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Process decarbonization is becoming one of the main requirements in the power sector, needing proper carbon
capture systems or more eco-friendly technologies based on renewables. Hydrogen is the ideal solution, but its
production chain has significant environmental, safety and logistical issues making its carries, such as ammonia

eD;Ca;]:zn;am" and methanol, more suitable commercially. Starting from H; production paths, a feasibility analysis is presented
. AI};Hnoiia on e-NH3 and e-MeOH single and combined production for different flowsheets by discussing material and en-
e-Methanol ergy consumption. Specific electrical demands are quite high (~11-12 kWhe/kg e-fuel) due to the energy-

consuming electrolyser operation, which also represents more than 85 % of the total need. Nevertheless, these
values balance the high fuel consumption of traditional processes based on the natural gas steam reforming
(~21-31 MJ(LHV)/kg product). CO5 emissions are minimized, permitting the CO5 recovery from other plants in
the e-MeOH synthesis as well (up to ~1.6 kg COo/kg e-fuel). Referring to the current renewable scenario, a
hybrid plant combining ammonia and methanol production is more feasible. Indeed, the Methane to Ammonia
plant coupled with the Power to Methanol one allows for halving the electrolyser size and providing an in loco
CO> source (~0.83 kg CO2/kg (NH3 + MeOH)) while increasing the heat requirement (up to a 90 % increase)
compared to a single-line e-fuel production. Looking at future scenarios, the electrolyser technology improve-
ment in terms of its electrical demand and working pressure could favour e-fuel synthesis, leading to ~25 %
decrease in the energy consumption and a lower number of compression steps.

1. Introduction

In the current energy scenario, hydrogen is a very promising alter-
native fuel due to a high energy density of around 120 MJ(LHV)/kg
(three times higher than traditional fossil fuels) and without releasing
GHG emissions through its oxidation, making its use feasible for mul-
tiple applications that range from the energy industry to the trans-
portation sector [1-3]. The atomic hydrogen is extremely abundant in
nature, representing around 75 % of the total amount of atoms [4].
Nevertheless, its molecular state is quite unstable in the atmosphere,
though it could be extracted from some underground caves (i.e., white
Hy) [5]. Hydrogen bottlenecks are correlated firstly to production and
secondly to transportation and storage [6,7]. Hy derives commonly from
fossil fuel-based processes such as natural gas steam reforming and coal
gasification (i.e., grey and black Hy), in rarer cases its synthesis can
involve a carbon capture system (i.e., blue Hs), exploit renewable
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sources (i.e., green and yellow Hy) or use nuclear energy (i.e., pink Hj)
[5,8]. The second threshold is connected to the logistics because of its
wide flammability region (4-75 vol% in air) and low density at room
conditions, requiring its compressions up to 700 bar or its liquefaction at
—253 °C with consequent safety issues [9,10]. The trending idea is the
use of hydrogen through its derivatives, which are produced from
hydrogen but can be transported and stored more easily and safely.
These derivates can then be used to obtain molecular hydrogen or used
as a direct fuel source. The main candidates are ammonia and methanol,
showing a high energy density (18.6 MJ(LHV)/kg and 20 MJ(LHV)/kg,
respectively), a narrow flammability range (16-25 vol% and 6-36 vol%
in air at standard conditions, respectively) and requiring mild storage
conditions (room or lower temperatures) [11].

Ammonia and methanol are commonly produced using fossil fuels as
the hydrogen source [12,13]. Aiming at their process decarbonization,
alternative paths have been identified that involve biomass gasification
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and, above all, water electrolysis leading to the synthesis of the so-called
e-fuels [14-17]. Applying both technologies allows for revamping the
existing plants based on the Haber Bosch and the methanol synthesis
loops. This permits eco-friendly production processes but maintains the
high product yields and synthesis rates that characterize traditional
reactor designs and catalysts. Focusing on e-NH3 and e-MeOH, several
plant flowsheets have been proposed with the aim of performance
optimization and process emission reduction using different electrolysis
technologies, such as high-temperature proton and anion-conductive
solid oxide cells, proton exchange membrane cells, anion exchange
membrane cells and alkaline electrolysers [18-23]. Moreover, an
external COy source is needed in the case of methanol synthesis,
resulting in a suitable and profitable application of the CO, segregated
by carbon capture systems that are emerging in both industrial and
transport applications [24-30]. Here, e-fuel production results in a
promising solution for hard-to-abate sectors since it would permit CO2
footprint reduction without the complete system substitution, which is
not always feasible [30-32]. It is noteworthy that the origin both of the
CO; and of the electricity influence the obtained product categorization.
The resulting fuel can only be defined as “green” if the electricity is
obtained using renewable resources and the CO; derives from a bio-
logical process or from a direct air capture plant [33], allowing for net
zero emissions [34-37]. Coupling with photovoltaic and wind sources
has further beneficial effects: (i) minimizing the fuel synthesis process
emissions and (ii) counteracting the characteristic renewable energy
fluctuations by storing the surplus into a fuel as chemical potential that
can be used in a later stage. The current high electricity and electrolyser
prices cause an e-fuel average costs up to 3 €/liter, which is reducing the
industrial interest in these processes [38]. Here, government funding
and devoted legislation are fundamental pressing points [39,40].

Despite the known variability in scale, modus operandi, material and
energy supply [41-44], the Power to X approach is the most interesting
solution at the industrial level due to, in theory, the high capacities
reachable through the system modularity. Several demonstration plants
started operation in last years or are under planning. Nevertheless, their
annual production is still far from industrial-scale ones (Table 1), which
can have a production capacity of millions of tons yearly.

The present work evaluates the feasibility of ammonia and methanol
green synthesis with respect to hydrogen generation in the previously
established context. The e-fuel production through low-temperature
electrolysis cells coupled with renewable sources is analysed in terms
of material, electricity and heat demands, comparing them with the
state-of-the-art systems based on natural gas steam reforming. Still
existing limits correlated to the electrolyser use at large capacities are
underlined and a forecast of the reachable plant performance is pre-
sented considering the electrolysis operation improvement attended in
next years, which will allow for lower consumption and higher operative
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pressures. Ammonia and methanol co-production is also discussed,
where the Power to Methanol process directly exploits as its reactant the
CO; produced inside the Methane to Ammonia plant. This could over-
come the still-limited CO4 capture plants and infrastructure for its dis-
tribution. Finally, Power to Ammonia and Power to Methanol coupling
is compared with respect to ammonia and methanol single-production
lines.

