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� An innovative NH3 production plant was designed.
� CO2 emissions and energy consumption are studied in three different designs.
� High temperature electrolysis allows to achieve high efficiency and heat recovery.
� The coupling permits storage of electricity into a liquid carbon free chemical.
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Ammonia is one of the most produced chemicals worldwide and is currently synthesized using nitrogen
separated from air and hydrogen from natural gas reforming with consequent high consumption of fossil
fuel and high emission of CO2. A renewable path for ammonia production is desirable considering the
potential development of ammonia as energy carrier. This study reports design and analysis of an inno-
vative system for the production of green ammonia using electricity from renewable energy sources. This
concept couples Solid Oxide Electrolysis (SOE), for the production of hydrogen, with an improved Haber
Bosch Reactor (HBR), for ammonia synthesis. An air separator is also introduced to supply pure nitrogen.
SOE operates with extremely high efficiency recovering high temperature heat from the Haber-Bosch
reactor. Aspen was used to develop a model to study the performance of the plant. Both the SOE and
the HBR operate at 650 �C. Ammonia production with zero emission of CO2 can be obtained with a reduc-
tion of 40% of power input compared to equivalent plants.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Ammonia was presented recently as a potential fuel and as an
eligible energy vector [1]. Such opportunity comes from ammonia
high energy density. Volumetric and gravimetric energy density
of ammonia at room temperature and 10 bar are 22.5 MJ/kg and
13.6 GJ/m3 respectively, higher than other candidates such as
hydrogen and methanol and not far from fossil sources such as
gasoline, diesel and compressed natural gas. The utilization of
ammonia as a fuel was reported with interesting results in tradi-
tional power units [2,3]. Ammonia combustion releases heat that
can be used in both internal and external combustion engines [4].
In addition, the use of ammonia as a fuel is also demonstrated in
fuel cells with consequent advantages in terms of low emissions
and high efficiency. Ammonia is a carbon free fuel, no CO2 is
emitted when burnt, and in fuel cell applications the risk of NOx

emissions is reduced because no direct mix between oxygen and
ammonia occurs. A sustainable use of ammonia both as a chemical
and as a fuel requires a renewable production of nitrogen and
hydrogen [5,6]. Ammonia is usually produced in the Haber-Bosch
(HB) loop reactor from pure hydrogen and nitrogen that are fed
and recirculated in the reactor, operating at high pressure and high
temperature. Hydrogen is commercially produced from fossil
sources, such as natural gas, normally in an autothermal steam
methane reformer or in a steam methane reformer, while nitrogen
is separated from air. In order to call ammonia a green chemical,
both hydrogen and nitrogen should be produced and supplied using
renewable energy as a primary source: biomass [7], wind [8] or
solar energy [9] can guarantee a renewable and sustainable produc-
tion of ammonia based on thermochemical or electrochemical pro-
cesses [10]. In particular, from water electrolysis and air separation
powered by renewable electricity it is possible to produce green
ammonia without any CO2 emission to the atmosphere [11].
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This kind of plant can also be used in electric grids with a large
penetration of intermittent renewable energy sources to store
energy into a liquid fuel that allows the spatial and temporal sep-
aration, of energy supply and demand. The green ammonia plant
allows to store directly the renewable electricity into a chemical
with high energy density, quite easy to stock and to transport. This
concept was recently presented and studied in the literature
[12,13]. An additional advantage of the proposed concept is that
compared to the storage of renewable electricity into fuels such
as methane, methanol or synthetic diesel; ammonia production
does not require carbon dioxide but nitrogen as additional gas
input. Both nitrogen and carbon dioxide can be separated from
the air but the higher concentration of nitrogen increases efficiency
and lowers production cost in comparison with CO2.

Recent developments of Solid Oxide Fuel Cells (SOFCs) renewed
interest in high temperature Solid Oxide Electrolysers (SOEs),
based on the same materials and design [14]. SOEs operate with
higher power density and higher efficiency compared to traditional
electrolysers, especially if fed with high temperature waste heat,
because the electrochemical conversion of water at high tempera-
tures opens the opportunity to store both heat and electricity in
the produced hydrogen [15]. Such opportunity is currently under
study in industrial processes where waste heat recovery at high
temperature is available. For example, coupling is possible with
nuclear power plants where heat is usually a by-product [16], or
with solar collectors in solar thermal power plants, where renew-
able heat comes from the sun [17] in order to achieve energy stor-
age or production of secondary fuels or energy vectors [18]. In this
scenario, the coupling of SOE and HB process is extremely interest-
ing. NH3 synthesis is an exothermal chemical reaction at high tem-
perature and pressure, producing a large amount of heat. The
integration between the HB process and the SOE potentially allows
to transfer the heat produced by the HB reactor to the SOE to
increase its performance. Moreover, the feasibility of ammonia
production from renewable energy via electrolysis of water is very
important to produce sustainable fuels and chemicals.

