficiency is improved under moderate pressures by using 
phosphate absorption.

⁃Importance of heat integration, specifically focusing on the efficient 
use of reaction exothermicity with operating cost reduction.
⁃ A detailed comparison with conventional HB synthesis, underlining 

the benefits of the intensified process in smaller scales.
10 40 wt % MgCl2 and 60 % SiO2 

as sorbent
Absorption: 50–275 ◦C 
Desorption: 50–500 ◦C

⁃ MgCl2 shows high cyclic stability and capacity for NH3 absorption, 
with optimal performance at low absorption temperatures and high 
desorption temperatures.

⁃ The working capacity of sorbents improves at lower absorption 
(50 ◦C) and higher desorption temperatures (300 ◦C), with 3-min 
desorption being ideal for maximizing NH3 production per hour.

⁃ Ammonia release from the sorbent is primarily limited by the rate 
of NH3 diffusion out of the solid during desorption, rather than by 
heat transfer.

[43]

11 Iron and Ru catalysts 
MgCl2 absorbent

250–500 ◦C 
1–100 bar 
GHSV 5000− 45,000 h− 1

⁃ Developed a Gibbs energy minimization model for simultaneous 
NH3 synthesis and sorption equilibrium.

⁃ Higher sorbent ratios significantly shift equilibrium and enhance 
NH3 formation rates.

⁃ Ru catalyst showed lower kinetic performance than Fe under tested 
conditions.

[252]
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thermodynamic limitations of conventional Haber-Bosch process. In
novations such as in-situ sorption reactors, which integrate catalyst and 
absorbent layers, have shown promising results in achieving high NH3 
conversion rates at lower temperatures and pressures. Studies have 
highlighted the efficiency of various sorbents, including metal halides 
and supported analogues, in enhancing NH3 absorption and simulta
neously optimizing operational conditions. However, challenges 
remain, particularly in the scalability of these systems and the economic 
feasibility of implementing advanced sorbents in industrial applications. 
The performance of absorbent at high temperatures such as 300 ◦C is still 
at a low level for most of the currently developed materials, resulting in 
difficulties in integration of catalyst and sorbent for in-situ sorption 
process. Additionally, cyclic tests are necessary to be conducted due to 
partial agglomeration caused by volume changes during repeated ab
sorption/desorption cycles [229]. Challenges related to sorbent stabil
ity, sensitivity to moisture, regeneration efficiency, and the energy costs 
associated with reactant recycling must be resolved to fully unlock the 
potential of sorption-enhanced technologies for NH3 production.

4.2.2. Membrane reactors
Few experimental studies have been reported regarding membrane 

reactors for synthesizing and separating NH3 in a single unit, while 
modeling works are leading the progress. Zhang et al. have designed the 
requirements and evaluated the operation conditions for a catalytic 
membrane reactor through a computational approach, aiming to 
intensify moderate NH3 synthesis through an NH3-permeant membrane 
[254]. The results indicate that the efficiencies of NH3 synthesis and 
separation are dictated by the NH3 permeance. The NH3 permeance is 
ideally in the range of 100–1000 GPU, where values lower than 100 do 
not efficiently separate NH3, while values higher than 1000 show 
diminishing returns due to the saturation phenomenon in the reactor. 
The ideal NH3 selectivity over N2 and H2 should be above 10, while in 
any scenario, it should be no less than 4. This work is meaningful for 
membrane NH3 synthesis reactor design, guiding the development of 
membranes and their implementation.

Another modeling study, recently reported in Ref. [255], numeri
cally investigates a proposed micro–structured membrane reactor 
comprising NH3 synthesis, cooling and separation in the same volume, 
as illustrated in Fig. 15. The reactor block mainly comprises rectangular 
reaction and permeate channels with cross-sectional dimensions of 3 ×
10− 4 m and 6 × 10− 4 m, respectively, and an identical length of 0.15 m. 
The modeling results show that integrating NH3-selective membrane 
separation with in-situ cooling enables N2 conversion up to 47 %, sur
passing the thermodynamic limit at 613 K and 50 bar. The membrane 
reactor achieves approximately 3.5 times higher NH3 yield than the 
non-membrane case and exhibits strong sensitivity to temperature, 
pressure, feed composition, and space velocity.

Recently, a modeling study on NH3 membrane reactor has been 

reported in Ref. [239], aiming at analyzing a larger scale reactor with 
multi-tubular fixed bed structure. As shown in Fig. 16, the reactor 
consists of an inner membrane tube and an outer shell containing the 
catalyst (Ru-based for this case), referred as the permeate and retentate 
sides. A 1D steady-state model, describing the catalytic and 
membrane-separation processes, considering both mass and energy 
balances, has been developed based on Aspen Plus. The modeling results 
confirm that the conversion and NH3 recovery are mostly independent of 
the membrane’s selectivity, when it exceeds the threshold of 10–20 to
wards H2. However, a much higher selectivity (>1000 towards H2) is 
necessary for yielding pure NH3 permeate. Moreover, the model has 
been integrated into a Power-to-Ammonia (PtA) system, indicating that 
the membrane reactor can raise the system efficiency by around 8 % and 
up to15 % for SOEC-based PtA process.

Another interesting experimental work has been reported recently in 
Ref. [256], using separate vessels for NH3 synthesis and membrane 
separation, allowing independent temperature control. This idea is 
similar to ex-situ sorption NH3 synthesis. The schematic diagram for the 
experimental setup is illustrated in Fig. 17. Compared to the conven
tional HB process, the condenser is replaced by a membrane module, 
which can separate trace amounts of NH3. Thereby, the NH3 synthesis 
reactor can be operated under mild conditions (300–400 ◦C, 20–60 bar 
in this study), still with efficient NH3 separation owing to the membrane 
separator. The performance of ceramic composite and sulfonated 
(3-mercaptopropyl) trimethoxysilane membranes for extracting the 
upstream synthesized NH3 from feed side to permeate side has been 
tested, showing an impressive increase of NH3 fraction from 0.01 of 
equilibrium state to 0.1–0.45 in permeate stream in a temperature swing 
of 20–100 ◦C. Further system parametric analysis has been conducted 
together with a plug-flow modeling study, offering valuable insights for 
designing membrane-enhanced NH3 synthesis systems.

Overall, investigations of membrane reactors for promoting NH3 
synthesis remain a nascent and promising field, with a growing need for 
further studies are desired in reactor and system level, particularly with 
experimental work.

4.3. Macroscopic models in reactor scale

Modeling investigations at the macroscale are essential for reactor 
design and optimization, especially for implementing and validating 
new technologies, such as enhanced NH3 synthesis processes using 
sorbents or membrane techniques. This section reviews two types of 
macroscopic modeling approaches: global kinetic modeling and differ
ential equation-based reactor modeling. The former emphasizes the 
latest kinetic models for NH3 synthesis and absorptions, while the latter 
provides an overview of comprehensive reactor models that include 
mass and heat transfer phenomena, covering computational fluid dy
namics (CFD) modeling studies.

Fig. 15. Proposed cooling integrated microchannel membrane reactor (a), and the characteristic repeating unit of the multichannel (b) in two dimensions. (R: 
rectangular reaction, P: permeate) Reproduced by Ref. [255] with permission from Elsevier.
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4.3.1. Macroscopic kinetic models

4.3.1.1. Ammonia synthesis model. Even though several microscopic 
kinetic models have been developed, detailing the fundamental mech
anisms or reaction pathways of NH3 catalytic synthesis process. How
ever, most of the models are too complicated and time-consuming to be 
used for describing the large number of reactions in a practical reactor. 
Therefore, macroscopic/global kinetic models considering only one-step 
reaction for NH3 synthesis process has been developed. Commonly used 
global kinetic expressions for estimating the NH3 synthesis rate are 
summarized in Table 6. It is important to note that the estimated kinetic 
parameters can vary significantly across different studies and catalysts 
(as referenced accordingly), even when the same kinetic expressions are 
used.

4.3.1.2. Ammonia absorption model. Apart from kinetic modeling for 
NH3 synthesis, several kinetic models describing NH3 absorption have 
also been developed, establishing the basis of numerical studies on 
sorption-enhanced reactors. For example, Matthew et al. have devel
oped a global kinetic model to predict the absorption (temperature 
range from 100 to 200 ◦C) and desorption (500 ◦C) rates of NH3 into 

silica supported MgCl2 absorber [249]. The global rates for sorption and 
desorption are governed by Eqs. (1) and (2). 

rabs =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

kabs

(
pNH3 − peq

)7

Kabs +
(

pNH3 − peq

)6, pNH3 > peq, qNH3 < qmax
NH3

0, pNH3 > peq, qNH3 = qmax
NH3

(1) 

rdes =

{

kdes

(
peq − pNH3

)
, pNH3 < peq, qNH3 > 0

0, pNH3 < peq, qNH3 = 0
(2) 

Where pNH3 and peq denote NH3 partial pressure and sorbent equilibrium 
pressure, respectively. qmax

NH3 
indicates the maximum sorption capacity in 

terms of mol/kgabs, e.g., 10.5 mol NH3/kgMgCl2 has been used in the 
original study. The absorption kinetic constant kabs and the desorption 
kinetic constant kdes are estimated as 0.4668 and 7.002 × 10− 3 mol/(s 
kgabs bar), respectively, as reported in Ref. [249]. The net absorption 
rate is then: 

dqNH3

dt
= rabs − rdes (3) 

Fig. 16. Design of a multi-tubular packed bed membrane reactor favored for its manufacturing simplicity, scalable design and efficient heat exchange. Reproduced 
by Ref. [239] with permission from Elsevier.

Fig. 17. Experimental apparatus schematic diagram of the recycle membrane reactor for NH3 production. Reproduced from Ref. [256] with permission 
from Elsevier.
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Another kinetic model for MgCl2-based NH3 absorption has been 
reported in Ref. [250], accounting for three exothermic steps of NH3 
reacting with MgCl2: 

NH3 + MgCl2 ↔ MgCl2•NH3                                                        (R5)

NH3 + MgCl2•NH3 ↔ MgCl2•(NH3)2                                            (R6)

4NH3 + MgCl2•(NH3)2 ↔ MgCl2•(NH3)6                                       (R7)

The absorption rate is governed by Eq. (4). 

rabs =

⎧
⎨

⎩

ka1eka2(pNH3 − peq), pNH3 − peq < 1 bar
ka3e(pNH3 − peq)

2

, pNH3 − peq > 1 bar
(4) 

The kinetic rate constants ka1, ka2 and ka3 are estimated by fitting 
with experimental data with the values of 1.6 × 10− 4 μmol/(s gabs), 9.0 
× 10− 2 kPa− 1 and 3.8 × 10− 6 μmol/(s gabs kPa2), respectively. This study 
also proved that MgCl2 sorbent performs better than CaCl2 for high- 
temperature (205 ◦C) NH3 absorption.