2. Plant design for hydrogen and carriers

Focusing initially on hydrogen and then on ammonia and methanol
as possible carriers, the work illustrates and compares green plant de-
signs with the traditional ones based on fossil fuel use in terms of ben-
efits and drawbacks. Natural gas steam reforming was taken as the
reference, resulting in the most widespread plant configuration [13,54].
Proton Exchange Membrane Electrolysis Cell (PEMEC) technology was
chosen for the green hydrogen production since this configuration is
more mature than high-temperature solid oxide cells (technology
readiness level already reaching 7-8) [55]. PEMEC higher efficiency and
lifespan with a faster start-up procedure compared to alkaline cells
justify its choice, despite high capital costs [56].

2.1. Hydrogen production plant

Fig. 1 illustrates the flowsheet of both the traditional (called H,-SR)
and the green (called Hy-PEMEC) processes for hydrogen production. In
the first configuration, hydrogen derives from the steam reforming of
natural gas (stream A) by producing a Hy-rich syngas (stream C) through
an endothermic reaction performed at mild pressures for space saving
(Eq. (1)). High-temperature compressed steam (stream B) is fed in excess
of its stoichiometric requirement in order to guarantee a high Steam-to-
Carbon ratio (S/C) and to avoid the catalyst deactivation through carbon
deposition. The Water Gas Shift (WGS) reactor, set downstream the
steam reforming reactor, allows to convert carbon monoxide and in-
crease the hydrogen content in stream D (Eq. (2)).

CH,4 + H,0 < CO + 3H, AH(25 C) = 206 kJ/mol (¢))
CO + H,0 < CO, + H, AH(25 C) = —41 kJ/mol 2

All downstream steps are devoted to hydrogen purification. The first gas
cleaning in Fig. 1A includes a flash unit to condensate water and a CO4
separation unit. Carbon dioxide can be segregated in several ways (e.g.,
membrane, cryogenic, absorption technology, to name a few); however,
amine-based absorption is the most suitable solution in terms of required
capacities and costs for this application [57]. A further reduction of CO
and CO; content is obtained in the Sabatier reactor through methanation

Table 1

Some working and under construction e-fuel plants.
Location Capacity Energy source Electrolysis cell Starting operation Reference
e-Ammonia
Pert, Cusco <20,000 ton/y Hydro 25 MW Alkaline 1965 [14]
Norway, Porsgrunn 20,500 ton/y Renewable 24 MW PEM Under construction [45]
Morocco 183,000 ton/y Sun PEM By 2026 [14]
Netherlands 75,000 ton/y Offshore wind Alkaline By 2025 [46]
UAE, Abu Dhabi 200,000 ton/y Sun Alkaline By 2024-2026 [47]
e-Methanol
Iceland, Svartsengi 4000 ton/y — 6 MW Alkaline 2011 [44]
Sweden, Luled 350 ton/y Blast furnace gas Hydrogen from electrolysis and byproduct steel manufacturing 2019 [48]
Germany, Niederaussem 350 ton/y Wind 0.6 MW PEM 2019 [48]
Denmark, Kassg >50,000 ton/y Sun 50 MW PEM Under construction [49]
Belgium, Ghent 45,000 ton/y Wind 63 MW electrolyser Under studied proposal [50]
Sweden, @rsted 50,000 ton/y Wind + Sun 70 MW PEM By 2025 [51]
Italy, Sicily — — — Start-up begun in 2021 [52]
Norway, Finnfjord 100,000 ton/y Hydro Low temperature cells Under studied proposal [53]
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Fig. 1. Plant designs for hydrogen production referring to (A) natural gas steam reforming-based process called H,-SR and (B) water electrolysis-based process called

H,-PEMEC.

(opposite reaction of Eq. (1)), which allows to reach negligible amounts
of the afore mentioned compounds but requires the consumption of a
fraction of the previously produced hydrogen. The last gas cleaning step
consists of a refrigeration unit that is necessary to achieve almost pure
hydrogen (>99 %) by removing water and methane (stream H); it is
followed by Hy compression to reach its storage conditions (stream I).

Referring to the green production process (Fig. 1B), it is based on the
electrolysis of water (stream A) powered by Renewable Energy Sources
(RESs). Pure hydrogen (stream C) is directly produced through water
dissociation (Eq. (3)) with Oz as a by-product, requiring just a final
compression step up to the storage pressure.

H,0 < 0.50, + H, AH(25 C) = 285 kJ/mol 3

2.2. Ammonia production plant

The ammonia synthesis can be schematised by two sub-blocks: one to
produce the nitrogen and hydrogen reactant feed and one to obtain the
liquid NH3 through the Haber Bosh loop. Fig. 2A represents the indus-
trial configuration, called NH3-SR, allowing a wide range of production
capacities (from small scales of 200-500 tons/day to high scales up to
4500 tons/day) [58]. The first sub-block is similar to the steam
reforming process, previously described for the hydrogen synthesis, but
it is based on two in series steam reforming reactors to achieve a Hy-Nj
mixture. Natural gas and steam at high temperatures and pressures
(streams A and B) are fed to the first reformer, where syngas (stream C)
is produced without reaching the methane complete conversion. The
following unit is an autothermic reformer, where hot air (stream D) is
supplied to add nitrogen and consume a fraction of the remaining
methane through its partial combustion and here producing the heat
required by the endothermic reforming reaction (Eq. (1)). The WGS
reactor is again present to increase the hydrogen fraction, followed by
several gas cleaning steps to remove all oxidised compounds (i.e., CO2,
CO and H3O) that can poison the ammonia synthesis catalysts [59].
Unlike the Hy-SR process, the final mixture (stream I) can contain CHy
produced by the Sabatier reactor and Ar derived from the air since they
are inert in the ammonia synthesis reactor. The second sub-block in-
cludes the Haber Bosch loop, where the nitrogen and hydrogen mixture

with a molar ratio equal to 3:1 is compressed and heated before feeding
to the ammonia exothermic reactor (stream J) (Eq. (4)).

0.5N, + 1.5H, & NH; AH(25 C) = —46 kJ/mol 4
Downstream, the produced ammonia is separated from the Hy-Ny-rich
mixture through its liquefaction, reaching a purity of around 99.5 %
(stream L). Since the yield per pass is usually low (around 20-30 %)
[60], the unreacted reagents are recirculated (stream O) except for a
small fraction that is purged to avoid the inert gas accumulation (stream
N). A cryogenic purification step could also remove the methane
downstream of the Sabatier reactor, reducing the loop purge [59]. This
is a rarer plant configuration requiring further units and for this reason it
was not considered in the present work.