This study proposes an improvement to green ammonia pro-
duction plants introducing, for the first time, an SOE for H2 produc-
tion in a HB process. In addition to the studies already cited above
literature reports, for example, system designs based on wind
power with a small efficiency and a limited degree of integration
[19]. The new concept proposed in this work permits system
implementation and allows to improve the power to ammonia
storage efficiency. An electrochemical model and a thermodynamic
simulation of a system layout, in which an SOE and an NH3 plant
are integrated and operated at high pressure and temperature,
has been developed to evaluate the potential of the proposed con-
cept with respect to other green solutions and to a reference
benchmark case, based on the use of natural gas. The effect on
the global efficiency and on avoided CO2 emissions is evaluated.
This work can enhance the development of green ammonia and
can offer, at the same time, an interesting application of SOE, push-
ing the development and application of the technology not only in
the energy sector but also in the chemicals production field. In the
following paragraphs the theory and modelling of SOE and HB pro-
cess are presented, the design of the model is described and,
finally, the main results are analysed and commented.
Split
Reactor

NH3 liq.

Fig. 1. HB process layout for production of NH3.
2. Theoretical background and model development

2.1. Considerations for coupling and SOE electrochemical model

Ammonia synthesis is realized mainly with the plant design
developed by Haber and Bosch (HB). The HB process considered
in this work is based on a modern layout, as shown in Fig. 1.
Please cite this article in press as: Cinti G et al. Coupling Solid Oxide Electrolyse
org/10.1016/j.apenergy.2016.09.026
Ammonia synthesis is an exothermal process based on the fol-
lowing chemical reaction:

3
2
H2 þ 1

2
N2 $ NH3 DH� ¼ �45:7 kJ=mol H2 ð1Þ

The distinctive physical aspects of this equilibrium reaction is
the contrasting effect of pressure and temperature on thermody-
namics and kinetics, according to the following equation [20]:

KNH3 ¼ Ku � Kp ¼
uNH3

u1=2
N2

�u3=2
H2

 !
� nNH3

n1=2
N2

� n3=2
H2

� ntot

Ptot

 !
ð2Þ

The left hand side is the chemical equilibrium constant in which
non ideal fugacity coefficients are accounted in the term Ku. The
term Kp account for the reactor operating conditions, especially
the presence of inert species, which can decrease the molar frac-
tion of reactants and so the production of ammonia. On the other
hand, as the total pressure increases, also the conversion of
reagents into ammonia increases. The reaction kinetic is governed
by the Temkin-Pyzhev equations [21] in which the reaction rate of
the reverse process is negligible as the reactor temperature
increases, but, due to the exothermal characteristic of the thermo-
dynamic equilibrium, the chemical equilibrium constant is lower.
Ammonia synthesis is realized mainly with the plant design devel-
oped by Haber and Bosch (HB). The HB process considered in this
work is based on a modern layout, as shown in Fig. 1. The main fea-
tures, according to the above thermodynamic and kinetic consider-
ations, are the recycle streams, two stages of ammonia separation
(before and after each reactor passage) and heat recovery from
products to increase productivity and reduce energy requirements.
As a consequence, an efficient and high conversion of reactants in
the HB reactor is favored by:

� High pressure and temperature of the reactor.
� Stoichiometric H2/N2 ratio in the reactor feeding stream.
� Absence of inerts or diluting species.
� Auxiliary streams for purging inerts and for recirculation of
unconverted gasses.
r (SOE) and ammonia production plant. Appl Energy (2016), http://dx.doi.
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From the physical point of view, the first two points determine
the conversion per single pass in the HB reactor and, according to
thermodynamics, an isothermal reactor should be preferred, with
an efficient reaction heat recovery system, which is the major
source of waste heat. The last two points mainly contribute to
the global conversion and productivity of the plant. In fact, a feed-
ing stream with a low content of inerts limits the need to partially
purge unreacted gases, reduces the hydrogen losses in the tail gas,
increases the recycle ratio in the HB loop as more ammonia can be
produced and separated at each pass and the global conversion
efficiency increases. Other relevant processes that affect the HB
plant are syngas production and purification. Steam Methane
Reforming (SMR) and Water Gas Shift (WGS) are the main pro-
cesses involved in syngas production while physical and chemical
separation processes, based on condensation, membranes and
absorption at low temperatures, are used to purify syngas from
species such as H2O, CO, CO2 and CH4 [22]. On the other hand,
electricity-based processes for H2/N2 production, such as electroly-
sis, cryogenic air separation and Pressure Swing Adsorption (PSA)
[23] can be considered for syngas production as they involve low
temperatures and mild thermodynamic conditions. So, from the
thermodynamic point of view, exothermal and endothermal pro-
cesses are simultaneously involved and, considering the presence
of high and low temperature units, heat recovery issues arise in
order to optimize the system design and process integration as
these aspects influence the energy efficiency and the production
of the overall plant. In this background, it is clear that a proper
integration between different technologies to improve the HB pro-
cess requires an overall system evaluation in order to verify bene-
fits and drawbacks of each solution.

SOE conceptual scheme is depicted in Fig. 2.
Anodic and cathodic reactions are:

Anode O2� ! 2e� þ 1
2
O2 ð3Þ
Cathode H2Oþ 2e� ! H2 þ O2� ð4Þ

The overall electrolysis reaction is the following:

H2O $ H2 þ 1
2
O2 ð5Þ

The reaction is endothermal and the enthalpy change has to be
supplied externally. In electrochemical devices, such as fuel cells,
energy is supplied as electrical (DG) and thermal energy (TDS).
Thermal energy is usually generated inside the cell, recovering heat
from internal polarization losses. With the increase of temperature,
total energy requirement (DH) increases but the amount of electri-
cal energy is smaller. The result is a higher efficiency of the high
temperature electrolyser than the low temperature ones. If part
of the necessary heat is supplied by an external source, it is possi-
ble to achieve higher than one efficiency, obtaining the conversion
of thermal energy into chemicals.

Thermodynamic values at 650 �C are reported in Table 1. Note
that values are normalized for one mole of H2 produced (electrol-
ysis) or reacting (ammonia synthesis).
Fig. 2. SOE conceptual scheme.
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Ammonia synthesis can supply up to 98% (39.14 kJ/mol H2) of
the heat required, in terms of entropy, of the electrolysis reaction
(39.66 kJ/mol H2). In order to couple thermodynamic and electro-
chemical calculations for integration with the HB process, a zero
dimension model for the SOE was developed as follows.

In an SOE, the electrical inputs creates the electron flows
involved in the reactions. In electrolysers, voltage is a function of
current density and can be described with a very simple linear
law as follows:

V ¼ OCV þ ASRðTÞ � J ð6Þ
Were OCV is the Open Circuit Voltage, ASR is Area Specific Resis-
tance and J is current density. Both OCV and ASR are function of
temperature. This simplified approach is supported by experimen-
tal results that show how the polarization curve is highly linear at
high temperature [24]. In additions authors already demonstrated
how ASR does not change between SOFC and SOE operation [25].
This assumption will be used in defining values of ASR. In the fol-
lowing equation (iv) SOE electrical power density is described as
follows:

Pe ¼ V � J ¼ OCVJ þ ASR � J2 ð7Þ
Energy output of the SOE is the energy of produced hydrogen.

Such energy is the chemical energy of the fuel usually quantified
in the LHV. For this study such energy was considered the enthalpy
of the reaction (1) equivalent to the LHV of the fuel. Differently
from LHV, the calculation was performed at the operational tem-
perature. Specific chemical energy (in terms of energy flow per unit
area) converted in the SOE is defined as follows:

DH ¼ dhðTÞ �H2mol ð8Þ
where H2mol is the specific molar flow (mol/m2) of hydrogen and dh
(T) is the enthalpy of the reaction (1). Hydrogen specific flow and
current density are connected to the electrochemical parameters
by the equation:

H2mol ¼ J
2 � F ð9Þ

where F is the Faraday constant. Differently from fuel cells, the
chemical reaction in electrolysers is endothermal and the heat
losses of the process, such as overpotential losses, are in equilib-
rium with reaction requirements. The energy balance is completed
by the contribution of heat transfer with the external source. The
latter takes into account the SOE heat losses into the environment
and the heat inlet from the environment that may come from a high
temperature heat source, as in this application. External heat (Q) is
calculated, for the present study, as a function of hydrogen energy
production by the following equation

Q ¼ k � DH ð10Þ
The energy balance of the SOE is defined by the following equation:

Pe ¼ DHþ Q ¼ DHð1þ kÞ ð11Þ
Differently from fuel cells, were produced heat has to be subtracted
by the air flow, in SOEs the external heat contribution plays an
important role not only on the operational temperature but also
on the performance. Assuming the stack at constant temperature,
Eq. (12) directly relates current density and temperature to the
external heat. Thus, temperature definition and k allow to calculate
the current density. Considering the previous equations J can be cal-
culated as:

J ¼ 1
ASR

dhðTÞ � ð1þ kÞ
2 � F � OCV

� �
ð12Þ

Efficiency is calculated as the ration between energy output (DH)
and energy input (Pe) by the following equation:
r (SOE) and ammonia production plant. Appl Energy (2016), http://dx.doi.
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Table 1
Thermodynamic values of involved reactions.

Temperature [�C] Pressure [bar] DH [kJ/mol H2] TDS [kJ/mol H2] DG [kJ/mol H2]

Water electrolysis 650 1 247.32 39.66 207.65
Ammonia synthesis 650 550 �39.14 �83.68 44.54

4 G. Cinti et al. / Applied Energy xxx (2016) xxx–xxx
g ¼ DH
Pe

¼ 1
1þ k

ð13Þ

Note that the efficiency is only a function of external heat con-
tribution (k). In the specific case of k = 0 the SOE operates in adia-
batic conditions (no heat exchange with the environment) with a
100% theoretical efficiency. This operational condition is called
thermoneutral. All equations were implemented in a zero-
dimensional model developed using Excel and FluidProp� as cath-
ode for thermodynamic parameters. The OCV value was calculated
using the well-known Nernst equation considering at cathode inlet
a steam flow with 10% hydrogen (necessary for the integrity of the
electrode) and at anode inlet air. ASR values are derived from a
SOFC commercial product [17] due to the aforementioned equiva-
lence with SOE ones.
2.2. Description of developed case studies

In order to assess the profitability of coupling SOE and HB pro-
cess for the production of green ammonia, Process Flow Diagrams
(PFDs) were realized in the AspenPlus environment to compare dif-
ferent scenarios. In particular, three case studies were developed. A
brief description of the relevant process physics of each developed
layout is given below. More details about the flowsheets and the
specific parameters used to model the single blocks in AspenPlus
are given in Appendix A. Considering the high temperature and
high pressure conditions for the HB loop, no kinetic approaches
are applied for simulations and only the thermodynamic equilib-
rium is considered.

The plant layout for the reference case, named NG-REF-HB, with
conventional NH3 production from natural gas is shown in Fig. 3.

In this plant the upstream process is the CH4 steam reforming,
where many units are required for the clean-up of the reformed
gas in order to obtain a feed stream for the ammonia production
with the appropriate composition. In fact, the reforming process
is endothermal and requires a large amount of heat. The first bur-
ner is adiabatic and the amount of oxygen introduced is not suffi-
cient to oxidize all the fuel and a partial gasification occurs with H2

and CO formed together with CO2 with the aim to partially provide
the necessary heat for reforming and H2 for the synthesis. In the
subsequent WGS section, CO reacts with steam to produce H2, thus
increasing hydrogen content in the syngas for ammonia produc-
tion. The Acid Gas Removal unit (AGR), the Methanator unit
(METH) and the Condenser (COND) are devoted to the physical
and chemical separation and removal of CO2, CO and H2O after
the WGS section. These processes require a much lower tempera-
ture (50–100 �C) than that of WGS (250–550 �C). The waste heat
available is recovered to produce the high temperature steam for
the reforming unit. From the thermodynamic point of view, the
operating conditions of these units must be accurately chosen in
order to correctly simulate the physics of the process.

In Fig. 4 the low temperature electrolysis case, named EL-PSA-
HB, with H2 produced from commercial electrolysers and N2 pro-
duced by PSA, is shown.