A further study from the same author has been presented in Ref. [55], 
modeling NH3 absorption rate with another metal halide, that is MnCl2. 
The model also considers three steps of NH3 absorption by MnCl2 
absorber, i.e., physical adsorption and two chemisorption steps as listed. 

0.5 NH3 + MnCl2 ↔ MnCl2 • 0.5 NH3                                           (R8)

0.5 NH3 + MnCl2 • 0.5 NH3 ↔ MnCl2 • NH3                                 (R9)

The overall sorption rate in terms of mol/(gMnCl2 min) is determined 
from Eq. (5), 

rabs = 3 × 10− 4( pNH3 − 0.05
)(

1 − X1
A
)
+ 2

× 10− 2
(

pNH3 − peq1

)4(
1 − X2

A
)4

+ 2.5

× 10− 2
(

pNH3 − peq2

)4(
1 − X3

A
)6 (5) 

in which the three parts in the right side sequentially describes the 
physisorption rate and the two reaction steps’ rates. Different from the 
above two models, there are two equilibrium pressures peq1 and peq2 are 
introduced for the steps in Eqs. (6) and (7), respectively, which can be 
obtained by the reciprocal of the equilibrium constants Keq1 and Keq2. 

ln Keq1 = −
42100
8.314

(
1
T
−

1
650

)

(6) 

ln Keq2 = −
42100
8.314

(
1
T
−

1
610

)

(7) 

The coefficients Xi
A indicates the saturation index of ith step with the 

experimental data fitted value of 0.13, 0.35 and 0.35 for the order of i =
1, 2 and 3, respectively. In practice, it indicates the capacity of each step 
in terms of MnCl2 molar equivalent based NH3 removal. This model has 
been implemented for predicting an in-situ sorption enhanced NH3 
synthesis reactor under higher temperatures up to 420 ◦C, showing its 
capability of modeling high-temperature sorption process. Further work 
regarding desorption is highly encouraged, to prove the reversibility of 
the high-temperature sorption process along with experimental studies.

4.3.2. Differential equation-based and CFD models
The kinetic models have successfully described the chemical reaction 

process of NH3 synthesis and absorption. However, the other physical 
phenomena such as mass transport and heat transfer due to fluid flow 
are also important, which have not been considered in kinetic models. 
The differential equation-based models including CFD models, incor
porating the chemical reactions and corresponding kinetic models into 
the mass and heat transport governing equations, provide a more ac
curate way to simulate NH3 synthesis reactors. Several relevant models 
have been reported in previous studies.

For instance, a steady-state, one-dimensional mathematical model 
for a gas-flowing solids-fixed bed reactor has been developed in 
Ref. [264], intricately incorporates the NH3 catalytic equilibrium reac
tion and NH3 adsorption processes. The ordinary differential equations 
(ODEs) have been introduced to detail several key features: material 
balances for both the gas and solids phases, energy balances, conversion 
rates and pressure loss. The model framework consists of six ODEs are 
summarized in Table 7 together with their specifications, covering mass 
and energy balance and the flow pressure loss through the packed bed. 
This comprehensive modeling framework allows for accurate simulation 
of the synthesis-adsorption reactor’s performance, offering a useful tool 
for investigating the adsorption enhanced NH3 synthesis process.

Nikzad et al. reported a comprehensive CFD analysis of three con
ceptual spherical radial flow reactor configurations for NH3 synthesis, 
attempting to improve the NH3 synthesis through reactor design [265]. 

Table 6 
Summary of commonly used global kinetic expressions for ammonia synthesis.

Name Ammonia synthesis rate expression Remarks Ref.

The Temkin-Pyzhev 
expression k1pN2

(
p3

H2

p2
NH3

)α

− k2

(
p2

NH3

p3
H2

)1− α • Invented for promoted iron catalyst at high temperature and pressure in 1940
• The model considers non-equilibrium adsorption of species (nonuniform surface)
• The dissociative adsorption of N2 is considered as the rate-determining step
• The empirical exponent α adjusts the influence of NH3 inhibition, 0 ≤ α ≤ 1
• The model captures the effects of partial pressures and temperature
• The model is semi-empirical, the formulation was derived from extensive experi

mental data fitting
• Good fit to experimental data with simple parameters, but lacks mechanistic 

foundation

[257] 
[258]

The extended Temkin 
expression

k1
(
K2

aaN2 − aNH3
2/aH2

3)

(1 + KNH3 aNH3 /aH2
ω)2α

• Derived from the Temkin model by replacing partial pressures by activities defined 
by fugacities

• Broader temperature range 330–495 ◦C for iron catalysts
• More fitting parameters

[259,

260]

The modified Temkin 
expression 2k

⎛

⎝K2
aaN2

[
(aH2 )

3

(aNH3 )
3

]α

−

[
(aNH3 )

2

(aH2 )
3

]1− α
⎞

⎠η
• Embedding diffusion corrections by the effectiveness factor
• Maintaining model simplicity
• Avoided pressure dependence of rate constant

[261]

Rossetti’s model

kλ(q)γ
(aN2 )

0.5

[
(aH2 )

0.375

(aNH3 )
0.25

]

−
1
Ka

[
(aNH3 )

0.75

(aH2 )
1.125

]

1 + KH2 (aH2 )
0.3

+ KNH3 (aNH3 )
0.2

• Investigated for Ru/C catalysts under 370–460 ◦C, 50–100 bar
• More mechanistic via LHHW approach
• Introduces an additional term accounting for the competitive adsorption of H2

• The activation energy was 23 kcal/mol, much lower than Fe-based catalysts.
• The N2/H2 feeding ratio can vary as 1:3 or 2:3 by changing λ(q)
• Effectiveness factor is not considered due to small and diluted particles used

[262,

263]

Smith’s model k1pN2 − k− 1p1.3
NH3

p− 2.5
H2

• Developed for Ru-catalysts under low operational conditions, 220–420 ◦C
• Implemented in the study together with absorbents

[55]
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The study develops a 2D pseudo-homogeneous model, which in
corporates the extended Temkin kinetic model for quantifying NH3 
catalytic synthesis rate under the CFD model framework. Three novel 
spherical reactor configurations (as shown in Fig. 18) are simulated by 
the model and compared with the typical tubular reactor, including 
various feed inlets. The proposed configurations offer advantages such 
as the ability to operate at higher flow rates with reduced pressure drop 
compared to the tubular design. Simulation results indicate that the 
spherical configuration with four inlets (Fig. 18(c)) achieves the highest 
nitrogen conversion, i.e., 20.96 %, among the three configurations, 
likely due to its minimal pressure loss, particularly at high flow scale-up 
ratios. This model has been further employed to evaluate and compare 
NH3 production performances in different types of reactors, i.e., spher
ical radical flow (SRF), spherical axial flow (SAF) and tubular reactors 
(TR) [266]. Fig. 19 presents the simulated nitrogen conversion, tem
perature contours, and velocity fields, revealing markedly different 
distributions of these key parameters; notably, SAF exhibits superior 
temperature uniformity. Overall, nitrogen conversion in SAF and SRF 
increased by 32.2 % and 26 %, respectively, compared to TR. While, the 
construction simplicity of SAF makes it more practical than SRF among 
the spherical designs. This study demonstrates the great potential of CFD 
modeling for visualization and optimization of NH3 synthesis reactor 
configurations.

In 2023, Tyrański et al. developed a two-dimensional CFD model to 
investigate ammonia synthesis in an industrial axial-radial Topsoe 
converter, where a circular flow pattern is established, using magnetite- 
based catalysts under high pressure (220 atm) and moderate tempera
ture (342 ◦C) [267]. By implementing an extended Temkin-Pyzhev ki
netic model with diffusion correction [259], they systematically 
analyzed the effects of catalyst particle diameter (ranging from 1 to 10 
mm), bed porosity, and geometric configurations on flow behavior, re
action distribution, and ammonia formation rates. The simulations 
showed that smaller catalyst particles enhance local reaction rates but 
may result in unused bed volumes due to early equilibrium, while 
optimized bed geometries can substantially reduce catalyst volume 
without compromising conversion. This work highlights the applica
bility of CFD as a powerful tool for reactor design and optimization in 
large-scale ammonia production.

In the same year, a 3D steady-state CFD model for Ru-based catalytic 
NH3 synthesis has been developed, numerically tackling decentralized 
NH3 synthesis over advanced catalysts [268]. The modified Temkin ki
netic model, as aforementioned, specifically for Ru catalysts has firstly 
been implemented in CFD simulation for synthesizing NH3 in the tem
perature and pressure ranges of 350–430 ◦C and 50–100 bar, respec
tively. The application of this updated kinetic model highlights its 

potential and suitability for simulating thermocatalytic NH3 synthesis 
over advanced Ru-based catalysts. Except the kinetic model and the 
computational dimension, other fluid dynamic models and numerical 
methods employed, such as the SST k–ω turbulence model, porous zone 
modelling approach, and the SIMPLE algorithm for pressure–velocity 
coupling, are consistent with those used in Ref. [267]. The model has 
been validated through comparison with experimental data under 
various isothermal conditions, while varying pressure, space velocity 
and reactants ratio. Then, it has been deployed to numerically optimize 
the operating conditions, outputting the best space velocity in terms of 
NH3 productivity. However, the inlet and outlet boundary conditions 
employed in Ref. [268] are debatable. For high-pressure reactor simu
lations with a specified inlet volumetric flow rate, the use of velocity 
inlet and outflow outlet conditions is generally considered more 
appropriate.

