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A B S T R A C T

Green ammonia can be used as an energy storage carrier and a sustainable chemical. To improve the competi-
tiveness of green ammonia, two power-to-ammonia (PtA) processes integrated with low-pressure (LP) and ultra-
low-pressure (ULP) Haber-Bosch (HB) techniques were designed and optimized based on technical, economic,
and environmental performances. The effects of multiple variables were studied. The LP technique is preferred
over the ULP technique because the latter has a more complex configuration and a slightly higher levelized cost.
The systematic energy efficiency excluding or including the cold energy of liquid ammonia reaches 68.71 % or
73.75 %, respectively. The unit power consumption of green ammonia is as low as 7.64 kWh/kg. The plant scale
should not be <10 t/h. Based on the electricity price for energy storage (0.041 €/kWh), the equivalent operating
hours should exceed 5000 h to achieve profitability. The life cycle greenhouse gas emission of green ammonia
derived from wind power under the Chinese scenario is 257–316 kgCO2e/t. The life cycle ammonia emissions
with NH3 recovery from the purge gas is <0.06 kgNH3/t. This study indicates that the PtA technology can
efficiently store intermittent electricity with cold energy utilization and effectively decarbonize the ammonia
industry.

1. Introduction

Ammonia is one of the most important chemicals due to its various
uses. It can also be used as refrigerant and carbon-free fuel. Nowadays,
green ammonia has great potential to play a substantial role as a
hydrogen energy carrier. Ammonia has a gravimetric hydrogen content
of 17.8 % and is one of the highest energy carriers [1]. It is easily liq-
uefied by increasing pressure to ~10 bar at room temperature, or by
cooling to − 33 ◦C at atmospheric pressure. The volumetric energy
density of liquid ammonia is 3 times higher than that of compressed
hydrogen (69 MPa and 25 ◦C) [1], and 1.5~1.7 times higher than that of
liquid H2 (0.1 MPa, 20 K) [2]. Unlike liquid hydrogen, the technology of
shipping and pipeline transfer of ammonia is well established in the
existing industry. This infrastructure and existing regulations could be

leveraged to guarantee reliable, ready, and safe ammonia distribution as
a low-carbon energy vector [1]. At present, most ammonia is produced
from fossil fuels. The global production of ammonia consumes 1–2 % of
the global annual energy supply and accounts for approximately 1.5 %
of all greenhouse gas emissions [3]. The sustainable production of
ammonia is expected in the context of climate change.

Green power-to-ammonia (PtA) conversion is regarded as a sus-
tainable pathway for green ammonia [3]. Recently, several important
advances have been made, particularly in electrocatalysis [4,5] and
plasma catalysis [6,7]. However, MacFarlane et al. predicted that the
Haber-Bosch (HB) process-based ammonia synthesis solution would
dominate the generation technology for at least the next decade [8]. It
normally operates at high temperatures (400–500 ◦C) and pressures
(10–30 MPa), commonly using an iron-based catalyst. The majority of
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assessment investigations on green ammonia production have been
based on HB synthesis at a pressure of approximately 15 MPa [9,10,11].

The traditional HB process is energetically demanding, and
decreasing the specific energy consumption is highly expected. Feasible
measures are to develop an inexpensive yet efficient catalyst for
ammonia synthesis under mild reaction conditions (<400 ◦C, <10 MPa)
and to lower the operating pressure of the synthesis loop [12]. Several
important advances have been made in the investigation of catalysts for
ammonia synthesis under mild reaction conditions (0.1–7 MPa)
[12–14]. The main challenge for practical application at such low
pressures is the low reaction rate, according to previous studies on
catalysts [12,13]. Another effect is to optimize the technical process.
Ahmad Shamiri and Nia Aliabadi optimized an industrial ammonia
synthesis reactor with a pressure of 8.6 MPa and improved indicators
such as per-pass conversion and energy consumption [15]. Rouwenhorst
conducted the technical and economic evaluation of
power-to-ammonia-to-power for local electricity storage integrated with
an ammonia synthesis reactor at 275 ◦C and 7.8 bar and adsorption
separation at 150 ◦C [16], which is currently not a mature separation
technology [17]. In comparison, the demonstration and application of
low-pressure HB synthesis technologies (< 10 MPa) lag behind the trend
in catalyst development.

Technology developers must consider the technical, economic, and
potential environmental impacts while developing new sustainable
technologies [18]. Previous assessments mainly focused on the
techno-economic of ammonia produced by the HB process at
high-pressure (≥15 MPa) [10,11,19]. The commercial ammonia derived
from fossil feedstock has a carbon intensity of 1.5–4.19 tCO2e/t [20,21].
It can be reduced to 0.77 kgCO2e/t with application of CO2 capture [22].
To further abate carbon emissions, novel processes were explored, such
as producing ammonia from food waste and brown water [23]. How-
ever, these technologies cannot play a role in the storage of green
electricity. Regarding to the carbon emissions of green ammonia, Lee
et al. reported that the well-to-plant-gate greenhouse gas (GHG) emis-
sions of renewable ammonia was zero since it used zero carbon elec-
tricity such as solar and wind power [22]. However, other studies
reported that the green ammonia has a carbon intensity of 0.09–0.70
tCO2e/t [19,24,25]. To the best of our knowledge,
techno-economic-environmental assessments of the low-pressure HB
process are insufficient. Additionally, the cold energy of liquid ammonia
usually was not taken into account in previous studies [26,27].