This layout is completely different from the previous one. The
feeding streams to the plant are air and water, at ambient condi-
tion, as primary sources for H2 and N2. From the physical point
of view, the principal characteristic of this solution is that no
chemical energy, as fuel, is introduced and the only energy input
Please cite this article in press as: Cinti G et al. Coupling Solid Oxide Electrolyse
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is electricity, thus the thermodynamic of the process does not
involve high temperatures, pressures or large heat exchangers. In
agreement with the actual water electrolysers performance, a
hydrogen purity of 99.9% and an electrical efficiency of 64.4% have
been specified for this block [26]. The air separation unit is based
on a PSA standard process at room temperature and 30 bar, with
commercial carbon molecular sieves as adsorbent [27].

Finally, the case of SOE and HB with heat recovery from the syn-
thesis reactor, SOE-PSA-HB, is shown in Fig. 5.

From the thermodynamic point of view, the main difference
with the previous case is that the low temperature electrolysis is
replaced by the high temperature one. The physics of the upstream
section, representing the SOE unit, has been already discussed in
previous works [28] and slightly modified as specified in Appendix
A. Briefly, the main modifications for thermodynamic reasons con-
cern the operating temperature and the thermal input of SOE that
matches the conditions imposed by the HB reactor. This ties the
coupling task to the energy balance and thermodynamic equilib-
rium of the overall system.
3. Results and discussion

Fig. 6 reports the variation of hydrogen production rate and effi-
ciency (a) and of electrical power input and voltage (b) as a func-
tion of temperature for three values of k: k = 0 (thermoneutral),
k = 0.2 (heat into the SOE) and k = �0.2 (heat losses). Fig. 6a shows
a trade-off between efficiency and hydrogen production: with
higher values of k smaller efficiency can be obtained. As expected
from Eq. (13), efficiency is not affected by temperature variation
while hydrogen production increases with temperature due to
the decrease of internal resistances (ASR). Regarding Fig. 6b, the
electrical power density increases with temperature and is higher
when k is smaller (heat losses). Cell voltage remains constant at
current density variation while it increases when k decreases.
Thermoneutral voltage obtained is approximately 1.29 V in agree-
ment with the literature [14].

Considering the coupling of ammonia synthesis with SOE, it is
possible to calculate the k factor, considering the heat flow from
the ammonia reactor calculated from the Aspen model. At the
operating temperature of 650 �C all other SOE parameters are cal-
culated and reported in Table 2.

In order to compare the performance of the different cases con-
sidered, the following Table 3 shows the major comparative
parameters for the three scenarios. They refer only to the HB loop
subsection of the flowsheets.

The global efficiency gglob is based on the overall H2 molar bal-
ance around the flowsheet as it takes into consideration the chem-
ical conversion of hydrogen and also the separation of the
unreacted moles for the internal recycle. On the other hand, the
reactor efficiency greact represents the conversion of H2 per pass
on molar basis inside the block REACTOR as it depends on the inlet
molar composition and the operating condition of the HB loop.
Comparing the values, remarkable differences are visible between
the reference case, i.e. NG-REF-HB, and the remaining two, while
the results obtained for the two cases with the use of electrolysers
seem to be very similar. The first two plants, the first fed with nat-
ural gas and the second based on a low temperature standard elec-
trolyser, can be operated at middle HB reactor conditions (250 bar
r (SOE) and ammonia production plant. Appl Energy (2016), http://dx.doi.
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and 550 �C). SOE necessarily requires heavy HB reactor conditions
(550 bar and 650 �C) for coupling, as discussed in Section 2.1. Con-
trarily to what could be expected, the conversion per pass and the
global efficiency is very different for NG-REF-HB and EL-PSA-HB,
even if temperature and pressure of the HB reactor are the same.
This is due to the high content of inerts in the reference case, i.e.
CH4, that dilutes the reactant steam and affects negatively the Kp

term as envisaged from Eq. (2). Moreover, the dilution of the prod-
ucts by CH4 affects the physical separation of ammonia because it
Please cite this article in press as: Cinti G et al. Coupling Solid Oxide Electrolyse
org/10.1016/j.apenergy.2016.09.026
reduces the partial pressure of NH3 in SEP01 and SEP02 blocks. This
is the cause of the low gglob and the deviation of the H2/N2 ratio
inside the HB loop. As a consequence, the resulting purge ratio,
i.e. the purge gas stream, should be higher in order to avoid the
accumulation of inerts in the loop. On the contrary, the two cases
with electrolysers have very similar HB loop performances due to
the complete absence of inerts. This is a distinguishing feature of
ammonia production when electrolysis and air separation are used
to provide the H2/N2 mixture. In particular, the purge ratio is very
r (SOE) and ammonia production plant. Appl Energy (2016), http://dx.doi.
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Fig. 6. Effect of temperature and k (a) hydrogen production rate and efficiency; (b) electrical power and voltage.