Another NH3 synthesis unit has been simulated using CFD in 
Ref. [269], focusing on process flexibility under varying production 
loads. The reactor under different production loads from 30 % to 100 % 
as well as parameter sensitivity analysis in terms of temperature, pres
sure and catalyst size, has been studied. The key findings reveal that 
reduced loads may cause operational challenges, such as gas dead spaces 
and backflow zones, reducing catalyst productivity, thermal efficiency, 
and exergy efficiency (dropping from 51 % to 34 %). The study high
lights that 3D CFD modeling provides critical insights into the operation 
of NH3 reactors under flexible, renewable energy-driven synthesis con
ditions. While operational flexibility is achievable, it entails trade-offs in 
production yield, catalyst efficiency, and energy losses, particularly at 
lower production loads. Overall, CFD modeling is less common in NH3 
synthesis research compared to kinetic modeling, especially for mildly 
operated reactors. Fewer than 35 publications were identified in the 
Web of Science database using the keywords “ammonia synthesis” AND 
“CFD” (or “ammonia synthesis” AND “computational fluid dynamics”). 
Comprehensive CFD simulations for sorbent- or 
membrane-separation-enhanced reactors remain unexplored. We spec
ulate one of the main reasons is that NH3 synthesis, which matured in 
the early 20th century, many decades before CFD modeling had been 
widely applied. Significant expansion of CFD implementation came only 
after the development of advanced algorithms like SIMPLE (1970) and 
Rhie & Chow interpolation (1983) in the latter half of the 20th century 
[270]. For advancing NH3 reactors beyond current limits, CFD modeling 
will play an increasingly crucial role and warrants greater attention 
moving forward.

In summary, this chapter reviews the latest advancements in ther
mocatalytic NH3 synthesis technologies, with a focus on solid sorption- 
enhanced and membrane-based processes. It highlights the development 
of advanced solid sorbents and membranes, showcasing both state-of- 
the-art achievements and ongoing challenges. Additionally, it summa
rizes studies on intensified NH3 synthesis using sorption and membrane- 
enhanced techniques, including prototypes and unit-scale modeling ef
forts. The insights underscore the potential of these technologies and 
emphasizes the need in reactor scale to address existing challenges and 
explore NH3 production beyond conventional Haber-Bosch process.

5. Green ammonia system integration and assessments

In present, existing large-scale Haber-Bosch plants produce up to 
3300 tNH3/day, requiring substantial H2 supplies that often exceed the 
capacity of current water electrolysis technologies. To enable integra
tion with water electrolysis systems and thereby establish the Gen. 2 
NH3 production route (refer to Fig. 2), NH3 production units must be 
downscaled to capacities of 3–60 tNH3/day [27]. System-level in
vestigations focusing on the integration of advanced thermocatalytic 
NH3 synthesis with water electrolysis are gaining significant attention. 
This chapter reviews the advances, challenges, and adaptation strategies 
associated with this integration, along with practical case studies. The 
key aspects of this green ammonia system integration route are depicted 

Table 7 
Governing equations for the reactor model developed in Ref. [264].

Items Equations Specifications

Material 
balances

F0,N2

dZ
dx

= 0.5RNH3 ηε’A F0,N2 is inlet molar flow rate, Z 
is N2 conversion. The NH3 

synthesis rate is determined by 
the Temkin equation with a 
correction factor η. 
qe denotes the NH3 equilibrium 
concentration 
on the Cu–Y zeolite.

dFNH3

dx
= RNH3 ηε’A −

kgasρs(qe − q)ε’A

us
dq
dx

= kgαs(qe − q)

Energy 
balances u’

gρgCpg
dTg

dx
= − ΔHrRNH3 η −

hasρs
(
Tg − Ts

)

Non-thermal equilibrium 
model. 
The heat transfer coefficient h is 
calculated by Ranz–Marshall 
correlation.

usρsCps
dTs

dx
= − ΔHadsSas(qe −

q)+ hasρs
(
Tg − Ts

)

Pressure 
loss

dp
dx

= −

(
150
Rep

+

1.75
) u2

g ρg

deq

(1 − ε’)

ε’3 −
3
4

Cdβdρgu2
r

dsε’

Modified Ergun equation for 
resistance of 
the packed bed. 
Drag force due to the co-current 
flow.
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in Fig. 20 and structurally elaborated in the subsequent sections.

5.1. System integration challenges

5.1.1. Pressure compatibility
The first critical challenge in process integration is the compatibility 

of operating conditions of water-splitting H2 production and NH3 syn
thesis. The operation conditions of an HB reactor are not directly 
compatible with water electrolysis units. For instance, the current water 
electrolysis process is usually operated under 30 bar (PEM electrolysis 
cell can be higher to 100 bar), creating specific requirements for the HB 
operating pressure, which many enhanced HB processes have yet to 
achieve [271]. A compressor is therefore required to increase the H2 
flow pressure in such cases, resulting in additional capital investment 
and energy consumption. The Techno-Economics of Hydrogen Compres
sion Technical Brief highlights the challenges and costs associated with 
H2 compression, reporting energy requirements ranging from 1.7 to 6.4 

kWh/kg H2 depending on inlet/outlet pressures and compressor effi
ciency [272]. This underscores the necessity of integrating with 
moderate-pressure NH3 synthesis processes, which do not require 
compressing H2 to extremely high levels. For example, Ishaq et al. pre
sented a modeling study of a Power-to-NH3 system that included a 
compressor raising electrolytic H2 to 70 bar to supply a cascaded NH3 
synthesis unit [273]. In their analysis, the compressor’s energy demand 
constituted only a minor fraction of the total energy consumption, which 
was dominated by the electrolyzer. However, the actual energy con
sumption in practical applications is likely to be higher than the values 
estimated in this modeling study.

Alkaline (ALK) water electrolysis, as a more mature H2 production 
technology, has also been attempted to integrate with NH3 synthesis 
unit. Zhang et al. studied a NH3 synthesis process integrated with ALK 
water electrolysis cells powered by photovoltaic panels [274]. The study 
highlights improvements in energy efficiency, achieving over 60 % ef
ficiency by optimizing ALK electrolysis operation conditions. The energy 

Fig. 18. Conceptual schematics of spherical radial flow reactors (a) eight feed inlet, (b) six feed inlet, (c) four feed inlet. Reproduced from Ref. [265] with permission 
from Elsevier.

Fig. 19. Contours of N2 conversion, temperature and velocity field for the SAF, SRF and tubular packed bed reactor. Reproduced from Ref. [266] with permission 
from Elsevier.
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efficiency peaks at a current density of 0.2 A/cm2. Higher operating 
temperatures further improve efficiency, while lower pressures slightly 
enhance performance. The techno-economic analysis shows that 
increasing the current density reduces the cost of NH3 production, 
despite higher power demands. The use of ALK electrolysis cells makes 
PtA pathway even more feasible. However, the absence of H2 
compressor data renders this conclusion somewhat optimistic, as alka
line electrolyzers typically operate at pressures around 30 bar, signifi
cantly lower than the requirements of downstream NH3 synthesis 
processes. In fact, accurately estimating the cost of ALK electrolyzers 
remains challenging due to the wide variability in reported data and the 
lack of transparency regarding which components are included such as 
compressors and storage tanks, as pointed in Ref. [275].

5.1.2. Heat integration
Similar to pressure inconsistency, a heater or chiller is required for 

the H2 flow converted from water electrolysis process before it enters the 
NH3 synthesis process, because ALK and PEM electrolysis typically 
operate at temperatures below 100 ◦C, while the SOEC process usually 
operates at high temperature (600–900 ◦C) [276]. The strengths, 
weaknesses, opportunities and risks analysis for the three types of water 
electrolysis were reviewed in Ref. [277], highlighting the potential and 
limitations of the three major water electrolysis technologies in PtA 
applications. System heat integration is also necessary for PtA systems 
design and optimization. Overall efficiency, complexity, robustness and 
economic feasibility are the key concerns. In 2020, a SOEC-based PtA 
process with heat integration using a three-pressure-level steam cycle 
has been designed and compared with biomass-to-NH3 (BtA) and 
methane-to-NH3 (MtA) processes [278]. The study highlights the effi
ciency benefits of using SOEC due to its high electrical efficiency and the 
potential for heat integration. The PtA process achieves the highest 
system efficiency, exceeding 74 % compared with the BtA and MtA 
processes, while the economic cost is also the highest. The results fore
cast that H2 production from SOEC and increased availability of low-cost 
renewable electricity could reduce payback times to below five years, 
making SOEC-based PtA competitive with conventional NH3 production 
methods.

In addition, the PEM electrolysis-based PtA process and SOEC-based 
PtA process have been demonstrated and compared in Ref. [279], in 
terms of energy efficiency and resource utilization. The results indicate 
that PEM-based PtA achieves H2 and N2 utilization efficiencies of 92.64 
% and 90.56 %, respectively, which are slightly higher than those ach
ieved by SOEC-based PtA. However, SOEC-based PtA demonstrates 
higher energy efficiency, reaching up to 75.08 %, compared to 65.40 % 
for the PEM-based system. Moreover, the study also highlighted the 
impacts of using different heat integration strategies, i.e., direct heat 
integration versus indirect heat integration, as compared in Fig. 21. The 

indirect method, PEM-PtA, focuses on waste heat recovery through 
steam which produces 63.6 MW of heat, still requiring 3 MW heat from 
external sources. The direct method, PEM-PtA, optimizes internal heat 
exchange, reducing utility consumption and producing 36.1 MW of 
high-pressure steam for electricity generation. For SOEC-based PtA, the 
indirect integration (SOEC-PtA) recovers heat similarly, generating 
excess heat (63.62 MW) but requiring better optimization. In direct 
integration (SOEC-PtA), the process recovers heat through a Rankine 
cycle, using surplus heat for electricity generation and service steam 
extraction. SOEC’s higher operational temperature leads to greater heat 
recovery, improving efficiency but increasing system complexity.

Furthermore, an advanced small-scale NH3 production system, 
integrating absorption-enhanced NH3 synthesis units with ALK elec
trolysis stacks, has been proposed and modeled using Aspen Plus and 
MATLAB [280]. The NH3 production configuration, illustrated in 
Fig. 22, incorporates multiple ruthenium-based catalyst beds and MgCl2 
sorbent beds in separate reactors to facilitate NH3 synthesis and sepa
ration, enabling the process to surpass equilibrium limitations. The 
predicted results indicate that this innovative approach achieves over 
90 % conversion of H2 to NH3 in a single pass, without the need for 
high-pressure reactors or chillers.