Significant latent heat of vaporization can be used in ammonia utiliza-
tion, the cold energy should be considered in energy efficiency analysis.
In the case of methane and coal-based ammonia production, the purge
gas exhausted by the HB loop are usually combusted as fuel [28].
However, in the case of green ammonia production, the purge gas should
be deeply recovered. The NH3 emissions after the recovery of the purge
gas should be assessed and controlled, as ammonia has a hazardous
impact on human health and air quality.

The objective of this study is to investigate the feasibility and
competitiveness of a low-pressure HB process for the production of
green ammonia. A power-to-ammonia process model integrated with
two designs of low-pressure HB synthesis loops was established using a
common process simulator, and then multi-perspective assessments
were performed, including indicators of unit power consumption, en-
ergy efficiency, LOCA, life cycle greenhouse gas, and ammonia emis-
sions. This study provides valuable guidance for future research and
helps in decision-making at different stages of this technical route.

2. System description and modeling

2.1. System description

Fig. 1 shows the system of power-to-H2-to-NH3 process integrated
with low-pressure HB units. It comprises three units: a water electrolysis
unit (WEU) for H2 production, an air separation unit (ASU) for N2 pro-
duction, and a Haber-Bosch unit (HBU) for ammonia synthesis and
separation. The following analyses of the contributions of energy con-
sumption, equipment cost, and environmental impact are discussed
based on these three units.

2.1.1. WEU for H2 production
The purity of the H2 feed gas from the ammonia synthesis should be

at least 99.999 mol.% [3,19]. Several electrolytic technologies are
available for hydrogen production fromwater. Alkaline electrolysis cells
(AEC) and proton-exchange membrane electrolysis cells (PEMEC) are
well-developed and commercially available. As the most mature tech-
nology, the equipment cost of AEC has reduced significantly in recent
years in China, and most of the latest AECs operate at 1.5 MPa. An
increasing number of projects employ PEMEC for green hydrogen pro-
duction owing to their advantages, such as high efficiency, high-purity
of produced hydrogen, quick cold start, and quick load change

Fig. 1. Power-to-ammonia process integrated with low-pressure (LP) and ultra-low-pressure (ULP) HB synthesis techniques.

G. Song et al. Energy Nexus 17 (2025) 100379 

2 



capacity. Solid oxide electrolysis cells (SOEC) can potentially offer the
most efficient electrolysis process and minimize specific power con-
sumption. However, this technology requires large-scale research and
demonstration to reach the commercial stage. Table 1 lists the
state-of-the-art and future (Target 2050) performance indicators for
these technologies [29]. The hydrogen produced was then compressed
using compressor CM1 for the following synthesis.

2.1.2. ASU for N2 production
The purity of the N2 feed gas from the ammonia synthesis should be

at least 99.99 mol.% [19]. It is recommended to use cryogenic distilla-
tion techniques to produce N2 with a purity greater than 99.99 % and a
flow rate greater than 10,000 Nm3/h [30,31]. Considering the scale and
decentralized characteristics of renewable energy projects, as well as the
current scales of ammonia production factories, this work sets 30 t/h as
the baseline scale for green ammonia synthesis. The flow rate of N2 was
approximately 19,800 Nm3/h. Therefore, to ensure the N2 purity, the
cryogenic distillation technology is employed with an operating pres-
sure of 0.6 MPa and a specific power consumption of 0.23 kWh/kg N2.
[32] The nitrogen produced was compressed using a compressor CM2 to
meet the synthesis requirements.

2.1.3. HBU for ammonia synthesis and separation
The overall reaction of the HB process is N2 + 3H2 = 2NH3. Single-

pass conversion in the HB process is typically 10–15 % [15,17], with
overall conversions of 97–99% [17]. Other studies have reported typical
single-pass conversions of 20 % [26,19] and 30 % [19]. The H2/N2 ratio
is approximately 3.0 [19], and the synthesis temperature is set to 400 ◦C,
which are not key variables in this study. According to current Haber
synthesis applications and research, the synthesis pressure is typically
between 10 and 30 MPa. With technological developments, synthesis
processes below 10 MPa have gradually matured. Shamiri and Aliabadi
studied the modeling and analyzed an HB reactor with psyn of 8.6 MPa
[15]. Catalysts for ammonia synthesis were focused on recent advances
at lower synthesis pressures (as low as 0.1 MPa) [33]. However, key
performances such as the reaction rate and space velocity were much
better when psyn increased to 10 bar or higher (especially above 30 bar)
[12]. Therefore, the pressures used in this study range from 10 to 150
bar. Condensation separation is the only commercially available tech-
nology for separating ammonia from synthesis products. However, this
method failed when the separation pressure was below 50 bar [34]. This
indicates that the condensation separation pressure is the key limiting
parameter in low-pressure HB processes. Two low-pressure HB processes
were designed to coordinate the pressures of the synthesis and separa-
tion steps.