Table 2
SOE parameter when integrated with NH3 synthesis.

Parameter Units Value

k – 0.15
Temperature �C 650
ASR X�cm2 0.57
OCV V 0.94
H2 g/h�m2 102.56
J A/cm2 0.27
Voltage V 1.09
Power density W/cm2 0.35
g – 1.17
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small, so that more reactants can be recycled to the reactor instead
of being purged with inerts. As a consequence, the recycle ratio, the
NH3 produced and the global efficiency increase.
Please cite this article in press as: Cinti G et al. Coupling Solid Oxide Electrolyse
org/10.1016/j.apenergy.2016.09.026
In Table 4 the overall energy consumptions and the equivalent
Greenhouse Gas (GHG) emissions of the three cases are reported.
The equations used for calculations are the following:

Spec:Chem:Cons: ¼
P

_ni � LHVi

_mTOT
NH3

ð14Þ

Spec:Elec:Cons: ¼
P

Pel
j

_mTOT
NH3

ð15Þ

Spec:HeatCons: ¼
P

Pth
j

_mTOT
NH3

ð16Þ

GHG Emissions ¼ ð _nCO þ _nCO2 þ _nCH4Þ �MCO2

_mTOT
NH3

ð17Þ
r (SOE) and ammonia production plant. Appl Energy (2016), http://dx.doi.
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Table 3
HB loop performances for the three different case studies.

(H2/N2)FEED (mol/mol) (H2/N2)IN (mol/mol) Rec. ratio (mol/mol) Purge ratio (mol/mol) LHVPURGE (MJ/kg) gglob (%) greact (%)

NG-REF-HB 3.07 3.17 3.33 0.44 26.76 61.12 18.25
EL-PSA-HB 3.01 3.02 4.29 0.08 21.35 92.33 21.06
SOE-PSA-HB 3.00 3.03 4.30 0.06 21.43 93.40 19.53

Table 4
Energy performances for the three different case studies.

Spec. chem. cons.
(kW h/kgNH3)

Spec. elec. cons.
(kW hel/kgNH3)

Spec. tot. cons.
(kW h/kgNH3)

Spec. heat cons.
(kW hth/kgNH3)

GHG emissions
(kgCO2eq/kgNH3)

Storage eff.
(%)

NG-REF-HB 12.81 1.77 14.59 �1.20 2.05 35.50
EL-PSA-HB 0 14.25 14.25 �1.63 0 36.35
SOE-PSA-HB 0 8.30 8.30 �1.14 0 62.41
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StorageEff : ¼ _mTOT
NH3 � LHVNH3P

_ni � LHVi þ
P

Pel
j

� 100 ð18Þ
where
P

_ni � LHVi is the total chemical energy entering the flow-

sheet,
P

Pel
j is the sum of all the electric power and

P
Pth
j is the

sum of all the heat flux of the generic block j in the flowsheet.
The specific total consumption is the sum of the values calculated
from Eqs. (14) and (15). They are all normalized on _mTOT

NH3, i.e. the
total quantity of ammonia produced, considering both liquid and
gaseous ammonia in output streams. As reference, positive values
are intended as energy provided to the system, while negative val-
ues represent energy that should be subtracted from the system.