On the H2 production side, a unique direct-contact water cooling 
method for the electrolyte has been employed, significantly reducing 
parasitic power consumption and improving system efficiency by 13.27 
%. The overall system configuration is detailed in Fig. 23, which outlines 
the process flow for H2 and O2 production via ALK electrolysis, alongside 
a novel method for cooling the electrolyte within a cooling tower. The 
system modeling results demonstrate 46.2 % reduction in power con
sumption compared to the conventional HB process, which uses a vapor 
compression refrigeration cycle to condense and purify NH3. It was also 
shown that the utilization of the novel cooling system for H2 production 
may result in a 19 % reduction in NH3 production costs, owing to sub
stantial savings in electricity costs of H2 production. This process elim
inates the need for NH3 condensation at low temperatures, thereby 
improving both its energy efficiency and economic viability. In addition, 
challenges related to sorption material capacity for large-scale applica
tions have been identified, as well as the sensitivity of catalyst and 
sorbent layer design to space velocity. This study provides meaningful 
insights into the potential of sorption enhanced NH3 production process 
on a system level, showing valuable reference results for guiding the 
process design and optimization.

5.1.3. Hydrogen impurity
Another critical challenge is H2 impurity. In the upstream water 

electrolysis process, the yield H2 may contain impurities, which would 
poison the catalyst in the NH3 reactor [46]. For NH3 synthesis, H2 
supplied from the water electrolysis unit shows significantly reduced 

Fig. 20. Key points of the system integration for green ammonia via Gen. 2 route. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)
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impurities compared to the steam reforming process typically used for 
conventional HB plants, offering a clear advantage for integration. 
However, small amounts of impurities, such as moisture and O2, may 

still persist [281]. Oxygen and water can poison NH3 synthesis catalysts 
by forming oxide layers on the catalyst surface, blocking active sites and 
halting NH3 production. Initially, NH3 production spikes due to rapid 

Fig. 21. Energy consumption distribution for PEM-based PtA (a) before heat integration; (b) after heat integration; SOEC-based PtA (c) before heat integration; (d) 
after heat integration (ASU: Air separation unit, ASP: Ammonia synthesis plant). Reproduced from Ref. [279] with the permission from Elsevier.

Fig. 22. Diagram of sorption enhanced NH3 production process flow (Abs: Absorption, R: Reactor, O: Open, ◦C: Closed, HX: Heat exchangers). Reproduced from 
Ref. [280] with permission from Elsevier.
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surface reorganization, but prolonged exposure results in complete 
poisoning. Ammonia synthesis typically requires >99.999 mol% pure H2 
and N2 reactants for safe operation [282], although H2 from water 
electrolysis units may fall short of this standard. For instance, Huag et al. 
observed O2 impurities in H2 from ALK electrolyzers ranging from 0.132 
mol% to 0.478 mol%, depending on variables such as current density, 
electrolyte flow rate, and temperature [283]. Bacquart et al. reported 
that temperature swing adsorption purification in PEM electrolysis 
systems lowered O2 impurities to 0.5–2 μmol/mol and water impurities 
to below 3 μmol/mol [284]. Simulation results in Ref. [285] also indi
cate that catalyst activity varies significantly with feed gas composition, 
even at extremely low water content levels below 10 ppm. In addition, 
moisture also poses a risk to other materials, such as sorbents, if 
sorption-intensified NH3 reactors are used in the PtA process. As afore
mentioned, metal halide-based absorbents are vulnerable to moisture 
with risk of releasing HCl. Developing catalysts with a high impurity 
tolerance for NH3 synthesis remains ongoing; thus, H2 purification is 
essential when integrating water electrolysis with NH3 synthesis pro
cesses, and cryogenic ASU is preferred for producing high-purity N2.

To summarize, the integration of water-splitting H2 production and 
NH3 synthesis presents challenges due to the differing operational con
ditions of the involved processes. Heat integration, purification, pres
sure management, and temperature control are critical for optimizing 
system efficiency and ensuring economic feasibility. Advanced heat re
covery and integration are key to improving the overall process, 
providing significant opportunities for process optimization. Increasing 
the availability of low-cost renewable energy, along with further opti
mization of electrolyzer technologies, will be crucial in making NH3 
production more competitive and scalable, offering significant potential 
for cost reduction and improving energy efficiency.

5.2. System intermittency and dynamic operation

The second critical challenge of the PtA process arises from fluctu
ations in renewable electricity inputs, which significantly affects the 
operation of key components in the PtA chain, such as the water elec
trolysis unit, air separation unit (ASU), and NH3 production reactor. 
These effects can be categorized into two aspects: 1) reactor start-up and 
shutdown, and 2) load variation during operation, depending on the 
different fluctuation modes of renewable electricity [59]. The frequent 
start-stop and load-varying operation will result in system inefficiency, 
longevity and safety problems for PtA processes.

If the PtA process is fully powered by off-grid renewable energy, 
frequent start-ups and shutdowns may occur. However, the required 
response times for these operations vary in orders of magnitude across 
different units. For example, the start-up time for a PEM electrolyzer is 
on the scale of minutes [286], while for a cryogenic ASU, it is of the 
order of hours (also differs from cold start-up and warm start-up). In 
general, although a mildly operated NH3 reactor has relatively short 
response time for start-up, it still requires several tens of hours due to 
pressurization and purification pretreatments. In addition, water elec
trolysis cells are sensitive to the shutdown and idle phases, which may 
accelerate their degradation [287]. Consequently, under highly inter
mittent renewable electricity, the PtA process might never fully start up 
if it must shut down before all reactors are operational. In this case, the 
PtX process imposes specific requirements on the intermittency of 
renewable energy, implying that not all sources can be directly coupled 
to PtX processes. If the process is (partially) powered by grid electricity, 
a much faster response time is required to meet the grid demand, typi
cally on the millisecond to second scale. It is particularly important for 
large-scale PtA process deployment. Currently, achieving such rapid 

Fig. 23. Diagram of overall NH3 production process flow (AEL: Alkaline electrolysis, CASU: Cryogenic air separation unit, F: Flash, CT: Cooling tower, HPC: High 
pressure column, LPC: Low pressure column, C: Compressor, Reb: Reboiler, Cond: Condenser, EV: Expansion valve, MSHX: Multi-stream heat exchanger, CW: Cooling 
water, HX: Heat exchanger, P: Pump, Mix: Mixer, Div: Divider). Reproduced from Ref. [280] with permission from Elsevier.
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response times remains a significant challenge, which sets demands of 
efforts from the control and optimization side for multi-energy or hybrid 
energy PtA systems [288].

On the other hand, the key components in PtX systems must 
dynamically respond to load variations from renewable sources. Each 
unit generally operates within a defined load range to maintain safe and 
efficient performance. Amongst, electrolyzers demonstrate significant 
flexibility in load-varying operations. For example, PEM electrolyzer can 
operate across a broad load range from 0 % to 160 % of its nominal 
capacity [59]. Advanced NH3 reactors can function from as low as 10 %– 
100 % of nominal load [289]; however, sustained operation at very low 
loads is generally avoided to prevent efficiency losses and potential 
catalyst degradation. By comparison, ASUs are limited to a narrower 
load range of 60 %–100 % of nominal capacity, primarily due to the 
operational stability required in cryogenic processes. Another important 
factor in dynamic operation is the ramping rate, as high-pressure and 
extreme thermal conditions necessitate careful control to prevent stress 
on reactors. PEM electrolyzers exhibit rapid ramp rates, up to 3.3 % per 
second and as high as 10 % per second of the standard load in some 
industrial applications [286], making them highly responsive to fluc
tuations in renewable energy input. Conversely, NH3 production units 
operate with slower ramp rates, typically around 20 % per hour [290], 
due to the thermal inertia and sensitivity of the catalytic processes 
involved. From a flexibility standpoint, PEM electrolyzers are superior, 
outperforming ALK and SOE electrolyzers, and are promising for PtA 
processes. Effective control strategies are essential to achieve a reliable 
and efficient PtA process under load-varying conditions, underscoring 
the importance of integrated dynamic control in flexible Power-to-X 
applications.

5.2.1. Energy buffer system
To address the dynamic behavior due to renewable energy inputs, 

two strategies can be implemented: (1) mitigating fluctuations through 
intermediate energy buffers (e.g., batteries and/or H2 storage), or (2) 
developing fully flexible reactors for both H2 production and NH3 syn
thesis that can adapt to varying electricity inputs. Implementing these 
strategies yields three types of PtA processes, as depicted in Fig. 24.

Generally, storing renewable electricity in batteries or liquid H2 
buffer vessels is costly, significantly increasing the production cost of 
NH3, and it is limited by the storage capacity of the buffer. Fig. 25 il
lustrates three types of energy buffers applicable in PtX systems, con
trasts H2 storage buffers with two types of battery systems, i.e., lithium- 
ion and Carnot batteries, in terms of energy storage characteristics 
[291].

In a battery-assisted system, fluctuations in renewable energy can be 
effectively mitigated at the outset, enabling the entire PtA process to 
operate in a static or smooth mode [292]. This approach benefits from a 
high overall efficiency of approximately 95 %, rapid response times, and 
flexibility in power supply, making it ideal for scenarios that require 
swift adjustments to energy output. However, significant drawbacks for 
large-scale applications include limited storage capacity, higher costs, 
and environmental impacts such as manufacturing emissions and haz
ardous material leakage in the end-of-life management. Conversely, the 
H2 buffer-plugged system, potentially complemented by a N2 buffer, 
necessitates that the electrolysis unit operates in tandem with electricity 
fluctuations, while the downstream NH3 reactor can function steadily 
[293]. This ‘partially flexible’ system is highly feasible, owing to the 
rapid dynamic behavior of electrolysis stacks. It is inherently suited for 
larger-scale processes that require substantial energy buffering over 
relatively longer durations. The study reported in Ref. [275] projects 
that by 2040, H2 storage will account for approximately 7 % of the total 
CAPEX of a NH3 production system. Nevertheless, it is important to note 
that this system remains challenges related to safety risks and lower 
energy utilization efficiency. Overall, the introduction of additional 
energy buffers facilitates stable system operation, broadening PtA 
applicability across diverse renewable energy sources and simplifying 

control processes. While this approach shows promise in specific cases, 
such as isolated PtA systems exclusively relying on renewable energy, its 
implementation for large-scale e-NH3 production is constrained by 
buffer limitations, high costs and safety risks.