The second configuration in Fig. 2B consists of the green ammonia
production path, called NH3-PEMEC, which uses renewables as the only
energy source. In this case, hydrogen is produced by the electrolysis of
water (stream A). Nitrogen derives from air (stream D) using an Air
Separation Unit (ASU), which usually consists of the cryogenic distilla-
tion aiming at a high production capacity and an extremely pure Ny
stream (stream F), since oxygen can oxidise ammonia synthesis cata-
lysts. Whereas the Haber Bosch loop includes the same unit operations
described previously for the NH3-SR case; it allows e-ammonia pro-
duction with a purity of around 99.5 % again (stream I).

2.3. Methanol production plant

Fig. 3 presents two plant configurations for the methanol synthesis.
The traditional path, called MeOH-SR in Fig. 3.A, can be divided into
three steps: the steam reforming process, the lacking CO; addition from
a storage tank and the MeOH under pressure loop. The steam reforming
is used to produce hydrogen-rich syngas (stream C) starting from natural
gas (stream A) and pressurised steam (stream B). The WGS reactor is not
present downstream of the reforming unit. The gas cleaning consists of
excess water removal. An external CO- flow (stream E) is added to reach
the required Stoichiometry Ratio (StR), defined as (Hz - CO3)/(CO +
CO»), equal to around 2. In the following loop, the feed is compressed
and heated (stream F) to favour the exothermic MeOH synthesis
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Fig. 2. Plant designs for ammonia production referring to (A) natural gas steam reforming-based process called NH3-SR and (B) water electrolysis-based process
called NH3-PEMEC.

reactions (Egs. (5) and (6)). The yield per pass is about 25 % [61], requiring the recirculation of the

3H, + CO, < CH3;0H + H,0 AH(ZSG C) — _49 k.]/mol ) unreacted syngas (stream K). Aiming at a purity of around 99.5 %
downstream of the reactor (stream M), there are several unit operations
2H, + CO — CH;0H AH(25°C) = —91 kJ/mol 6) which separate the liquid methanol from reactants and by-products,
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Fig. 3. Plant designs for methanol production referring to (A) natural gas steam reforming-based process with a CO, external source called MeOH-SR and (B) water

electrolysis-based process with a CO, external source called MeOH-PEMEC.

such as methane and dimethyl ether (opposite reactions of Eq. (1) and
(7)). It is noteworthy that, in theory, working conditions would trigger
other unwanted reactions, which were not considered in the present
work. Indeed, their formation can be minimised using selective catalysts
and decreasing the permanence time inside the reactor in order to avoid
parallel and secondary reactions, respectively [62].

2CH;0H < CH;0CH; + H,O AH(25°C) = —24 kJ/mol )

The second flowsheet in Fig. 3B represents the green alternative called
MeOH-PEMEC. It is constituted by three main sub-blocks powdered by
RESs: the water (stream A) electrolyser unit producing pure hydrogen

(stream C), the CO; (stream D) storage unit and the MeOH under pres-
sure loop producing methanol at around 99.5 % purity degree (stream
L).

2.4. Ammonia and methanol co-production plant

Coupling ammonia with methanol production has several benefits,
such as CO, emission reduction, CAPEX and OPEX decrease and pro-
duction flexibility [63,64]. This solution has already been presented on
the market combining steam reforming-based synthesis paths [65,66].
Nevertheless, some more eco-friendly alternatives are being studied,
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where biomass gasification and water electrolysis can be the hydrogen
sources and CO; is recovered by carbon capture units [67,68]. The
methanol synthesis becomes a possible profitable application for the
CO4, utilization on a large scale. Recently, a plant configuration has been
reported that proposes the ammonia synthesis from water electrolysis
and ASU, using the pure oxygen derived from air separation for an
autothermic steam reforming reactor [69-71]. The obtained syngas has
a higher CO-CO5, content and a StR suitable for the methanol synthesis,
favouring the methane partial oxidation.

Two possible flowsheets are presented: (i) a hybrid solution merging
a traditional and a green production line with CO, internal use called
NH; - MeOH SR Hybrid, (ii) a plant based only on green hydrogen
production recovering COs externally called NH3; — MeOH PEMEC
Hybrid. The first case shown in Fig. 4A combines the Methane to
Ammonia approach with the Power to Methanol one. Natural gas, steam
and air (stream A) are fed to two in series steam reforming reactors to
obtain a hydrogen- and nitrogen-rich mixture (stream B) for the Haber
Bosch process that produces pure liquid ammonia (stream D). The CO5
recovered from the syngas cleaning (stream C) becomes the reagent in
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the MeOH loop, after mixing with the hydrogen produced by water
electrolysis (stream F), to obtain liquid methanol (stream H). The second
case shown in Fig. 4B is based on a single electrolyser that provides
hydrogen to both carrier synthesis lines (streams F and G), requiring an
ASU for pure nitrogen production (stream D) and a CO, storage tank
(stream H).

2.5. Working conditions and assumptions

A feasibility analysis of all previously discussed plant designs was
performed by DWSIM, an open-source process simulation software [72],
allowing a quantitative characterization of the material and energy
consumption. Moreover, the heat integration was also evaluated
assuming 20 degrees as the minimum temperature gradient between hot
and cold streams. Knowing the maximum and minimum temperatures of
the plant, the net heat flux ¢ for each temperature range AT was
computed by algebraically summing the enthalpic fluxes of all heating
and cooling currents included in this step (Eq. (8)).
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Fig. 4. Plant designs for ammonia and methanol co-production referring to (A) plant coupling Methane to Ammonia with Power to Methanol called NH3 - MeOH SR
Hybrid and (B) plant coupling Power to Ammonia with Power to Methanol called NH; — MeOH PEMEC Hybrid.
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Nhot Neoig
¢ = (Z Wjcp — Z chpj> AT;, Vi = number of temperature ranges
j=1 j=1

(8

Where W is the flowrate, ¢, the specific heat and N the stream number. A
positive value means a heat surplus, while a negative value means a heat
deficit. The cumulative heat flux ¢ was computed considering surplus
and deficit from ranges at higher temperatures (Eq. (9)) and here eval-
uating the required heat integration.