1) Low-pressure HB technique (LP). When psynwas greater than or equal
to 8MPa, the synthesis product was successively cooled by HT1, CL1,
and CL2 to recover heat energy. The synthesized product was
introduced into a condensation device (COND) at ambient temper-
ature. Cooling energy was provided by an ammonia refrigeration
system with a coefficient of performance (COP) of 2.5. The output
mixture then enters a gas-liquid separator (GLS), where liquid
ammonia is discharged from the bottom, and non-condensable gases
(unreacted N2, H2, and Ar) are discharged from the top. The feed gas

of the power-to-ammonia process contains fewer impurities than
natural or coal-based feed gas. Most gases (99.9 %) were recycled
and utilized as feedstock. A total of 0.1 % of the gases released from
the separator (purge gas) were discharged into the RECOV unit.
Pressure swing adsorption and cryopreservation equipment were
used to recover 99 % of the H2 and 99.9 % of the NH3 in the purge
gas, and the energy demand was estimated with a COP of 1.6 [35].
The recovered H2 was also recycled and used as feedstock for the
synthesis reaction.

2) Ultra-low-pressure HB technique (ULP). When psyn was <80 bar, the
synthesis product was cooled first. Subsequently, as shown in dashed
box 2 in Fig. 1, the product was compressed to 80 bar or higher, and
the streamwas cooled to the ambient temperature. The refrigeration,
condensation, and separation processes were the same as those in the
conventional HB process. In this case, the pressure of the recycled gas
was significantly higher than that of the feedstock from the ammonia
synthesis. Therefore, the recycled gas preheated by HT2 is intro-
duced into expander EXP1 to generate electricity by utilizing the
pressure energy. This system uses electricity to offset part of the
electricity consumption.

2.2. Process modeling

The process models were built using Aspen Plus 10.2. The simulation
was performed based on the template of the ammonia model in Aspen
Plus© with modifications as well as related modeling works [9,26,36,
50]. The––Redlich–Kwon Soave–Boston Mathias (RKS-BM) method was
selected because of its compatibility with gas processing and refinery
applications. The process flowsheets of power-to-ammonia with the LP
and ULP techniques in Aspen Plus are shown in Figures S1 and S2.
Depending on the pressure ratio, a single- or multi-stage compressor was
applied. Themodel blocks and operational parameters of the key devices
are listed in Table S1. As listed in Table S2, the HB process was suc-
cessfully modeled by verification based on the publications of Riotto
et al. [9] and Zuo [37].

3. Assessment methodologies

3.1. Technical assessment

Ammonia with a purity of 99.5 % is typically produced at the in-
dustrial level [19]. The specific power consumption of ammonia
(SPCNH3) is defined as follows:

SPCNH3 =
PS

mNH3
(kWh / kg NH3) (1)

where mNH3 is the mass flow rate of NH3 in t/h and PSys is the total input
power of the power-to-ammonia process in MW, which is calculated as
follows:

PSys = PPW + PWE + PASU + PCM1 + PCM2 + PHBU (2)

PPW, PWE, PASU, PCM1, PCM2, and PHBU are the input powers of the water
pump, water electrolyzer, air separation unit, compressors CM1 and
CM2, and HBU, respectively, in MW. PHBU is the total input power of the
HBU in MJ/h. The low-pressure HB process mainly consists of the input
power of the compressor CM3 (PCM3) and refrigeration (PRefrig). The
ultralow-pressure HB process was calculated as follows:

PHBU = PCM4 + PRefrig − PEXP1 (3)

where PEXP1 is the output power of the expander EXP1 in MW.
Energy efficiency is a common indicator of energy conversion and

storage. To facilitate future comparative analysis, the systematic energy
efficiency of the whole process (ηPtA) is analyzed as follows:

Table 1
Key performance indicators of AEC, PEMEC, and SOEC technologies for
hydrogen generation.

Scenario SPCH2 (kWh/kg) Pressure (bar)

AEC Current 50–78 <30
Future <45 >70

PEMEC Current 50–83 ≤50
Future <45 >70

SOEC Current 40–50 1
Future <40 >20
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ηPtA =
mNH3⋅ LHVNH3

3.6PS
× 100% (4)

where LHVNH3 is the lower heating values of NH3 in MJ/kg.
The energy efficiency (ηPtA+) including cold energy of ammonia is

calculated as follows:

ηPtA+ =
mNH3⋅(LHVNH3 + γNH3)

3.6PS
× 100% (5)

where the γNH3 is the cold energy of liquid ammonia, which consists of
the latent heat of vaporization and sensible heat relative to 0 ◦C.

3.2. Economic assessment

The scale baseline is 30 t/h of ammonia. The systems and equipment
were designed and sized based on the existing ammonia factories. The
benchmark year was 2022. The economic evaluation aims to determine
the levelized cost of ammonia (LCOA) as the minimum selling price of
ammonia that yields a net present value (NPV) of zero at the end of the
plant lifetime [11,38]. The NPV is calculated by summing the annual-
ized cash flows.