5.2.2. Dynamic operation
An alternative approach involves dynamically operating all major 

system components in response to intermittent energy inputs, elimi
nating the need for energy buffers. This approach is the most econom
ical, avoiding additional costs associated with batteries or H2 buffers, 
and is particularly advantageous for large-scale NH3 production. How
ever, fully flexible operation may reduce the capacity factor, lower the 
efficiency, affect product quality, or increase wear on critical units. This 
mode of operation imposes constraints on heat and mass integration at 
the process scale, potentially compromising system robustness and 
reliability. Thus, fully flexible operation is feasible only under specific 
conditions, for instance, it requires a relatively stable energy supply with 
limited fluctuations, ideally avoiding the shutdown of essential PtA 
components. In some cases, connection to the grid as a backup energy 
source can stabilize operations. Moreover, real-time control and moni
toring systems must be implemented to adjust unit loads precisely with 
variations in multi-energy input. Highly customized design with 
complicated control strategies is the unique factor for fully dynamic NH3 
production. Given these challenges, research on the development of 
fully flexible PtA systems remains limited.

Currently, a hybrid approach, combining operational flexibility with 
energy buffering, displays an effective solution: optimizing the balance 
between operational flexibility and energy storage capacity. In this 
approach, NH3 production is maximized within a dynamic system, while 
reliance on batteries or H2 buffers is minimized. The research in 
Ref. [294] show that H2 storage costs account for up to 19 % of total 
production costs when the conventional Haber-Bosch process operates 
with flexibility constraints during prolonged periods of insufficient en
ergy supply (10-day intervals). Ex-situ and in-situ sorption enhanced 
NH3 synthesis units, i.e., sorption-enhanced and single-vessel reactors, 
have been implemented in a dynamic PtA system, as illustrated in 
Fig. 26.

The results show that the single-vessel system and absorption- 
enhanced system with flexible operation achieves superior economic 
efficiency with minimal storage requirements, especially under high 
seasonal fluctuations. At smaller scales (100 kW), production costs in
crease significantly due to the higher relative cost of electrolyzers and 
storage. The research underscores a critical transition from maximizing 
energy efficiency to minimizing costs in renewable-powered systems, 
highlighting the need for varying scales and energy dynamics NH3 
production processes designed for low-pressure operation, agility, and 
reduced capital costs.

5.3. Assessments

To ultimately achieve green NH3 production through the integration 
of thermocatalytic NH3 synthesis with water electrolysis, a techno- 
economic assessment (TEA) and life cycle assessment (LCA), must be 
conducted. This necessitates the incorporation of diverse impact cate
gories in TEA and LCA. For instance, while solar or wind energy systems 
effectively reduce greenhouse gas (GHG) emissions, they may also lead 
to other environmental issues, highlighting the importance of holistic 
assessment strategies. The rapid advancements in H2 production with 
renewable energy technologies result in frequent updates to cost and 
efficiency data, leading to significant variability in TEA and LCA results 
for NH3 production and PtA processes over short time frames. Conse
quently, this paper focuses exclusively on work recently published, 
primarily within the past five years. And it presents and compares 
advanced assessment methods, standards, results, and conclusions, fol
lowed by a summary of the current status.

T. Gu et al.                                                                                                                                                                                                                                       Progress in Energy and Combustion Science 112 (2026) 101262 

29 



Fig. 24. System types of NH3 synthesis integrating with intermittent renewable energy.

Fig. 25. Three types of energy buffers that can be used in PtA processes. Reproduced from Ref. [291] with permission from Elsevier.
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5.3.1. Techno-economic assessment
In general, TEA for NH3 production and PtA plants can be divided 

into two categories based on the different assessment approaches 
employed [295]: process modeling and economic analysis (PM) [296], 
and individual plant models with local energy system integration (ESI) 
[282]. The first category relies on a process model that accounts in detail 
for components, integration and mass and heat balances, typically 
assuming a fixed electricity supply with a constant price. As a result, 
these plants are evaluated under steady-state operating conditions 
[297]. In contrast, the second category addresses the intermittency and 
price variations of energy supply, leading to an assessment of plants 
operating in a flexible mode with intermediate energy buffers, such as 
batteries or H2 tanks [290]. Both types of TEA for NH3 production have 
specific applicable scenarios, fostering the further development of PtA 
technologies. For the PM-type assessment, Zhang et al. developed a 
multi-objective techno-economic optimization method using the 
OSMOSE platform to analyze the performance of PtA and compare it 
with biomass-to-NH3 (BtA) and traditional methane-to-NH3 (MtA) pro
cesses [278]. All systems are assumed to have a fixed production scale of 
50 kton of NH3 per year, with additional cost assumptions detailed in the 
paper. The analysis considers system efficiency, levelized cost of NH3 
(LCOA), and investment payback time. Results indicate a trade-off be
tween system efficiency and NH3 production cost; increasing system 
efficiency correlates with higher production costs. For PtA, the system 
achieves the highest efficiency of 75 % but incurs the highest production 
cost of over $550/ton, with a payback period of five years. Fig. 27
compares the investment (a), operational costs (positive values) and 
revenues (negative values) (b) across all cases. The results show that PtA 
process performs best in revenue and lowers investment than BtA pro
cess, highlighting the future competitiveness of the PtA process.

In [298], a TEA of the energy supply chain utilizing NH3 has been 
conducted, incorporating Aspen Plus process simulations that include 
ASU, NH3 synthesis, and water electrolysis. Three scenarios, i.e., cur
rent, near future, and sustainable future, were evaluated, revealing that 
11.044 to 9.349 MWh of renewable electricity will be required in 

exporting countries to produce 1 ton of NH3. The detailed costs for the 
future scenario are illustrated in Fig. 28, based on an assumed electricity 
price of $15/MWh.

Another optimistic TEA study for future PtA systems based on PEM or 
SOE technologies have been reported in Ref. [279]. The projected NH3 
production costs in future will decrease to $359.7/t NH3 and $343.5/t 
for PEM-PtA and SOEC-PtA processes, respectively, assuming the 
implementation of carbon tax and renewable electricity price down to 
0.014 $/kWh. By comparison, conventional HB processes yield pro
duction costs ranging from $403.1 to $514.7/t NH3, highlighting the 
significant economic advantages of these emerging methods and their 
promising potential for further development. The performance of 
different NH3 synthesis processes, current versus future, are shown in 
Fig. 29. The PEM- and SOEC-based ammonia synthesis routes are 
recognized as equally promising technologies based on the key perfor
mance metrics: element utilization rate, energy efficiency, capital in
vestment, and carbon emission.

Moreover, the assessment in Ref. [277] reveals the sensitivity of 
e-NH3 production costs to electricity prices. Specifically, it shows that 
electricity prices below $12.50/MWh would render e-NH3 production 
economically viable. Alternatively, to make e-NH3 production compa
rable to the benchmark Haber-Bosch process, a carbon tax of $210.80 
per ton of CO2 or a charge of $135.80 per ton of carbon emissions on the 
fossil fuel-based Haber-Bosch process would be necessary. Nonetheless, 
these studies are conducted within the PM framework, which does not 
account for the dynamic behavior of the PtA process, where an energy 
storage buffer (battery or H2 tank) may be necessary. Hence, the resulted 
conclusions in terms of LCOA and efficiency are interpreted as optimistic 
results.

On the other hand, there are assessment investigations that consider 
the intermittency of integrated energy systems, specifically EIS-type 
TEA. For example, Bouaboula et al. developed a techno-economic 
model for a pilot-scale (4 t/d) NH3 plant that includes an energy stor
age system comprising batteries and thermal energy storage (TES) 
[292]. To manage the load of the Haber-Bosch unit, the model applied a 

Fig. 26. Schematic of NH3 production from solar and wind energy. Reproduced from Ref. [294] with permission from Elsevier.
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novel Energy Management Strategy (EMS) to optimize renewable power 
allocation for charging and discharging the Energy Storage Systems 
(ESS).

The results indicate that the cost of NH3 production in this scenario is 
$774/t NH3, with the major contributors being batteries, photovoltaics 
(PV), and electrolyzers contributing 39 %, 33 %, and 22 % of the cost, 

respectively. However, the LCOA is could decrease in the future, 
reaching $250/t NH3 by 2050, as shown in Fig. 30, based on the eco
nomic assumptions listed in Table 8 for the major components PV panel, 
battery and electrolyzer stack. The study also recommends the use of 
advanced Haber-Bosch processes as alternatives to conventional 
methods, enhancing the system’s flexibility to accommodate the inter
mittent nature of renewable sources.

Similarly, Wang et al. conducted a TEA case study for evaluating the 
economic viability for partially flexible NH3 production in Australia 
[299]. The system utilizes off-grid power, specifically wind and solar, 
along with batteries and H2 buffers to address the intermittency of wind 
and solar electricity. As illustrated in Fig. 31, the study compares the 
LCOA across different scenarios: powered solely by wind, solely by solar, 
and utilizing a hybrid of both resources. The results demonstrate the 

Fig. 27. Comparison of investment (a), operational cost (positive value) and 
revenues (negative value) (b) for MtA, BtA and PtA systems. Reproduced from 
Ref. [278] with permission from Elsevier.

Fig. 28. Comprehensive analysis of economic evaluation, material balance, and energy consumption of NH3 energy supply chain in sustainable future scenario. 
Reproduced from Ref. [298] with permission from Elsevier.

Fig. 29. Comparison of the comprehensive performances for different NH3 
synthesis. Reproduced from Ref. [279] with permission from Elsevier.
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advantages of integrating wind and solar sources and employing a 
flexible operational strategy. The investigation reports the LCOA for 
2025 and 2030 as AU$756/ton ($500/ton) and AU$659/ton 
($436/ton), respectively. By 2030, this would be economically 
competitive with grey NH3, assuming a natural gas price exceeding AU 
$14/MBtu and a carbon price of at least AU$123/ton.