$is1 = ¢i + ¢;, Vi = number of temperature ranges 9

The reactor working conditions are reported in Table 2. The NHg syn-
thesis occurred at 500 °C and 200 bar [12], while the methanol synthesis
needed milder working conditions, resulting in 220 °C and 80 bar.
Referring to the reforming process, two reformers in the NH3-SR case
had different working temperatures: the first was set at 750 °C while the
second reached 970 °C under an autothermic behaviour with air
oxidation inside [35,73]. Ho-SR and MeOH-SR plants consist of a single
reforming working at a fixed temperature of 980 °C to favour the
methane complete conversion [74]. In all cases, the reforming pressure
was set to 35 bar to reduce space issues. It is noteworthy that the first
approximation considered available steam at high temperatures and
pressures (@ 360 °C and 35 bar). Following, the steam production
consumption was also added to the analysis. WGS and Sabatier reactors
worked at a temperature of 200 °C and 300 °C, respectively, and at the
same pressure of the reformer to minimise the pressure variations. The
PEM electrolyser was modelled by a reactor with a fixed water conver-
sion at 80 °C and 30 bar, assuming an electrical consumption of ~55
kWh/kg Ho (Begin of Life) and a heat loss of ~9 kWy,/kg Hs [75,76].
The reactant purification steps were simulated by imposing the sepa-
ration efficiency. Referring to the amine absorption technology [77], the
CO4, capture efficiency in Hp-SR and NH3-SR cases was ~95 % requiring
0.09 kWhg)/kg CO as the electrical work and 0.98 kWhy,/kg CO as the
reboiler duty. While air distillation was considered as the ASU reference,
allowing the N3 complete separation from oxygen and argon by
consuming ~0.5 kWhe/kg of liquid N» [78]. Looking at target products
(Table 2), hydrogen was obtained at a purity higher than 99 %, a
pressure of 100 bar and room temperature [10]. Liquid ammonia at
purity levels higher than 99 % was refrigerated up to —34 °C at 1.3 bar
[79]. Whereas fuel grade methanol was assumed to be in liquid phase at
atmospheric conditions [80], fixing a water content lower than 0.05 wt
% with possible traces of other organic compounds [28].

3. Results and discussion

A technical feasibility analysis of three Hp-based fuels was performed
looking at the material and the energy demand characterizing the pro-
duction processes using both fossil fuels and renewables (i.e., e-fuel
synthesis). All these cases assumed an equal involved hydrogen flow-
rate, as the hydrogen synthesis was considered the basic scenario. Note
that the following tables and figures report the most relevant results; for
more details, refer to Supplementary Materials, which list the properties
of each stream in the analysed flowsheets.

Comparing the Hy-SR process with the H,-PEMEC system, the main

Table 2
Main working conditions of analysed case-studies.
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benefits and weaknesses of a traditional vs. a green production are
already evident. In the H»-SR traditional process, the hydrogen is pro-
duced by the natural gas steam reformer, obtaining a 43 vol% Hj-rich
mixture that is further enriched by the water gas shift reaction up to 49
vol% H; and by several purification steps, finally reaching 93 vol% Hs.
The cooling step allows for the hydrogen to undergo a complete puri-
fication (>99 vol% Hy). Significant fuel and steam supplies are needed,
resulting in 3.3 Nm? fuel/kg Hy and 12.9 kg H,0/kg Ha, respectively. On
the other hand, the electricity demand is minimum by exploiting a
thermochemical process: 0.7 kWh,j/kg H» for the initial compression of
the natural gas, the purification and the final compression of the pro-
duced hydrogen. Green Hy electrochemical synthesis has a simple design
involving just a PEM water electrolysis module, which produces pure
dry hydrogen at mild pressures. Water consumption is quite comparable
in two cases, with a bit higher value using an electrolyser; nevertheless,
this last technology requires a high purity degree feed. The Hpo-PEMEC
plant is dominated by the electricity demand of the electrolyser that
leads globally to 55.7 kWh)/kg Hy, resulting only competitive in the
case of low-cost available electricity. However, the heat management
line is easier and lower temperatures are involved (electrolyser works
below 100 °C) with respect to the steam reformer process, where a
temperature near 1000 °C is forced to guarantee a quite complete
methane conversion (around 98 %). The H»-SR plant is further penalised
in standalone applications without a steam stream already available,
resulting in a penalization of around 0.8 kWhy,/kg steam (@ 35 bar and
360 °QC).

3.1. Ammonia and methanol single production

Ammonia and methanol are alternative fuels that derive from
hydrogen produced by steam reforming or water electrolysis coupled
with a high temperature and pressure synthesis loop. As shown in
Table 3, hydrogen and other reactant production has a significant in-
fluence on the whole process due to a high fuel demand due to steam
reforming in NH3-SR and MeOH-SR cases and a high electricity
requirement for e-fuels in NH3-PEMEC and MeOH-PEMEC cases.

In detail, ammonia derives from high-purity hydrogen and nitrogen
reacted in the Haber Bosch loop (Eq. (4)). In the NH3-SR these reactants
are obtained by two reforming reactors permitting to simplify the pro-
cess design with respect to the NH3-PEMEC, where the water electrolysis
module works in parallel to the air cryogenic distillation columns to
have a final Hy/N3 molar ratio equal to around 3. The needed natural gas
is high since it is the source for Hy as well as for the heat stabilizing the
second autothermic reformer. Consequently, both air and steam flows
increase by around 80 % and 30 %, respectively, in NH3-SR compared
with NH3-PEMEC, to have a complete methane conversion and a steam-
to-carbon ratio higher than four. It is noteworthy that NH3-PEMEC does
not only need less air, but all the oxygen present in the feed can be
recovered at a high purity degree allowing ~1.25 Nm® O,/kg NHj as a
co-product from the air separation unit (around 15 %) and the water
electrolysis (around 85 %). Another difference between traditional and
green paths consists of purification steps, since the PEMEC directly
produces a pure hydrogen stream while the reformer generates syngas
with a significant amount of Hy0, CO e CO,. Water can be recovered by
its condensation (~0.45 kg H,O/kg syngas), while CO; is captured by

Working Condition Reforming Reactor PEMEC WGS Reactor Sabatier Reactor Ammonia Reactor MeOH Reactor
Temperature [°C] 750-980 (NH;3-SR) 980 (H,-SR and MeOH-SR) 80 200 300 500 220

Pressure [bar] 35 30 35 35 200 80

Feed composition S/C=4.7 Pure water Crude syngas Clean syngas Hy/Np ~ 3 StR =~ 2

H, purity degree >99 % @ 100 bar and 20 °C

NH; purity degree
MeOH purity degree

>99 % @ 1.3 bar and —34 °C
>99 % @ 1.3 bar and 20 °C
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Table 3
Comparison of ammonia and methanol production processes: Steam Reforming
(SR) vs. PEM Electrolysis Cell (PEMEC).