The first evident results is that for the case EL-PSA-HB and SOE-
PSA-HB the specific chemical consumption is zero: these systems
are fed only by air and water so that there is no energy cost. On
the contrary, the NG-REF-HB uses a fuel, i.e. CH4, as feedstock. As
expected, only the first case has a net environmental impact in
terms of GHG emissions due to the CO2 release during the reform-
ing and clean-up operations of the fuel. This is mainly concentrated
Fig. 7. Specific heat consumption of ancillaries: (a)
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in the AGR block of the flowsheet in Fig. 3, because it is one of the
units devoted to the removal of oxygenated species from the syn-
gas for NH3 synthesis. The remaining two cases have no net emis-
sions because their feedstock is ‘‘carbon-free”. The purge gas of the
NG-REF-HB contains CH4, which is a greenhouse gas, but the emis-
sion related to this gas is not accounted to the plant due to the fact
that this stream can be stored as a secondary fuel or as a chemical
feedstock for other purposes. Moreover, keeping in mind the previ-
ous purge ratios and global efficiencies, it can be concluded that
the quantity of purge gas produced is considerable in the first sys-
tem but negligible in the other two. Finally, a significant difference
on the total and heat consumptions occurs in all cases. In particu-
lar, even though the HB loop performances are quite the same, the
cases with electrolyser have very different consumptions. Compar-
ing the reference case and the standard electrolyser case, it is
worth to observe that the total consumption is not so different,
so that there is a little benefit in preferring the electrolysis path-
way, power-intensive but low impacting, rather than the tradi-
tional one, based on fossil fuel and less electricity-consuming
with the perspective to produce a valuable tail gas. However, the
NG-REF-HB; (b) EL-PSA-HB; (c) SOE-PSA-HB.
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results show that in the case of coupling SOE, PSA and HB, the total
energy consumption can be potentially lower than all other pro-
posed solutions. In addition, considering the perspective of the
storage of electricity into a chemical vector, i.e. NH3, the calcula-
tion shows that the SOE-HB coupling has a potential storage
efficiency of 62.4% and that it is almost two times higher than
EL-PSA-HB and NG-REF-HB cases. The advantage of using high effi-
ciency and high temperature electrolysis in a SOE is thus evident
and integrated in a conventional chemical process like ammonia
production.

To better understand this, in Fig. 7, the detailed consumption of
heat is specified for the main ancillaries of the three developed sce-
narios. For the reference case, which has more ancillaries than the
other cases, there is a considerable endothermal term, due to the
heat required by the reformer block, and a higher exothermal con-
tribution from the compression units, due to the intercooling.

The other two cases have smaller contributions, due to the sim-
pler layout with no fuel thermal treatments or gas clean-up units.
Comparing Figs. 7a and b, the heat available from HB reactor is the
same because the operating conditions are the same but, due to the
presence of a large amount of inerts, the amount of heat that
should be removed from COMP is larger. The presence of species
other than H2, N2 and NH3 in the HB loop is a strong limit for pro-
ductivity but also energy efficiency of traditional HB plant because,
if compared to the contribution of an electrolysis-based plant, they
cause lower conversion and larger amounts of waste heat. From
this point of view, the SOE-PSA-HB offers more flexibility and
opportunity for a convenient recovery of waste heat. In Fig. 7c
not all the contributions reported are really lost because, as shown
Fig. 8. Comparison of the electric consumption for EL-PSA-HB and SOE-PSA-HB
cases.

Fig. 9. Distribution of the specific electric cons
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by the flowsheet of Fig. A4 in appendix, the heat from COND and
REACTOR are used to achieve the thermal equilibrium of the SOE
block because this acts as a ‘‘heat sink” for the system. In detail,
the heat from REACTOR is entirely used to feed SOE and is an input
for the design of the electrolyser. Compared to low temperature
electrolysis steam is supplied to SOE instead of water. The amount
of energy to vaporize water, 1.79 kW h/kgNH3 can be recovered par-
tially from the compressor, where 1.01 kW h/kgNH3 are released
from intercoolers, and from condenser, where 0.81 kW h/kgNH3
are released at high temperature. An additional advantage of this
configuration is that no cooling of ammonia reactor is required
reducing the environmental impact in terms of plant waste heat.
One of the actual issue for SOE is that it requires a large amount
of heat, or a high current density, from external sources to sustain
the high temperature electrolysis process. If SOE and HB loop can
be operated at similar temperatures, their coupling offer the
opportunity to recover the large amount of heat available from
HB reactor to achieve a stable thermal equilibrium in the SOE,
without increasing the current density, i.e. the electricity con-
sumption, as explained in the model above. The single contribu-
tions of COND and REACTOR in the SOE-PSA-HB case are
reported for completeness and to show how they become of inter-
est if compared to that of the mild HB reactor conditions.

The direct consequence of this fact can be immediately realized
if the single electric consumptions are compared as shown in Fig. 8.