NPV =
∑l

t=0

ACFt

(1+ i)t
(6)

where ACF is the annualized cash flow, l is the project lifetime (25
years), i is the discount factor (8 %). Capital expenditures (CAPEX)
include direct costs, indirect costs, contingency and fee costs, and
auxiliary facilities costs, which are estimated based on the model listed
in Table S3 for total capital investment (TCI). The TCI was then esti-
mated using equipment costs (ECs). The EC of the equipment were
calculated as follows:

EC =

(

EC0 ×
CEPCI2022
CEPCIi

)

×

(
S
S0

)n

(7)

where S0 and EC0 are the capacity and equipment costs of the reference
case, respectively, and S and EC are the capacity and equipment costs of
the planning case, respectively. n denotes the scale exponent [39].
CEPCI is a chemical engineering plant cost index that refreshes EC from
the past to the present. Additionally, the pressure adjustment in [40]
was multiplied by the costs of the reactors, heat exchangers, and com-
pressors on a reference scale. Based on the above estimation method,
Table 2 lists detailed data related to the equipment costs of the main
devices of a 30 t/h power-to-ammonia plant with a synthesis pressure of
80 bar. Finally, this study assumes that 70 % of TCI is financed by loans
with an annual interest rate of 4.9 %.

The estimated operating expenses (OPEX) are listed in Table S4. The
total plant cost includes equipment costs, other direct costs (installation,
building, and auxiliaries), and indirect costs (engineering and contin-
gency). Additionally, straight-line depreciation was employed, and the
salvage value was 4 %.

3.3. GHG and NH3 emission assessment

This study focused on the life cycle greenhouse gas and ammonia
emissions, as the latter can lead to tiny particles in the air that damage
human health. The evaluation were performed using the life cycle
assessment (LCA) framework according to the ISO standard [46]. The
functional unit was 1 metric ton liquid NH3 produced. The system
boundary for this assessment is illustrated in Figure S3. Infrastructure
related to the ammonia synthesis factory was not considered in this
study because prior works in this area have demonstrated that the
environmental impacts of infrastructure are often omitted [9,47]. The
green power and natural water were considered as utilities. Then, the
assessment is analyzed using SimaPro software (9.4.0.1) with the

Ecoinvent 3 database and the ‘Cut-off, S’ method.

4. Results and discussion

4.1. Technical performances

The technical performances of both LP and ULP techniques were
analyzed in this section. Unless otherwise specified, the variables were
kept at their baseline values (pwe of 20 bar, psyn of 80 bar for the LP
technique, SPCH2 of 50 kWh/kg H2, and single-pass conversion of 0.15).

4.1.1. Influences of pwe and psyn
Fig. 2(a) shows the variations of ηPtA with pwe and psyn. With respect

to the PtA process with the LP technique, as shown on the right side of
the dotted line in Fig. 2, the ηPtA at a given pwe gradually decreases with
the increase in the psyn from 70 bar to 150 bar. When the psyn exceeds 90
bar, the decline in ηPtA is even smaller. A lower psyn value is beneficial for
reducing the power required to compress feed gas streams. Furthermore,
at the same psyn, the ηPtA rises with the increase in pwe, indicating that
higher pwe is favorable to this process. Therefore, an electrolyzer that can
be operated at higher pressures is preferred for the PtA process. Further
analysis revealed that the average sensitivity coefficients of ηPtA to pwe
and psyn were 0.007 and − 0.006, respectively. In general, ηPtA and
SPCNH3 are not sensitive to these pressures.

The ηPtA with the ULP technique is at constant separation pressure of
77 bar, as shown on the left side of the dotted line in Fig. 2(a). At a given
pwe, it generally first increased and then decreased with an increase in
psyn from 20 to 70 bar. The ηPtA achieves the highest value with psyn of

Table 2
Equipment costs and basis of key devices of a 30 t/h power-to-ammonia plant.

Equipment Basis Value EC (k€) Reference

WEU ​ ​ ​ ​
Water purification Water 57.33 t/

h
426 [41]

Water pump Water 57.33 t/
h

2 [41]

AEC (individual: 1000 m3/h) H2 5.35 t/h 46,225 a
PEMEC (individual: 1000
m3/h)

H2 5.35 t/h 210,111 [42]

H2 compressor H2 5.35 t/h 4186 [41]
H2 tanks (individual: 2 MPa,
100 m3)

H2 21.38 t 18 [41]

ASU ​ ​ ​ ​
Air compressor N2 24.79 t/

h
2962 [30]

Cooling subsystem N2 24.79 t/
h

8374 [30]

N2 compressor N2 24.79 t/
h

1732 b

N2 tanks (individual:2 MPa,
100 m3)

N2 99.15 t 10 [16]