Process NH; — SR NH3 - MeOH - MeOH —
PEMEC SR PEMEC

Product NH3 MeOH

Fuel specific 0.97 - 0.67 —
consumption
[Nm?uel / kgproduct]

Air specific 1.63 0.90 - -
consumption
I:ngir / kgproduct}

Inlet water specific 3.80 @ 2.94 @ room 2.57 @ 3.37 @ room
consumption 35 bar & conditions 35 bar & conditions
(K811.0/WBproduc 360°¢ 360°¢

H, derivative specific 0.38 0.47 0.44 0.41
production
[kgproducl/ ngz}

Specific O, production - 1.25 - 1.22
[Nm3, /Ko

Specific electrical 2.49 11.40 0.14 12.23
demand
[KWher /K8 e

Specific hot external 0.77 0.06 1.82 0.13
demand
[kWhth /kgproducl}

Specific cold external 6.11 3.30 3.23 3.19
demand

[kWhm / kgpmdm}

amine-based absorption (~0.25 kg COy/kg syngas). The final Sabatier
reactor generates methane by consuming Hy, CO and COo, resulting in a
4 vol% CH4 mixture fed to the loop. Working conditions for the Haber
Bosch process are the same in both considered flowsheets (@ 200 bar
and 500 °C); nevertheless, a higher Hy conversion is obtained in NHs-
PEMEC (93 % vs. 79 %) producing 20 % more of ammonia under an
equal feed because of a pure Hy-N3 mixture reagent. The off-gases are
consequently different, since in the NH3-SR case they contain up to 12
vol% CHy, while in the NH3-PEMEC plant hydrogen exceeds 77 vol%.
Varying composition leads to doubling the heating value of the mixture
in this second case (~24 MJ(LHV)/kg).

Referring to the electrical demand (Table 3), the PEMEC requires
~10.5 kWh1/kg NH3 with just ~0.8 kWhg)/kg NH; for the air separation
unit and the synthesis loop. Focusing on the Haber Bosch process
contribution, compression work is needed for both the fresh feed and the
recirculated, unreacted gas stream-NH3-PEMEC value equal to ~0.4
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kWhei/kg NHs is significantly lower than the ~2.3 kWhe;/kg NH3 of the
natural gas-based plant. This variation is partially due to recycling. The
inert presence (i.e., Ar and CH4) makes the ammonia purification step
more difficult since it requires lower pressures in the final refrigeration
separator (19 bar in NH3-SR vs. 100 bar in NH3-PEMEC) and conse-
quently more electric work for the reagent recompression. Moreover,
under equal Hy-Nj reactant amounts, a higher ammonia production
obtained in the NH3-PEMEC case decreases its specific consumption
value. Referring to hydrogen synthesis steps in the NH3-SR plant, the
natural gas compression is quite negligible evaluating the gas cleaning
as more energy-consuming (above all due to amine-based absorption).

Considering the thermic aspect (Fig. 5A), NH3-SR and NH3-PEMEC
designs show significantly different heat demands resulting mainly
influenced by the applied processes for the hydrogen production. In the
NH;3-SR case, the first isothermal reforming reactor has to maintain a
working temperature of around 750 °C. This hot requirement can be
partially satisfied by cooling the syngas leaving the second autothermic
reformer at 970 °C (the only stream at higher temperatures) and
partially using an external hot source (~0.8 kWhy,/kg NH3). There
would be a higher demand (~1.6 kWhy,/kg NHj3), if steam was not
available as here assumed. Amine based absorbent regeneration has a
high heat consumption; however, its working temperatures below
130 °C permit to maximise the internal heat recovery in this case. The
cooling in syngas cleaning and liquid ammonia separation steps leads to
heat recovery, by treating high flowrates due to both nitrogen presence
and water surplus fed to the reforming. Ammonia synthesis, WGS and
Sabatier reactors are all exothermic units that can provide heat for the
amine regeneration and their feed pre-heating. Total cold requirement
of NH3-SR is ~6.1 kWhy,/kg NHs. It is noteworthy that most heat is
available at temperatures below 100 °C, here it cannot be used to pro-
duce steam. In NH3-PEMEC all main unit operations are exothermic. The
ammonia synthesis loop provides heat at quite high temperatures (a 15
% higher thermal power with respect to the NH3-SR case due to a higher
conversion), which allows for heating the reactant mixture. Here the hot
external need is minimised at ~0.06 kWhy,/kg NH3. Whereas the water
electrolyser releases low-temperature heat that can be narrowly used
within the plant itself.

Methanol production needs hydrogen and carbon-based sources (i.e.,
CO and CO3) with a stoichiometric ratio of around 2. In both analysed
flowsheets, an external CO, source is introduced since (i) the steam
reforming syngas is lacking resulting in a StR of 2.9 and (ii) the PEMEC
technology is not mature for co-electrolysis operation at commercial
level [81]. Here the added CO; represents 7 % and 30 % of the mixture
fed to the loop in MeOH-SR and MeOH-PEMEC, respectively. Fixed the
same hydrogen amount, the natural gas demand is lower than both the
H3-SR case (around 5 % decrease), without consuming a H; fraction in
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Fig. 5. (A) Ammonia and (B) methanol synthesis grand composite curves comparing Steam Reforming (SR) and PEM Electrolysis Cell (PEMEC) based processes.
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the Sabatier reactor, and the NH3-SR one (around 20 % decrease) using a
single isothermal reformer. Note that a configuration with two in-series
reforming steps, as in the NH3-SR plant, would decrease the syngas
stoichiometric ratio up to 2.3, but pure oxygen would be required to
avoid the nitrogen accumulation. Comparing the water specific con-
sumption in Table 3, the MeOH-PEMEC value is higher than the MeOH-
SR one in view of fewer amounts of natural gas (without the reactor
heating as in the NH3-SR case) and here of steam; moreover, water is the
only hydrogen source in the MeOH-PEMEC process. The hydrogen total
conversion is 76 % and 89 % for MeOH-SR and MeOH-PEMEC systems,
respectively, since the second has a lower purge. However, a bit higher
value of the per pass conversion characterises the MeOH-SR plant since
the feed contains more CO (17 vol% CO, and 6 vol% CO) which reacts
producing further methanol (Eq. (6)). The CO content is < 2 vol% in the
MeOH-PEMEC loop, deriving only from the water gas shift reaction
developed directly within the MeOH reactor. In the Haber Bosch pro-
cess, ammonia and unreacted gases are detected at the outlet without
involving secondary reactions. Differently, some by-products can be
produced in the methanol. Since the commercially used selective cata-
lysts minimize their formation, a limited number of secondary reactions
were applied in this analysis showing visible effects on the plant per-
formance only correlated to methanation. Indeed, it favours the
methane accumulation, which is also partially due to its presence in the
inlet fed syngas. Again, in the e-fuel synthesis path, the water electrol-
ysis permits pure oxygen as a by-product, resulting in ~1.22 Nm? 0,/kg
MeOH. Looking at purged off-gases, MeOH-SR and MeOH-PEMEC con-
figurations have quite similar compositions containing between 76-79
vol% Hj. A similar heating value of ~20 MJ(LHV)/kg is detected in both
cases, which is comparable to ammonia process results.