Campion et al. developed an open-source TEA model tailored for 
dynamic PtX plants, optimizing investment and operational costs based 
on varying power profiles and hourly grid electricity price [295]. The 
modeling results indicate that a combination of local energy and a grid 
connection (semi-islanded setup) is the most cost-effective option, 
achieving a cost reduction of up to 23 % compared to off-grid systems, 
though it results in GHG emissions. The model also demonstrates that a 
flexible NH3 plant significantly reduces fuel costs. For fully off-grid 
systems, estimating costs using the levelized cost of electricity and ca
pacity factors to derive operational hours can lead to cost over
estimations of up to 30 % compared to optimization methods, as 
potential savings from complementary power sources or intermediate 
storage are not accounted for. The most economical off-grid configura
tion achieves production costs of €842/ton ($996/ton), whereas the 
prices for grey NH3 were €250/ton ($296/ton) in January 2021 and 
€1500/ton ($1775/ton) in April 2022 in Western Europe. A comparison 
of NH3 production costs is presented in Fig. 32, detailing the costs for 
different modes NH3 production located in Chile, Denmark, and 
Australia.

In addition, Osman et al. reported a methodology for the design, cost 
estimation, and optimization of an industrial scale NH3 production plant 
(1840 t/d) in the UAE, powered exclusively by renewable energy [301]. 
The plant employs batteries and thermal storage to continuously supply 
the N2 and H2 required for NH3 synthesis, with H2 generated via 
seawater desalination followed by electrolysis. Aspen Plus and the 
Python-based Gurobi Optimizer were utilized to develop the working 
flow. The cost-optimal configuration includes 3.5 GW of PV capacity and 
0.24 GWh of battery storage, achieving approximately 37 % energy ef
ficiency under UAE operating conditions. The estimated LCOA for this 
base case is $718/ton NH3, with further reductions anticipated due to 
expected technical advancements, potentially lowering the cost to 
$450/ton. According to the IEA’s 2021 prediction [6], the levelised cost 
of PtA is expected to be around $600/ton considering low cost of energy 
storge solution, although it varies regionally due to the variation of 
electricity price, as seen in Fig. 33.

In summary, various studies illustrate the current economic status of 

NH3 production under different scenarios that (partially) integrate sus
tainable energy sources, demonstrating its promising cost- 
competitiveness compared to conventional Haber-Bosch plants. Flex
ible operations that incorporate energy storage systems can significantly 
reduce the levelized cost of NH3 over time. These findings emphasize the 
economic potential of advanced NH3 production, especially with the 
impending carbon tax, despite current e-NH3 price being higher than 
those of grey NH3. Continued research is essential to address dynamic 
operational challenges and enhance competitiveness against conven
tional NH3 synthesis processes.

5.3.2. Life cycle assessment
A comprehensive evaluation of environmental impacts in NH3 syn

thesis is essential to avoid inadvertently shifting burdens onto human 
health and ecosystems. However, literature on LCAs that encompass the 
entire cradle-to-gate or cradle-to-grave spectrum of NH3 synthesis re
mains limited. A mini-review presented in Ref. [302] summarizes 
methodologies and recent advancements in life cycle studies across all 
existing NH3 production processes, providing valuable insights into their 
environmental sustainability. The mini-review underscores the critical 
balance between technological innovation, economic viability, and 
environmental impact. The recent investigations focusing on renewable 
energy-powered thermocatalytic NH3 synthesis, which are not covered 
in the mini-review [302], are as follows.

Bicer et al. conducted an LCA study for a NH3 production system that 
integrates a water electrolyzer with the Haber-Bosch process, utilizing 
various renewable energy sources, including hydropower, nuclear en
ergy, biomass, and municipal waste [303]. The CML 2001 and 
Eco-Indicator 99 methods were employed to identify and quantify 
environmental impacts in categories such as global warming potential, 
human toxicity, and abiotic depletion. The results show that 
hydropower-based NH3 synthesis offers the most environmentally 
favorable option, exhibiting the highest energy efficiency (42.7 %) and 
an exergy efficiency (46.4 %), along with the lowest GHG emissions of 
0.38 kg CO2-eq per kg of NH3. In contrast, biomass and nuclear path
ways showed higher emissions of 0.85 kg CO2-eq and 0.84 kg CO2-eq, 
respectively, highlighting the need for technological improvements. 
Notably, municipal waste incineration not only reduces waste but also 
serves as a sustainable alternative with the lowest global warming po
tential of 0.34 kg CO2-eq per kg of NH3. In a related study by the same 
author indicates that the nuclear electrolysis-based NH3 generation 
method results in the lowest global warming and climate change im
pacts, whereas coal-based electrolysis options led to significantly greater 
environmental issues [304]. The greenhouse gas emissions associated 
with nuclear-based electrolysis are calculated at 0.48 kg CO2 equivalent, 
in stark contrast to 13.6 kg CO2 per kg of NH3 produced using the 
coal-based electrolysis method. Moreover, the GHG emissions from 
various NH3 production pathways, i.e., based on ALK electrolysis, PEM 
electrolysis, and SOE integrated with the HB process, have been 
compared to those of the conventional HB process, in Ref. [305]. Ac
cording to Fig. 34, the corresponding CO2 emission ranges for NH3 
production using ALK, PEM, and SOE water electrolysis are 0.83–0.93, 
0.82–0.99, and 0.69–0.72 kg CO2/kg NH3, respectively, depending on 
the efficiency range from worst-to best-case scenarios. These represent 
average reductions of 2.46 × , 2.42 × , and 3.07 × times compared to the 
conventional HB process. The potential of SOEC-integrated NH3 

Fig. 30. Forecast of flexible NH3 production cost. Reproduced from Ref. [292] 
with permission from Elsevier.

Table 8 
Economic assumptions for PV, battery and electrolyzer [300].

Component Cost Year

2021 2030 2040 2050

PV CAPEX ($/kW) 590 380 260 205
Battery CAPEX ($/kW) 132 62 41 34
​ CAPEX ($/kW) 264 124 86 34
Electrolyzer CAPEX ($/kW) 770 540 435 380
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synthesis is further emphasized in LCA, highlighting its relatively lower 
carbon footprint.

Chisalita et al. conducted an environmental assessment of conven
tional and emerging H2 production routes integrated with NH3 synthesis 
in Europe, employing the ReCiPe impact assessment method [306]. 
Mass and energy data from the process model were used as inputs for the 
analysis. The results indicate that the NH3 synthesis route achieves a 
Global Warming Potential (GWP) reduction exceeding 85 % compared 

to the conventional method. Furthermore, by replacing the H2 supply 
chain, the environmental burden of NH3 production can be reduced by 
approximately 40 % of total emissions, along with a 15 % reduction in 
total energy consumption. In Ref. [307], various NH3 production path
ways have been evaluated addressing their cradle-to-plant-gate fossil 
energy use and GHG emissions. Among the alternative pathways, sour
ing N2 via cryogenic distillation and H2 from low-temperature elec
trolysis powered by renewable electricity results in the lowest 

Fig. 31. LCOA based on the CAPEX assumptions in 2030 for scenarios with wind, solar and a hybrid wind and solar system (Horizontal axial abbreviations represent 
states of Australia). Reproduced from Ref. [299] with permission from Elsevier.

Fig. 32. Ammonia production costs comparison: only grid connected vs. off-grid scenarios. Reproduced from Ref. [295] with permission from Elsevier.
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cradle-to-plant-gate GHG emissions, representing a 91 % reduction 
compared to the conventional steam methane reforming. However, 
integration of energy storage solutions to mitigate the intermittency of 
renewable electricity may negatively impact the economic feasibility of 
low-carbon NH3 production, highlighting the critical importance of 
flexible operations once again. Lee et al. also compare the NH3 pro
duction route with carbon capture in the United States, achieving a 
55–70 % reduction in GHG emissions [308]. However, the effectiveness 
of NH3 production depends on various regional factors, including mar
ket demands and the availability of renewable energy. Therefore, a 
regional analysis is recommended to accurately assess the life cycle 
emissions of different NH3 production technologies. The most recent 
LCA study on PtX has highlighted the potential of NH3 as the terminal 
electro-fuel, reporting the highest negative GWP of − 7.55 kg CO2-eq 
compared to methanol, methane and liquid H2 [309].

To sum up, many existing studies have utilized a cradle-to-gate 
system boundary, focusing solely on the manufacturing phase of NH3 
production. There is a strong incentive for LCAs with broader bound
aries, such as cradle-to-grave analyses, to engage comparisons across 
various NH3 production processes. Additionally, challenges arise from 
data quality and allocation rules in LCA, which involve distributing re
sponsibility for resource consumption, emissions, and waste streams. 
The IEA report [6] forecasts future CO2 emissions and energy con
sumption for various production routes, as illustrated in Fig. 35. To 

ultimately achieve net-zero emissions, more comprehensive LCA 
research with a thorough uncertainty analysis is essential, particularly 
for the water electrolysis-based processes.

5.4. On-going green ammonia projects

Beyond academic efforts, industrial progress is also remarkable, 
leading to the launch of several PtA projects coordinated by industrial 
stakeholders. There has been a rapid increase in the number of 
announced PtA projects in recent years. The existing and announced 
projects for near-zero-emission NH3 production until 2021 have been 
statistically summarized by IEA in terms of production capacity (metric 
tons), as displayed in Fig. 36. The figure illustrates both on-going and 
planned projects for near-zero-emission NH3 production, focusing on 
two main technologies: electrolysis and carbon capture and storage 
(CCS). From 2015 to 2025, there has been a significant increase in 
projects announced, especially in electrolysis, with a projection of up to 
4 million tons of NH3 by 2030, indicating a high potential in green NH3 
production. Overall, the data reveal a promising trajectory in the 
development of NH3 production methods, highlighting the shift towards 
renewable energy sources and innovative production techniques.

In the past few years, NH3 projects have surged globally, advancing 
the commercialization of renewable NH3 synthesis. Europe and China 
are the leading players in this sector, conducting a substantial number of 

Fig. 33. Levelised cost of electrolytic NH3 and electricity production. Reproduced from Ref. [6] with permission from International Energy Agency.