HBU ​ ​ ​ ​
Reactors suit NH3 30 t/h 911 [43]
Heat exchangers suit NH3 30 t/h 4189 [43]
Compressor (LP) Power 0.62 MW 84 c
Compressor (ULP) Power 4.24 MW 385 c
Expander (ULP) Power 3.18 MW 342 b
NH3/CO2 refrigerator Power 3.08 MW 1906 [44]
NH3 tanks NH3 720 t 119 d
Pressure swing adsorption H2

recovered
75 kmol/
h

171 [45]

a: Estimated by tender price in 2023 from the centralized procurement of China
Energy Engineering Group Co., Ltd.
b: Estimated by tender price in 2024 from Guoxin Suyan 2 × 250 MW com-
pressed air energy storage project.
c: Estimated by tender price in 2022 from Hubei Yingcheng 300MW compressed
air energy storage project.
d: Estimated by quoted price in 2023 from Shandong Zhongjie Special Equip-
ment Co., Ltd.
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approximately 60 bar. This was the result of the compressors with
opposite variations in power consumption. Similarly, higher pwe is
beneficial to this process. At a given pwe, the optimal ηPtA with the ULP
technique is slightly greater than that with the LP technique. For
example, when pwe is 20 bar, the highest ηPtA of ULP and LP techniques
are 55.26 % and 55.23 %, occurring at the separation pressures of 77 bar
and 67 bar, respectively. Taking the separation pressure as the dominant
constraint for the same scenario, for example, 77 bar, the highest ηPtA of
ULP and LP techniques are 55.26 % and 55.15 %. The ULP technique has
only a slight advantage in energy efficiency over the LP technique

Fig. 2(b) shows the contributors to SPCNH3. To emphasize the con-
tributions of devices in HBU, the minimum power consumption condi-
tions are set for other units, for example, SPCH2 of 40 kWh/kg, pwe of 70
bar. Fig. 2(b) shows that the SPCNH3 changes very slightly with psyn. The
total contribution of HBU is relatively small (<3.5 %). Furthermore, the
refrigeration is the main contributor to HBU’s power consumption,
indicating a little potential to reduce SPCNH3 by the optimization of
HBU. The discussion on the variations of ηPtA+ is omitted, as it is the
small as that of ηPtA.

4.1.2. Influences of single pass conversion
As shown in Fig. 3, the ηPtA of the two processes gradually increases

with the increase in single-pass conversion. However, the differences
were minimal. ηPtA with the ULP technique had an average of 0.12
percentage points greater than that with the LP process. The sensitivity
coefficient of ηPtA to single pass conversion is, on average, 0.019. This

implies that improving catalytic performance is potentially more effi-
cient than optimizing pressure.

The ULP technique involves a more complex process configuration
and requires an expander. Considering the current technical status,
especially the flexible operation for green power utilization or storage,
the ULP technique is a suitable solution for the PtA process. Therefore, it
was not evaluated in the subsequent assessments. However, this tech-
nique offers a technically feasible solution for the application of an
ultralow-pressure catalyst that avoids the constraints of condensation
separation pressure.

4.1.3. Influences of SPCH2
Fig. 4 shows that the ηPtA linearly decreases from 67.84 % to 46.46 %

while the SPCNH3 linearly increases from 7.74 to 11.30 kWh/kg, with the
increase in SPCH2 from 40 to 60 kWh/kg. The sensitivity coefficient of
SPCNH3 to SPCH2 is 0.899. These results indicate that reducing SPCH2 is
the most crucial way to improve the energy conversion performance of
the PtA process integrated with the HB technique. As shown in Fig. 4(a),
the ηPtA is lower than the corresponding energy efficiency of power to
hydrogen (ηPtH). The SPCH2 of the SOEC is predicted to be below 40
kWh/kg H2 [29]. The ηPtH based on higher and lower heating values
related to SPCH2 of 39.5 kWh/kg are 99.71 % and 84.35 %, respectively.
Considering that the actual process involves heat dissipation and irre-
versible losses, the future decline in SPCH2 is limited, and an SPCH2 of 40
kWh/kg is conservatively set as the minimum value in the future
scenario.

Fig. 4(b) shows the contributions of the three units to SPCNH3. In
general, the electrolyzer is always the largest contributor to power
consumption (>93 %), followed by refrigeration and nitrogen produc-
tion, whereas the energy consumption of the remaining devices, for
example compressors, accounts for very small shares (<1.5 %). As re-
ported by Wang et al. [3], the share of hydrogen production (89.5 %) is
slightly lower than that in this study, which is probably caused by the
reduction in the differences in energy consumption between HBU and
ASU. However, these values indicate that the electrolysis of water is the
most energy-consuming step for green ammonia production, whereas
the HB process takes a back seat.

4.1.4. Optimal technical indicators
The optimal technical indicators of PtA using the LP technique are

listed in Table 3. The NH3 purities in all cases were not <99.7 mol.%.
Under the current scenario, the SPCNH3 of the process integrated with
AEC, PEMEC, and SOEC reaches up to 9.49, 9.45, and 8.91, respectively,
in kWh/kg. By contrast, under the future scenario, it could achieve 8.46,
8.43, and 7.64, respectively, in kWh/kg. The SOEC is the preferred
electrolysis technology for ammonia production due to its energy con-
version efficiency. The minimum SPCNH3 (7.64 kWh/kg) by this study is

Fig. 2. Variations of (a) ηPtA with psyn and pwe, and (b) contributors to SPCNH3.