Referring to Table 3, the MeOH-SR plant has a negligible electrical
demand since it does not require any purification for CO, removal. All
consumption of steps upstream the methanol loop is due to natural gas
and CO; pre-compression, representing about 17 % of the total required
electricity. The synthesis loop is also less energy-consuming than the
Haber Bosch one due to a lower working pressure (80 bar for MeOH vs.
200 bar for NH3). Moreover, the recycled stream does not have to be
expanded at low pressures to favour the product separation, reducing
the number of compression steps. As in NH3-PEMEC, the highest con-
sumption of the green system depends on the electrolyser operation that
needs ~12 kWh,/kg MeOH. Aiming at the operative pressure reduction
for safety and economic issues, more effective catalysts for methanol
synthesis could work up to 40-50 bar [82], which would minimize the
compression within the loop feeding directly a syngas at 35 bar from the
steam reformer or hydrogen at 30 bar from the PEMEC. However, the
influence of working pressures within the loop would be minimal on the
total electricity demand, above all in the MeOH-PEMEC process.

Hydrogen production significantly influences the heat demand of the
process (Fig. 5.B). In details, the specific hot requirement of the MeOH-
SR plant is higher than the NH3-SR plant value. Indeed, a single
isothermal reactor working at 980 °C is used, which means an external
hot supply of ~1.8 kWhy,/kg MeOH (2 kWhy,/kg MeOH without
available steam at high temperatures and pressures), lacking a hotter
process stream. At lower temperatures, the hot heat demand is
completely satisfied by cooling the outlet syngas and by the exothermic
methanol synthesis providing ~0.5-0.7 kWhy,/kg MeOH. Differently
from the NH3 production, the methanol purification consists of distil-
lation column separation where the reboiler heat is provided by the
internal recovery. Specific cold demand is halved with respect to the
ammonia production plant value. Referring to the MeOH-PEMEC plant,
it is almost thermally self-sufficient requiring just ~0.13 kWhy,/kg
MeOH for the MeOH loop reactant final heating. The electrolyser dis-
sipates heat, although it has limited uses. Comparing two methanol
synthesis paths, below room conditions a bit higher hot demand is
visible in the MeOH-PEMEC plant due to a higher CO-, feed that has to be
pre-heated assuming its liquid storage.

According to the previous results, both ammonia and methanol are
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promising hydrogen carriers since their synthesis requires some further
unit operations (i.e., high temperature and pressure loops) that do not
make their production so much more penalized with respect to pure Hj
yet, showing a minor weight on the global process consumption.
Focusing above all on e-fuels due to the industrial application decar-
bonization need, in all cases the high specific electricity demand is
correlated to the electrolyser operation that increases by changing from
ammonia and methanol to hydrogen due to the compound different
weights. In order to have an effective comparison with the steam
reforming-based processes, the plant global energy consumption E,, was
calculated by summing the energy content of natural gas used as the
process reactant to the electrical work (Eq. (10)).
Y Py + NyLHVig

Ep=—"——"7"—"— 1
ot N, 10

where P,; is the electrical power, Ny¢ the natural gas flowrate, LHVyg
the Lower Heating Value of the natural gas and N,_g,. the produced e-
fuel flowrate. As shown in Fig. 6, NH3-SR production requires ~12.1
kWh,/kg NHs (~80 % due to natural gas demand of the steam
reforming and ~20 % due to the electrical work of other unit operations)
compared with ~11.4 kWhy,/kg NH3 of NH3-PEMEC (~92 % due to the
electrolysis electricity demand and ~8 % due to the electrical work of
other unit operations). In summary, the electrolyser has a higher energy
weight with respect to the steam reforming, but it is balanced by a less
energy-consuming Haber Bosch loop in view of a higher pressure of the
recycling. Referring to the methanol synthesis, MeOH-PEMEC has a
higher value, obtaining ~12.2 kWhy/kg MeOH with respect to ~6.8
kWhy,/kg MeOH of the MeOH-SR plant, since a lower natural gas
amount is required and the loop consumption does not differ between
MeOH-SR and MeOH-PEMEC, differently from ammonia cases (Table 3).

Beyond the energy consumption, another key point to be considered
is the environmental impact due to CO; emissions, which leads to the
most significant benefit of e-fuel synthesis (Fig. 7). Indeed, the NH3-SR
plant releases ~1.65 kg COy/kg NHj just due to the syngas purification,
assuming high-temperature compressed steam is already available. The
NH;3-PEMEC system has zero emissions, substituting fossil fuels with
renewables as the energy source. The methanol production uses all CO2
produced within the process itself and recovers also the CO; separated
by other plants, resulting in one of its more promising application fields.
In the MeOH-SR case, the required CO5 amount is minimum (~0.42 kg
CO2/kg MeOH), whereas it becomes significant in the MeOH-PEMEC
plant reaching ~1.60 kg CO2/kg MeOH.