Fig. 34. CO2 emissions of NH3 synthesis for various production pathways: water electrolysis HB process using ALK, PEM, and SOE, and conventional HB process. 
Reproduced from Ref. [305]with permission from American Chemical Society.
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projects and production capacities ranging from 5000 t/y to 1.6 million 
t/y. The primary energy sources for these projects are solar and wind, 
with one project utilizing hydropower. Recent initiatives have increas
ingly emphasized dynamic behavior and flexible operation, particularly 
in smaller-scale plants. Most of the projects announced are currently 
under construction, warranting continued monitoring of their progress 
and implementation status. Table 9 summarizes the key features of the 
newly released green NH3 projects since 2021, thanks to the information 
reported by Ammonia Energy Association. All listed projects are water 
electrolysis-based ammonia plants; however, their energy sources are 
not exclusively from renewables, as some projects are grid-connected.

The recently announced NH3 projects signify a substantial shift to
ward sustainable NH3 production, primarily powered by renewable 
energy sources like solar and wind. These initiatives showcase a growing 
trend in decarbonization and process innovation within the NH3 sector. 
However, achieving full sustainability and net-zero emissions requires 
progress across several critical technological milestones, as outlined in 
Table 10. Current bottlenecks include advancements in water electro
lyzer capacity, H2 production scalability, and carbon capture technolo
gies, which need to be expanded in future to support this transition 
effectively. Continued investment, research and upscaling in these areas 
will be essential for overcoming these challenges and fully realize the 
goals of SDS and NZE.

6. Challenges and opportunities

While promising advancements in NH3 synthesis via advanced 
thermocatalytic technology are underway, these efforts remain insuffi
cient. Greater contributions are needed from a wide range of stake
holders worldwide to enable NH3 producers to significantly reduce CO2 
emission and a transition to renewable energy. The major obstacles and 
opportunities to sustainable NH3 production from both technological 
and societal perspectives, are outlined in this chapter.

6.1. Technical challenges and opportunities

To make NH3 synthesis more sustainable, achieve higher production 
rates, and ensure compatibility with renewable energy sources, several 
key technical areas require further research and innovation. Advance
ments in any of these areas could significantly impact the NH3 industry 
by lowering energy requirements, enabling flexible production, and 
increasing compatibility with variable renewable energy. The following 
areas represent priority research fronts. 

• Catalysts. The development of novel catalysts capable of reducing the 
pressure and temperature requirements for NH3 synthesis is a critical 
area of research, given the substantial energy demands of the pro
cess. Such advances form the foundation of scalable NH3 synthesis 
units, improving their feasibility and efficiency when integrated with 
renewable power sources. Continuous efforts to invent super active 
catalysts, e.g., synthesizing NH3 at temperatures as low as 300 ◦C and 
pressures of 50 bar with good production rate, are essential. Supports 
and promoters play an instrumental role in enabling NH3 synthesis 
under these milder conditions. While precious metals like ruthenium 
demonstrate increased activity at reduced temperatures, their high 
cost poses challenges for practical application. Consequently, the 
discovery of alternative materials or solutions that minimize the use 
of noble metals is essential to achieving stable and economically 
viable catalysts [325]. Emerging catalysts incorporating materials 
such as electrides, hydrides, amides, nitrides, oxynitride hydrides, 
and oxide-supported compounds offer promising alternatives. 
Furthermore, to facilitate the Haber–Bosch process in localized, 
small-scale NH3 production, the development of oxygenate-tolerant 
catalysts is highly desirable to streamline the PtA process and 
enhance overall efficiency [40], therefore insight into the catalyst 
during the reaction is sought after. Modern operando techniques 
provide experimental input, and it is highly recommended to 
combine them with computational approaches, capturing the live 
changes of catalyst and reactor conditions during the process. Sin
tering of catalyst particles, nitride-based third-generation catalysts 
bleed N2 atoms from the bulk, high-temperature and high-pressure 
surface reconstructions and similar effects require models that can 
account for changes in the kinetics and surface properties on-the-fly.

• Process intensification. Beyond catalyst development, implementing 
chemical or physical intensifications of reactors, serving as 
compensatory measures for mild synthesis conditions, is a promising 
approach to enhancing NH3 production. Technologies such as 
sorption-enhanced reactors and catalytic membrane reactors, which 
intensify the synthesis process by separating product yields, 
demonstrate significant potential. However, both remain at low TRL, 
undergoing small-scale to pilot-scale investigations due to several 
technical challenges [25]. For instance, in-situ sorption-enhanced 
reactors face a trade-off between the optimal operating temperatures 
of the catalyst and sorbent, along with material poisoning issues 
when co-loaded in a single vessel. The development of 
high-temperature-tolerant absorbents (above 300 ◦C) that can 
operate effectively with catalysts is a key step forward. Moreover, 

Fig. 35. Direct CO2 emissions and energy consumption for NH3 production by scenario. Reproduced from Ref. [6] with permission from International En
ergy Agency.
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engineering challenges, such as corrosion caused by using metal 
halide sorbents, should also be addressed. Consequently, the devel
opment of more robust sorbents (or support materials) suitable for 
practical applications is required. Similarly, high-selectivity mem
branes that perform under elevated temperatures, while maintaining 
cost-effectiveness, merit further exploration. To achieve continuous 
production, efficient desorption processes such as zero-flush NH3 
collection and sorbent recycling, must also be developed. Addition
ally, heat and mass transfer within the reactor significantly impact 
catalytic reactions. Macroscopic modeling studies that integrate 
catalytic reactions, intensification processes, and transport phe
nomena should be prioritized. Customized reactor design and opti
mizations need to be conducted based on the models, potentially 
enhancing mass transfer and increasing residence time. Currently, 
comprehensive models that bridge atomic-level reactions with 
macroscale reactor dynamics remain underdeveloped and are an 
essential avenue for advancing reactor design.

• Scalability and flexibility. Traditionally, the NH3 industry has been 
dominated by large, centralized plants. However, relocating pro
duction units closer to renewable energy sources would reduce 
dependence on fossil fuel-based NH3 and support regions where 
large-scale infrastructure is impractical. Scalability is therefore 
essential for NH3 production units that can be integrated with local 
renewable power systems, further reducing transportation costs. 
Efficiency and cost are the primary metrics for evaluating NH3 units 
across different scales. Heat integration between water electrolysis 
and NH3 reactors is believed to be effective to enhance efficiency. On 
the other hand, to synchronize with renewable energy sources, NH3 
synthesis systems must also operate dynamically to accommodate 
the intermittent nature of renewables. Batteries and H2 buffers are 
effective for stabilizing system fluctuations, though they often come 
at the cost of economic efficiency. Flexible operation guidelines, 
derived from high-fidelity simulation, should be created, to 1) 
maximize NH3 production and energy utilization, and 2) minimize 
dependence on energy buffers. Mild operating conditions, with their 
lower energy requirements, inherently support scalability and flex
ibility. Thus, focus should be placed on advancing reactor design, 
system control, real-time simulation, and plant configurations that 
can adapt to frequent startup and shutdown, load variations, and 
align with grid and market conditions. Alternatively, the gap be
tween green hydrogen implementation and expectations also hinders 
the development of NH3 production [326]. A reliable and 
cost-effective renewable H2 source is a fundamental prerequisite for 
the success of sustainable NH3 production.

6.2. Societal support

Ammonia synthesis has been developed for over a century, pre
dominantly serving the fertilizer industry. With the advancement of 
solar and wind energy, NH3 is expected to play an increasingly vital role 
in the energy sector, necessitating a shift in production methods. How
ever, at present, NH3 from renewables is not yet competitive in current 
markets, which poses challenges to scaling up to industrial production. 
Societal supports and collaborations are crucial drivers for enhancing 
the market competitiveness of green NH3 production. Key focus areas 
include: 

• Broad collaboration. The future of NH3 production depends on 
collaborative efforts among diverse stakeholders, including policy
makers, producers, consumers, technology suppliers, financial in
stitutions, researchers, non-governmental organizations, and others 
[6]. Timely communication is essential to synchronize research, 
technological advancements, market needs, and policymaking. 
Cross-regional cooperation can expedite progress, facilitating 
necessary technical, economic, and regulatory developments for a 
sustainable transition in NH3 production.

• Renewable energy cost and carbon taxation. Policymakers shall estab
lish a stable, long-term policy framework to facilitate energy tran
sition and emission reduction. Reducing renewable energy cost is 
vital for PtA systems, alongside setting standards for electricity 
quality and integration. Government should also support the estab
lishment of grid connections for NH3 production plants in specific 
regions. Additionally, implementing carbon emissions taxes is an 
effective method to encourage a shift from grey or blue NH3 pro
duction to green. Before this, clear standards for defining ‘green’ NH3 
should be established [299].

• Nitrogen use efficiency. Policies should also elevate the efficiency of 
N2 utilization, as the global N2 cycle is projected to expand signifi
cantly. Supportive measures should include ensuring a level playing 
field for global producers, developing necessary infrastructure, and 
enhancing data collection and reporting. These efforts will ensure 
more ecologically responsible use of NH3-based fertilizers, thereby 
mitigating the environmental impacts associated with NH3 
consumption.

7. Concluding remarks

Exploring advanced ammonia (NH3) synthesis under moderate 
conditions, while maintaining high productivity, is essential for 

Fig. 36. Current and announced projects for near-zero-emission NH3 production summarized in 2021. Reproduced from Ref. [6] with permission from IEA.
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Table 9 
Summary of the recently released Power-to-Ammonia projects.

Project name Construction 
Period

Location Power/H2 

input
Production 
Capacity

Status Remarks Ref.

Unigel’s Electrolytic 
Hydrogen & 
Ammonia Project

2023–2025 Camaçari, Brazil 3 × 20 MW 
electrolyser

60,000 tons/ 
year

First phase was 
operated

- Brazil’s first industrial-scale elec
trolytic H2 and NH3 project, with a 
total investment of $120 million.

- Capacity is expected to quadruple 
to 240,000 tons/year by 2025

[310]

REDDAP Dynamic 
Renewable 
Ammonia Plant

2021–2023 Ramme, Denmark 50 MW PV 
panels & 12 
MW wind 
turbines

50000 tons/ 
year

Inaugurated in August 
2024

- Dynamic operation by integrating 
alkaline electrolysis with 
renewable energy sources, 
designed for variable load 
operation between 10 % and 100 
%, with a ramp rate of at least 3 % 
per minute.