Fig. 3. Variation of ηPtA with single pass conversion.
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comparable to that reported by Wang et al. (7.2 kWh/kg) [48]. and Qi
et al. (7.4 kWh/kg) [49], which were also based on SOEC. The ηPtA is in
the range of 55.35–58.93 % and 62.07–68.71 % under the current and
future scenarios, respectively. These efficiencies can be used to estimate
the energy efficiency of the power-to-ammonia-to-power or energy
systems. ηPtA+ varies from 59.41 % to 73.75 %. ηPtA+ is 4 – 5 percentage
points greater than ηPtA, indicating that the cold energy should be
considered in energy efficiency analysis, and it should also be suffi-
ciently used in ammonia utilization stage.

The systematic power consumption Ps represents the ability of a
plant to utilize or store green power. For a 30 tNH3/h plant, Ps varies
from 229 to 285 MW, which is comparable to that of a medium-sized
pumped-storage plant or a large compressed-air energy-storage plant.

4.2. Economic assessment

In this section, the economic assessment of both LP and ULP tech-
niques was performed based on the baseline technical performance of
the process integrated with AEC in the current scenario. A scale of 30 t/
h, electricity price of 0.041 €/kWh, and equivalent operating hours
(EOH) of 4000 h were also set as the baseline. Here the EOH means the
number of hours of operation equivalent to the loading at rated capacity.

4.2.1. Configurations with LP and ULP
Fig. 5 shows that the LCOAwith ULP technique is always greater (~1

%) than that with LP technique under the same conditions. The result is
that the ECs of compressor and expander of ULP technique are much
greater than that of LP technique (Table 2), the advantage in ηPtA with
ULP technique is too slim (~0.12 %). Taken together, the PtA with LP

technique is recommended to use for HB synthesis, and only this tech-
nique is focused on in the following assessment. However, it should be
noted that the separation method in ULP technique (compression of
synthesis product and expansion of recycle gas) is feasible and afford-
able, it can be employed for other low-pressure synthesis technologies,
such as ammonia synthesis of electrocatalysis and plasma catalysis.

4.2.2. Equipment cost
As shown in Fig. 6(a), the total equipment costs (ECT) of a 30 t/h PtA

plant integrated with AEC and PEMEC are 71 and 234, respectively, in
million €, at the current state-of-the-art. This difference was caused by
the cost of the electrolyzer. The share of the WEU equipment costs
exceeded 70 %. Although the equipment costs of electrolyzers have
decreased significantly recently, electrolyzers remain the most expen-
sive equipment in the system. There is a potential for further reduction
in the equipment costs of various types of electrolyzers. The number in
the form of the subscript of EC shown in Fig. 6 denotes the percentage of
the future electrolyzer equipment cost of the current AEC equipment
cost. Fig. 6(a) shows that when the electrolyzer’s EC (ECwe) is reduced to
40 % of the current AEC’s EC (EC40 %), the total equipment cost is 43
million €, and the share of the electrolyzer is close to 50 %.

Fig. 6(b) shows that at an electricity price of 0.041 €/kWh, the LCOA

Fig. 4. Variations of (a) ηPtA and (b) SPCNH3 with SPCH2.

Table 3
Optimal technical indicators of 30 tNH3/h PtA process.

Electrolyzer AEC PEMEC SOEC

Current Future Current Future Current Future

pwe(bar) 30 50 50 70 1 20
SPCH2 (kWh/kg) 50 45 50 45 45 40
psyn(bar) 80 70 80 70 80 70
Single-pass
conversion

0.15 0.25 0.15 0.25 0.15 0.25

SPCNH3 (kWh/kg) 9.49 8.46 9.45 8.43 8.91 7.64
ηPtA (%) 55.35 62.07 55.58 62.25 58.93 68.71
ηPtA+ (%) 59.41 66.62 59.66 66.82 63.26 73.75
Ps (MW) 285 254 283 253 267 229

Fig. 5. LCOA with LP and ULP techniques.
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decreases almost linearly with a decrease in ECwe. The recent selling
price of ammonia in the Chinese market ranges from 400 €/t to 600 €/t.
The current cost is approximately 4.54 times more than that of AEC.
Even when the EOH reached 8000 h, the LCOA was calculated to be
approximately 791 €/t. The LCOA with the PEMEC was not profitable in
terms of the baseline electricity price. The equipment cost of the PEMEC
should be less than two times the current equipment cost of AEC. This
indicates that low-cost AEC technology will be used in the near future,
and reducing the cost of the electrolyzer is one of the most expected
improvements.

Fig. 7 shows a significant initial decrease in ECT followed by a slight
decrease as psyn decreases. The total equipment cost decreased by
approximately 15 % when psyn decreased from 150 bar to 80 bar.
However, there was only a small difference in ECT between 80 and 70
bar. The reason is that the change in psyn mainly affects the costs of
devices in the HBU, and their total share is not high (≤ 16 %), as the
electrolyzer has the greatest share in equipment cost, and the influence
of psyn on ECT is weak. The LCOA were 657, 638, 631, and 628 €/t at psyn
values of 150, 100, 80, and 70 bar, respectively. It progressively
decreased as the synthesis pressure decreased; however, the differences
in LCOA between 80 and 70 bar were very small. The sensitivity coef-
ficient of LCOA to psyn varies from 0.06 to 0.11, increasing with the in-
crease in psyn. The results indicate that the synthesis pressure is not the

key factor affecting the ECT and LCOA, especially when psyn is below 100
bar. Therefore, a reduction in synthesis pressure is a beneficial measure
but not an imminent contradiction for PtA plants.