3.2. Ammonia and methanol co-production

The first weakness to large-scale e-fuel production is the electricity
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Fig. 6. Comparison of plant specific energy consumption for ammonia and
methanol production processes.
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Fig. 7. Removed CO, (as negative values) and added CO, (as positive values)
as a function of produced ammonia and methanol in different plant designs.

consumption, which cannot be satisfied by the current renewable
installed capacity. Another severe limit is the actual commercial elec-
trolyser size that is unable to cope with a high worldwide ammonia and
methanol demand as chemicals and fuels. Multimegawatt systems
should be available to permit a production of hundreds of tons, as in
fossil-fuel-based operating processes [14,83]. Moreover, in the MeOH
case, CO, storage or a proper supply infrastructure should be introduced
for a continuous plant operation (existing storage sites exploit mainly
geological formations [84]). Since both points have still not reached the
required technological development, a hybrid plant combining tradi-
tional and green synthesis paths for ammonia and methanol co-
production can be an effective solution during the on-going energy
transition. Indeed, the coupling of methanol and ammonia plants allows
to reduce the electrolyser size. Here Hy supply is guaranteed by both
steam reforming and water electrolysis, obtaining in loco direct CO5
production and oxygen as a by-product. Coupling the Methane to
Ammonia with the Power to Methanol approach, there is no net emis-
sion since the CO, separated by the Hy/N2 mixture upstream the Haber
Bosch loop is used as a reactant for the methanol synthesis, obtaining
~1.08 kg MeOH/kg NH3.

If a biofuel substituted the natural gas, the produced ammonia and
methanol could be effectively defined as green chemicals according to
the legislation in force [85-88]. The current biofuel market is not suf-
ficient to satisfy process demand; however, an average growth of ~11 %
per year could gradually solve this threshold [89]. As underlined in
Table 4 and assuming biomethane feed, the fuel specific consumption of
the steam reforming reactor is ~0.51 Nm?® fuel/kg NH3 + MeOH, which
results lower than the single production plant operations obtaining two
products in the hybrid case. Water is necessary in almost equal amounts
for both the steam reforming and the electrolysis operations. The spe-
cific total energy consumption is equal to ~12.8 kWhy/kg (NHz +
MeOH) distinguishing ~5.2 kWh(LHV)/kg (NHs + MeOH) due to the
fuel use and ~7.6 kWhe)/kg (NH3 + MeOH) as the electrical work. In this
last term, the main contribution is correlated to the electrolyser, rep-
resenting ~83 % of the overall inlet electricity. The plant needs ~0.8
kWhy,/kg (NH3 + MeOH) and ~4.5 kWhy,/kg (NH3 + MeOH) as the hot
and the cold external demands, respectively (Fig. 8). The steam
reforming technology requires additional heat to guarantee an
isothermal operation, which cannot be provided by the MeOH synthesis
line working always at lower temperatures and leads to an increase in
the effective fuel consumption. Excluding the steam reforming opera-
tion, two process coupling allows for an optimised internal heat recov-
ery that satisfies both the heat for the amine absorbent regeneration in
the NHj synthesis line and for the reboilers of the methanol distillation
columns.
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Table 4

NH; and MeOH co-production processes with respect to single green product
plants, considering bio methane as steam reforming feed in NH3-MeOH SR
Hybrid solution and an equal hydrogen distribution between two synthesis lines
in NH3-MeOH PEMEC Hybrid solution.

Process NH; - NH;3 — MeOH NH;3 - MeOH -
MeOH SR PEMEC PEMEC PEMEC
Hybrid Hybrid
Product NH; + NH; + NH; MeOH
MeOH MeOH
Fuel specific 0.51 — - -
consumption
[N m},q/ kgproducl}
Inlet water specific 3.59 (51 % 3.14 (50 % 2.94 3.37
consumption NH;3 - 49 % NH; - 50 %
[K811,0/K8pnoduct MeOH) MeOH)
CO,, specific flow —0.83 +0.74 - +1.60
[kgcm / kgpmduct]
Net CO;, specific - - — -
production
[kgco2 /! kgproduct]
MeOH specific 1.08 0.87 - -
production
[kgmeors /K8, ]
Specific electrical 7.60 (16 % 11.78 (52 % 11.40 12.23
demand NH3 - 84 % NH;3 - 48 %
[KWha /Ko MeOH) MeOH)
Specific energy demand 12.81 (50 % 11.78 (52 % 11.40 12.23
KWheo: /kg, ) NH;3 - 50 % NH; - 48 %
[/ MeOH) MeOH)
Specific hot external 0.83 0.03 0.06 0.13
demand
[kWh, /K8 e
Specific cold external 4.51 3.18 3.30 3.19
demand

[kWhth / kgproduct}
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Fig. 8. Grand composite curves comparing Steam Reforming (SR) and PEM
Electrolysis Cell (PEMEC) based hybrid processes.

Overcome the current technical thresholds thanks to the electrolyser
performance improvement, the renewable energy spread and sharing,
the carbon capture and storage system increase [90-94], a more sus-
tainable co-production process could use only e-hydrogen feeding both
lines and exploit an external COy supply (~0.74 kg COz/kg (NH3 +
MeOH)). In such a system, water is the only Hj source, but its demand is
comparable to the previously discussed hybrid solution. The methanol to
ammonia ratio is a bit lower than the NH3-MeOH SR Hybrid value due to
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a higher hydrogen conversion in the Haber Bosch loop when a pure Ho-
No mixture is fed. Referring to the electricity consumption, the elec-
trolyser alone needs ~11.2 kWh¢/kg (NH3 + MeOH) leading to total
energy consumption quite comparable to the steam reforming-based
hybrid plant (with a minimum improvement computing ~8 %
decrease). Working always below ~500 °C, the hot requirement is just
due to the Haber Bosch reactant final heating step (~0.03 kWhy,/kg
(NH3 + MeOH)). Whereas the cold need results quite similar to the
single line productions referring to the same electrolyser working (~3.2
kWhy/kg (NH3 + MeOH)), but it is lower than the NH3-MeOH SR
Hybrid case, where the hot outlet syngas temperature has to be reduced
at atmospheric conditions for cleaning purposes (Fig. 8). The heat pro-
duced by PEMEC, working at 80 °C, has again minimum applications
within the plant itself.

Fig. 9 depicts the energy consumption in terms of power and heat
using different Hy percentages in the NH3-MeOH PEMEC Hybrid design.
The electricity-specific consumption shows an increasing trend as the
methanol plant capacity rises. This is mainly due to a lower output
flowrate than the ammonia plant one, despite equal hydrogen fed to
both cases. The system thermal operation is mainly influenced by
working temperature ranges, which are greater in the case of the NH3
production line, requiring both a higher reaction temperature and a
lower storage temperature. The specific hot requirement has a slightly
decreasing profile by reducing the ammonia line capacity, since less
reactant has to reach 500 °C in the Haber Bosch loop. Nevertheless, since
the methanol synthesis path cannot use the heat available from NHs-
based mixture cooling, the hot need increases again at very low
ammonia production. The cold-specific demand has a constant profile
except for an increasing ammonia synthesis capacity, when the effects
due to NHj liquefaction below room temperature are more evident.