- Prevent approximately 8200 tons 
of CO2 emissions annually.

[311]

Envision Group 
Renewable 
Ammonia Project

2023–2029 Chifeng, Inner 
Mongolia

N.A. 1.5 million 
tons/year

Initial phase operated - Flexible renewable NH3 

production facility with direct 
integration of electrolysers to NH3 

reactor.
- Phase 0: pilot plant of 20,000 tons/ 

year, operational by September 
2023.

- Phase 1: 300,000 tons/y, 
operational by December 2024.

- Phase 2&3: 600,000 tons/y, 
operational by 2026 and 2029.

[312]

HØST PtX Esbjerg 
Hydrogen Plant

2021–2029 Esbjerg, Denmark 10 GW offshore 
wind power

100,000 tons 
H2/year and 
600,000 tons 
NH3/year

All environmental 
permits have been 
approved in Q4 2024

- The flexible operation of the plant 
will adapt to the power supply, 
utilizing gigawatt-level electrolysis 
technology.

- Waste heat will be harnessed for 
district heating, benefiting around 
15,000 households.

[313]

Oman Project 2023–2027 Karnataka India 5.5 GW solar 
PV plant

1–1.2 million 
tons/year

Shipments of equipment 
began in June 2025

- Th largest facility in terms of green 
NH3 production in India.

[314]

Hive Hydrogen and 
Linde Ammonia 
Facility

2021–2027 Nelson Mandela 
Bay, South Africa

N.A. 780,000 tons of 
NH3 annually

Solar PV Plant 
Development Phase was 
completed in 2025

- Solar energy driven H2 production 
with batteries.

- First phase will be finished in 
2025.

[315]

Mintal Hydrogen 
Renewable 
Ammonia Plant

2023–2025 Baotou, China N.A. 390,000 tons 
per year

Under construction - Topsoe’s electrolyser plant directly 
connected to renewable energy 
generation

- Utilizing the region’s substantial 
wind and solar resources.

[316]

Offshore Floating 
Ammonia Project

2023–2029 Off the coast of 
Southern Europe

300 MW PEM 
electrolyzer

300,000 tons 
annually

Nearing final design in 
2025

- Mobile unit, use offshore floating 
energy.

- Products will be used to fuel 
multiple oceangoing vessels.

[317]

ACWA Power’s 
Project in 
Uzbekistan

2023–2024 Uzbekistan N.A. 500,000 tons 
per year.

Begin producing green 
hydrogen in 2025

- First Green Ammonia Pilot Project 
in Uzbekistan.

- Utilize H2 at an existing plant 
operated by state-owned 
Uzkimyosanoat

[318]

Green and Low- 
carbon Advanced 
Technology 
Demonstration 
Projects

2024- Jilin Province, 
China

N.A. 600,000 tons 
per year

Commences operation 
in 2025

− 1000Nm3/h ALK electrolyser 
used.

- Produce also e-methanol.

[319]

Project Nujio’qonik 2022- Newfoundland, 
Canada

4 GW wind 
power

1.6 million tons 
of NH3

Released from 
Environmental 
Assessment  
in 2024

- Grid connection that enhances the 
utilization rate of the electrolyzers 
to 75 %.

- FID and Financial Close for Phase 1 
in 2025.

[320]

Castellón Green 
Ammonia and 
Hydrogen Project

2024–2031 Castellón, Spain N.A. 800,000 tons of 
renewable NH3 

annually

Begin Construction in 
2025

- More than 2 million tons of CO2 
emissions will be avoided.

- Facilitate NH3 storage at the port, 
with plans to ship the product.

[321]

ATOME’s Villeta 
Project

2023–2026 Paraguay 120 MW 
electrolyzer

100,000 tons 
annually

Completion of the 
environmental and 
social impact 
assessment

- Leverage surplus hydroelectric 
power from the Itaipu dam, grid- 
connected.

[322]

Hygenco’s Green 
Ammonia Project

2024–2027 Gopalpur, Odisha, 
India

N.A. 750 tons per 
day

Received the renewable 
fuel of non-biological 

- Supported by Topsoe’s dynamic 
NH3 technology, DynAMMO™.

[323]

(continued on next page)
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transitioning NH3 production to be sustainable and positioning it as an 
energy storage solution. This review provides a comprehensive overview 
of advanced thermocatalytic NH3 synthesis approaches beyond the 
conventional Haber-Bosch process, addressing the major challenges of 
high energy consumption, carbon emissions, and scalability limitations 
inherent in the conventional method, and illustrating a vision for NH3 
production in the future. Through a thorough examination of novel 
catalysts, reaction pathways, reactor intensifications, and renewable 
system integration, this work highlights the progress and achievements 
in mild-condition NH3 thermocatalytic synthesis across various scales, 
conducting meta-analysis on the specific themes reviewed. The most up- 
to-date advances are systematically discussed in three primary aspects: 
catalyst development, reactor intensification, and system integration 
with sustainable energy sources.

In catalyst development, the foremost innovation lies in the design of 
new materials capable of effectively operating at reduced temperatures 
and pressures. Advances in catalyst design leverage the Sabatier prin
ciple and computational methods, identifying materials that achieve an 
optimal balance between N2 activation and NH3 desorption. By 
addressing the rate-limiting nitrogen activation step, recently developed 
catalysts, including transition metals, non-noble metals, and other 
innovative materials, are summarized. The effects of supports and pro
moters are also discussed, amongst which these catalysts exhibit 
enhanced adsorption and activation properties for N2 and H2, creating 
the possibility of efficiently synthesizing NH3 under moderate condi
tions. Additionally, implementation of computational methods such as 
DFT calculations, microkinetic modeling, and machine learning are 
summarized alongside the derived mechanisms, reaction pathways, and 
step conversion rates.

Referring to reactor intensification, this review examines the key 
obstacles and compensatory techniques for mild NH3 synthesis reactors, 

addressing the low production rates and inefficient separation. 
Emerging separation technologies, such as solid sorption and 
membrane-based separation, offer energy-efficient alternatives that 
align well with milder conditions. Solid sorption materials, including 
physio-sorbents (e.g., MOFs) and chemi-sorbents (e.g., metal halides), as 
well as NH3-selective membrane materials, are discussed. Sorption- 
enhanced reactors and catalytic membrane reactors are presented to 
highlight the potential of in-situ separation-intensified reactors to 
accelerate reaction rates by surpassing equilibrium limitations. Reactor- 
scale modeling studies, including global kinetic models and CFD simu
lations, are discussed as well, providing predictive tools for optimization 
of reactor design and performance.

Regarding process integration, this review summarizes the chal
lenges and mitigation strategies associated with integrating NH3 syn
thesis and water electrolysis, emphasizing the potential of ammonia as a 
clean energy carrier. Advanced thermocatalytic processes compatible 
with H2 from water electrolysis allow for on-site NH3 production. Often 
termed ‘Power-to-Ammonia’, this integration decouples NH3 production 
from fossil fuels, reduces CO2 emissions, and provides an effective path 
for utilizing intermittent renewable energy sources. Major challenges, 
including operational compatibility, heat integration, impurity effects, 
and fluctuations, are extensively discussed. Mitigation strategies, case 
studies and comparative analyses are presented along with TEA and 
LCA, demonstrating PtA’s feasibility and impact within Sustainable 
Development and Net-Zero Emissions scenarios. In addition, recently 
initiated NH3 projects are summarized, underscoring industrial efforts to 
promote technological maturity, scalability, market readiness, and 
economic viability of NH3 production.

This review anticipates that the second-generation of NH3 produc
tion, that is incorporating moderate thermocatalytic synthesis and water 
electrolysis, will become increasingly viable in the coming decades. The 
advances presented provide a roadmap for transitioning from the high- 
energy, emission-intensive HB model to more environmentally friendly 
and efficient processes. Foundational research on catalyst preparation, 
reaction mechanisms, and process integration establishes the basis for 
decentralized zero-emission NH3 production. Addressing key chal
lenges, such as nitrogen activation and NH3 separation, underscores the 
transformative potential of advanced thermocatalytic NH3 synthesis 
beyond conventional HB paradigm. Further innovations, such as the 
development of super catalysts, scalability solutions, and operational 
flexibility, are essential to utilize NH3 as a clean fuel in the energy sector. 
Support from policymakers, stakeholders and society will play a crucial 
role to drive this transformation.
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Table 9 (continued )

Project name Construction 
Period 

Location Power/H2 

input 
Production 
Capacity 

Status Remarks Ref.

origin (RFNBO) pre- 
certification in 2025

- Phase one is expected to be in 
operation by 2027.

CEEC’s Songyuan 
Project

2025–2027 Songyuan, China 3 GW solar and 
wind energy

600,000 tons 
annually

Phase I into the 
commissioning stage

- China’s first gigawatt-scale green 
hydrogen project

- Phase I Project is planned to be put 
into operation in the second half of 
2025, with an annual output of 
200,000 tons ammonia.

- At end of June 2025, the first phase 
has reached an overall completion 
rate of 80 %.

- Mainly powered by off-grid elec
tricity, supported by batteries and 
hydrogen buffer.

[324]

Table 10 
Technology milestones of global NH3 industry for achieving SDS and NZE targets 
by 2050. Reproduced from Ref. [6] with permission from IEA.

Technology 2020 2030 2050

SDS NZE SDS NZE

Reduction in direct CO2 emissions 
relative to 2020

– 21 % 25 % 73 % 96 %

Share of production via near-zero 
emissions route

0.4 % 10 % 12 % 50 % 73 %

Share of production with CO2 

utilized for urea synthesis
23 % 27 % 27 % 25 % 21 %

Hydrogen demand in Mt H2 33 37 37 41 41
On-site electrolyser capacity in 

GW
0 29 29 112 171

CO2 capture for storage in Mt CO2 2 15 24 91 101
CO2 capture for utilization in Mt 

CO2

130 139 139 107 92
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Ammonia. Matej Huš also appreciates funding from the Slovenian 
Research and Innovation Agency (ARIS) through project funding N1- 
0303 and infrastructure funding I0-0039. Blaž Likozar acknowledges 
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