4.2.3. Scale and EOH
Whether green ammonia is produced as a fertilizer or an energy

carrier, a reasonable scale and EOH should be calculated and designed to
obtain more benefits. As listed in Table 2, Ps at a plant scale of 30 t/h
ranges from 229 to 285 MW, which is quite large for renewable power
projects. Based on this consideration, scale and EOH were studied
together. The annual operating hours of traditional ammonia plants
generally exceed 6000 h, even up to 8000 h. Guerra et al. studied the
impact of operating hours on NPV and concluded that at least 3700 h is
needed for green ammonia plants [50]. In 2022, the EOH of photovoltaic
power projects in China was approximately 1800–2700 h [51]. Fig. 8
shows that under the same EOH conditions, as the scale increases from 1
t/h to 30 t/h, LCOA first decreases rapidly and then decreases slightly.
At the same scale, LCOA gradually decreases with an increase in EOH.
Fig. 7 shows that EOH should not be <5000 h, and the scale should not
be <10 t/h. At present, most ammonia plants produce 1000− 1500
metric tons per day, and the smallest ammonia plant with a conventional
design has a capacity of 250 metric tons per day. Heat transfer from

Fig. 6. Variations of (a) ECT and (b) LCOA with ECwe.

Fig. 7. Variations of ECT with psyn. Fig. 8. Variation of LCOA with scale and EOH.
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pipes and reactors has begun to dominate the design of ammonia plants,
which produce<250metric tons per day [19]. Our findings indicate that
from the point of view of LOCA, the smallest plant scale is nearly the
same. When a plant simultaneously meets the above requirements,
changes in the EOH and scale do not have a significant impact on LCOA.

4.2.4. Electricity price and EOH
Electricity prices for energy storage may vary significantly from re-

gion to region, and even after a project is commissioned, electricity
prices may be adjusted due to local policy adjustments. Therefore, the
electricity price may be a long-term uncertainty factor, and its influence
on EOH should be carefully analyzed. Liu et al. compared the life cycle
cost of pumped water storage, compressed air storage, and LiFePO4
battery storage extended with an electricity price (CEl) ranging from
0.014 to 0.057 €/kWh with a baseline value of 0.041 €/kWh [52]. With
the same EOH, the LCOA increases linearly with an increase in the
electricity price (0–0.057 €/kWh). At the same CEl, the LCOA decreased
gradually with an increase in EOH (Fig. 9). The LCOA varies from 95 to
1591 €/t. To compete with the current ammonia market price (400–600
€/t), Fig. 9 shows that to obtain a competitive LCOA, the EOH is closely
related to the electricity price, and it should be not <5000 h with the
baseline electricity price.

Combined with the above figures, EOH is a very important factor,
with a large uncertainty affecting LCOA. Fig. 9 also shows that the LCOA
with electricity price of zero is still greater than 600 €/t when the EOH is
<2000 h. Considering the general operating hours of wind and photo-
voltaic power projects, we believe that a green ammonia plant using PtA
with the HB technique should not be purely used as an energy storage
project. In this scenario, EOH is not sufficient. To guarantee sufficient
EOH, the main purpose of such a plant is to produce ammonia as a
chemical, and its partial capacity can be used for energy storage. This
requires sufficient use of renewable power projects in a region.

4.2.5. SPCH2
Fig. 10 shows an almost linear increase in LCOA with increasing

SPCH2. Although the lines in this figure appear flat because the relative
change in SPCH2 is not large (40–50), the sensitivity coefficient of LCOA
to SPCH2 is quite large, ranging from 0.51 to 0.71. Therefore, to decrease
green ammonia’s LCOA, future technological developments should pri-
oritize the reduction of SPCH2. When SPCH2 was <42 kWh/kg, the EOH
was below 4000 h. In decreasing order of the absolute value of sensi-
tivity coefficients with EOH of 4000 h or greater, the sequence of six
variables is electricity price (0.35 – 0.78), SPCH2 (0.51 – 0.71), EOH

(− 0.57 – − 0.27), ECwe (0.07 – 0.25), psyn (0.06 – 0.11), and plant scale
(− 0.08 – − 0.04). These data reveal the directions and measures for
improving the profitability of green ammonia based on the low-pressure
HB technique.

4.3. Life cycle GHG and NH3 emissions

Considering the differences in configurations, efficiencies, and
LOCA, the LP technique is focused on in the section. The life cycle GHG
and NH3 emissions were calculated based on the emission data of wind
power (>3 MW) in China, and the emission factors were 0.033 kgCO2e/
kWh and 5.9 × 10–6 kgNH3/kWh, respectively. The biogenic carbon
dioxide is not considered. Based on the simulation results, the NH3
concentration in the exhaust gas is approximately 5.8 vol.%, and
approximately 0.7 kg NH3 is exhausted when 1 metric ton of ammonia is
produced.