3.3. Influence of attended electrolyser performance improvement

In all discussed “green” flowsheets, significant penalizations are due
to firstly the electrolyser energy consumption and secondly the required
high pressures within the synthesis loops. Nevertheless, in the future,
PEMEC system performance should improve from the current value of
more than 55 kWhe/kg Hy to 51 kWhe/kg Ha by 2026 and up to 46
kWh,/kg H; in the following [90]. Consequently, the e-fuel production
should have a significant decrease in the electricity demand, making the
Power to X technology more and more feasible. For instance, reducing of
5 kWhe)/kg Ha and of 10 kWhej/kg Hy the PEMEC consumption means a
~9 % and a ~17 % lower electrical demand, respectively (Fig. 10).
Moreover, alternative high-performing cell configurations should be
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Fig. 9. Sensitivity analysis on NH3-MeOH PEMEC Hybrid plant varying
hydrogen feed distribution in two production lines (considering an increasing
NH; plant capacity).
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Fig. 10. Sensitivity analysis on NH3-PEMEC and MeOH-PEMEC single plants
due to PEMEC energy consumption reduction.

ready for commercial applications, such as solid oxide cells (<42 kWhe}/
kg Hy) and anionic exchange membrane cells (<50 kWhe/kg Hy)
[55,95,96]. Assuming the most optimistic value equal to 40 kWh¢/kg
Hp, the NH3 synthesis would require 8.5 kWhe/kg NHs (vs. actual 11.4
kWhe/kg NH3) and the methanol synthesis 8.8 kWhej/kg MeOH (vs.
actual 12.2 kWhe/kg MeOH).

Another PEMEC improvement involves the working pressure.
Indeed, this electrolyser is characterised by a differential pressure
operation (just the anode side under pressure), which allows to avoid
both the inlet water pressurization pump and the outlet hydrogen me-
chanical compression. However, this operation still has significant issues
correlated to the membrane mechanical stability, requiring its thickness
to increase. The possible hydrogen diffusion from the anode to the
cathode reduces the production capacity as well as increases the risk of
oxygen mixing beyond the flammability range [97]. According to
reference theoretical studies [98,86], the hydrogen delivery pressure
could reach up to 200 bar with the consequent energy consumption
penalization yet (~10 % increase). Assuming this operation is possible,
PEMEC technology would provide hydrogen already ready for both
Haber Bosch and MeOH loops with a relevant simplification of the plant
flowsheet. Fig. 11 reports the NH3-PEMEC and MEOH-PEMEC con-
sumption values at variable hydrogen delivery pressures. The electricity
demands have a minimum profile in view of two balancing effects: the
gas compression and the water electrolysis power. Knowing the pre-
dominant weight of the electrolyser, the optimum (i.e., the lowest de-
mand) characterises a PEMEC operation ranging between 30-50 bar.
The increases are due to the produced hydrogen compression at lower
pressures and to the electrolyser major demand at higher ones. Referring
to the specific e-fuel production, the MeOH-PEMEC case working at 80
bar should have the main benefits. Varying the compression step num-
ber influences also the plant thermic behaviour upstream the loop, since
produced hydrogen is at higher pressures but at lower temperatures.
This allows for lower specific external cold requirements by enhancing
the internal heat exchange. For instance, an atmospheric electrolyser
application results in a value of ~4 kWhy,/kg product, which decreases
below ~3 kWhy,/kg product at the highest considered pressure. Hot
need profiles do not have any significant variation.

4. Conclusion
A technical feasibility assessment of e-fuel production through low-

temperature electrolysis cells (PEMECs- Proton Exchange Membrane
Electrolysis Cells) was performed. Green synthesis paths were compared
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Fig. 11. Sensitivity analysis on (A) NH3-PEMEC single plant and (B) MeOH-PEMEC single plant changing the PEMEC delivery pressure.

with steam reforming-based processes, starting with hydrogen as the
base case and then focusing on ammonia and methanol as its possible
carriers. Their production is not energetically penalised with respect to
the Hj case, despite the needs of unit operations involving high pressure
and temperature loops for synthesis, reactant recycling and pure product
separation. Indeed, the main plant consumption is correlated to the
hydrogen production steps. Referring to the energy requirements
including fuel and electricity demand, NH3-SR and NH3-PEMEC plants
have quite similar performance: ~12.1 kWhi/kg NHsz vs. ~11.4
kWhyot/kg NHs. Indeed, the PEMEC high electricity consumption is
counterbalanced by a lower compression work within the Haber Bosch
loop in the NH3-PEMEC case. Moreover, a high fuel amount is needed in
two in-series reformers of the NH3-SR case, where the natural gas is used
as both hydrogen and heat sources. Whereas the MeOH-PEMEC needs
~12.2 kWhyo/kg MeOH with respect to ~6.8 kWhyo/kg MeOH of the
MeOH-SR plant, due to less natural gas consumed in the MeOH-SR using
a unique non-adiabatic reformer. The green production paths are
attended to have significant improvements thanks to a lower PEMEC
consumption (around 46 kWhe/kg Hy) and a higher delivery pressure
(up to 50-80 bar), which could permit a 10 % decrease in the plant
consumption. Both e-processes have zero net carbon emissions with e-
MeOH synthesis consuming also CO; derived from other systems,
resulting in the driven key favouring their industrial application.
Ammonia and methanol co-production was also investigated, consid-
ering firstly a hybrid plant that couples Methane to Ammonia with
Power to Methanol as a possible intermediate solution to cope with the
current lack of a proper CO; infrastructure and high-capacity electro-
lysers. After technological improvements, a more high-performance
solution results in a co-production plant exploiting only the PEMEC
unit as the hydrogen source, which permits ~11.8 kWh¢/kg product
with a minimum external heat requirement.

Starting from this analysis focusing mainly on the flowsheet design
and referring to state-of-the-art features for the different involved unit
operations, a more detailed simulation could be applied for each of
them. Production efficiency could be differentiated depending on used
catalysts, here requiring the introduction of specific kinetics studies.
Moreover, other electrolysers working at both low and high tempera-
tures could be introduced, comparing their consumption, balance of
plant and possible internal heat recovery. Finally, alternative technol-
ogies could be studied for the air separation step in the ammonia syn-
thesis line, considering the limited production capacity of the current e-
fuel synthesis that would make the use of selective membranes and
adsorbent beds more suitable than cryogenic distillation.
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