Fig. 11(a) shows that with an increase in SPCH2 from 40 to 50 kWh/
kg, the GHG emissions of green ammonia rise from 257 to 316 kgCO2e/t,
which lie within the intervals of previous data with efficient water
electrolyzers (120–530 kgCO2e/t) [19,20]. Furthermore, the commer-
cial HB ammonia synthesis emits about 1.5 to 1.6 tCO2e/t [20] and 2.41
to 4.19 tCO2e/t [21] produced from natural gas and coal as feedstock,
respectively. The green ammonia can reduce GHG emissions by 82 %
and 91 %, respectively, which are comparable to the previous results
[53]. Finally, the GHG emissions of ammonia produced from natural gas
with CO2 capture reduced to 0.77 kgCO2e/t [22], which is still much
higher than the that of the green ammonia. Thus, green power-based
ammonia is low-carbon in the life cycle perspective, and the PtA pro-
cess is an effective pathway for decarbonizing the ammonia industry.
Fig. 11(a) also shows that the GHG emissions from water electrolysis
contribute >95 %, and the sensitivity coefficient is up to 0.94. These
results imply that the GHG emissions of green ammonia can be further
reduced with the progress of decarbonization in the generation of green
electricity. Green power with higher carbon emissions, such as PV
power, should not be used to produce ammonia.

The NH3 emission factor of purge gas without NH3 recovery is
approximately 0.3 kg/t, and as shown in Fig. 11(b), the NH3 emission
without NH3 recovery ranges from 0.345 to 0.356 kgNH3/t. In this case,
the NH3 in the purge gas was the major contributor, with a share of >84
%. Fig. 11(c) shows that the NH3 emission with NH3 recovery from the
purge gas reduces dramatically (0.046–0.056 kgNH3/t) compared to
that without NH3 recovery. It increased slightly with an increase in
SPCH2. In this case, the major contributor is replaced by the water
electrolysis unit (>92 %). The NH3 emissions of liquid ammonia (Rest of
World) in the Ecoinvent 3 database is approximately 0.03 kgNH3/t,Fig. 9. Variation of LCOA with electricity price and EOH.

Fig. 10. Variation of LCOA with SPCH2 and EOH.
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which is less than the values by this study but of the same magnitude.
NH3 recovery or decomposition technologies must be employed for
power-to-ammonia integration with the HB technique. The simulation
results also indicated that the purge gas ratio had a significant effect on
the NH3 emissions. Additionally, based on the principle of the HB
method, the development of high-performance synthetic ammonia cat-
alysts to improve single-pass conversion can help reduce the NH3
emissions of green ammonia.

5. Conclusion

Two PtA processes integrated with low-pressure and ultralow-
pressure HB techniques were designed, simulated, evaluated, and opti-
mized from technical, economic, and environmental aspects using en-
ergy efficiency, unit power consumption, LCOA, life cycle carbon, and
ammonia emissions as performance indicators.

From a technical perspective, the LP technique is recommended over
the ULP technique. Although the LP technique results in very slight
disadvantages in energy conversion performance; however, it has a
simple configuration and theoretically has higher flexibility. However,
the ULP technique offers a feasible pathway for the application of low-
pressure catalysts within the limitations of ammonia separation.
Furthermore, the separation process in ULP technique can be used in
other synthesis technologies, such as plasmas-assisted synthesis. SPCH2

is the key variable for improving systematic energy efficiency; in
contrast, a higher electrolysis pressure, lower synthesis pressure, and
higher single-pass conversion are minor measures for improving tech-
nical performance. The optimal systematic energy efficiency of the PtA
process ranges from 55.35 % to 68.71 %, whereas the optimal unit
power consumption of green ammonia varies from 7.64 kWh/kg to 9.49
kWh/kg, depending on different electrolyzers. The cold energy should
be considered in energy efficiency analysis, and it should be sufficiently
used in ammonia utilization stage.

From an economic perspective, the LP technique is recommended
because the LCOAwith LP technique is slightly lower than that with ULP
technique. The decrease in synthesis pressure caused a small reduction
in the total equipment cost. The plant scale should not be<10 t/h. Based
on the current electricity price for energy storage in China, the EOH
should exceed 5000 h to achieve profitability.

Regarding environmental aspects, green ammonia has very low GHG
emissions (257–316 kgCO2e/t) with wind power under the Chinese
scenario. Green ammonia can reduce GHG emissions by >82 %
compared with fossil-based ammonia. With NH3 recovery from the
purge gas, the NH3 emissions are 0.046 to 0.056 kgNH3/t, which is of the
same order of magnitude as that of fossil-based ammonia.

Taken together, a green ammonia plant should not be used solely as
an energy storage project but should mainly produce ammonia for
chemical purposes, considering the instabilities of green power. The

Fig. 11. Variations of (a) GHG emissions, and (b) NH3 emission without NH3 recovery and (c) NH3 emission with NH3 recovery.
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deep recovery or decomposition of NH3 in the purge gas must be
employed for ammonia emission, even in the PtA process.
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