The first two columns clearly show the advantage of the high
temperature electrolysis over the low temperature one, if addi-
tional heat is provided from another source. The consumptions
related to the PSA subsection are the same for both cases, as
expected, while the electric consumptions related to the compres-
sion units of the HB loop are very different, essentially due to the
high pressure imposed at the REACTOR block of the SOE-PSA-HB.
It is worth noting that for the reference case the electric consump-
tion is represented only by the compression units in the HB loop,
and that its value is 1.77 kW h/kgNH3, the highest among the three
scenarios, because a large part of this energy is used to compress
inerts which dilutes the syngas stream.

The coupling of SOE and HB deeply affects the energy balance of
the plant when the electrolysis is used in place of the reforming of
a fossil fuel. Moreover, the type of electrolysis process modifies the
distribution of energy consumption within the plant itself. The sit-
uation is briefly explained in Fig. 9.

When a low temperature electrolysis is used to produce the
syngas for the HB loop, the electric consumption related to the
electrolyser operation is >95% of the total, i.e. the overall energy
balance is in practice restricted to the electrolyser, so that there
is no flexibility and the whole plant is dependent from the electrol-
umption: (a) EL-PSA-HB; (b) SOE-PSA-HB.
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ysis subsection. On the other hand, when a SOE is implemented, its
impact on the overall energy balance is lower, as shown in Fig. 9b:
the share for the electrolysis subsection decreases from 95.37% to
78.36%.
4. Conclusions

A novel system for the production of green ammonia was
designed and analysed. The introduction of high temperature elec-
trolyser, such as SOE, permits to increase efficiency and system
integration. The high efficiency of SOE permits electrical input
reduction of the electrolyser unit and to recover heat produced
in the Haber-Bosch reactor. The electricity consumption is
decreased down to 8.30 kWh/kg NH3 and zero emission of CO2 is
obtained. In the field of chemical production, the new system per-
mits the production of zero emission ammonia and increases the
flexibility of the plant compared to traditional electrolysers.
Regarding this point, the stationary results reported here are
encouraging for the further improvement of plant integration with
other renewable energy systems, such as wind and solar systems
connected to the SOE, in order to take into consideration power
production variation and a dynamic modelling of the layout. Con-
sidering also the use of ammonia as a fuel and the energy storage
application, a high efficiency and highly flexible concept is devel-
oped. Renewable electrical energy can be stored with an efficiency
up to 62% into a liquid vector that can be transported and directly
used both for power and transport applications.

The results assess the potential of a novel energy concept based
on SOE as conversion technology and ammonia as fuel. NH3 can be
produced by distributed renewable energy sources directly on site.
The chemical obtained is easily stored locally or transported and
introduced in a more complex distribution system. In both cases
it is possible to consider the final utilization in the transport sector,
as a fuel, or in the power production sector for electrification with
no emission of CO2.
Table A1
Block specifications for the HB loop.

Specification HBR SEP01 SEP02 EXPANDER

Temperature (�C) 550 0 20 –
Pressure (bar) 250 250 250 1
Heat duty (kW) – – – 0
Appendix A

An advanced HB flowsheet has been drawn using AspenPlus
Suite, according to the flowsheet of Fig. A1 below, and is always
the same for each case.
Fig. A1. Flowsheet of the HB loo
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The description of the parameters used in AspenPlus is as fol-
lows. The ‘‘MCompr” block type was used with the rigorous ASME
method for efficiency, heat and power consumption calculation of
the multistage compressor unit COMP01. Intercooling temperature
after each stage and the final discharge pressure were specified for
this block. EVA01 is modelled with a ‘‘HeatX” block type and the
cold stream outlet temperature is fixed in order to exchange as
much heat as possible. The specifications for the remaining blocks
are summarized in Table A1.

The rigorous ‘‘RGibbs” reactor block is used to model the HBR
with the Aspen built-in PENG-ROB method for physical and chem-
ical equilibrium calculations. The vapour-liquid equilibrium flash
drum model ‘‘Flash2” is the block used for SEP01, SEP02 and
EXPANDER. The splitting ratio, i.e. the amount of purge gas, of
the block SPLIT01 is used as convergence variable for the PFD. In
order to increase the ammonia recovery from HBR product stream,
the tail gas from EXPANDER and a part of the liquid ammonia pro-
duced are used to push the cooling of the feeding stream in EVA01.
The cold stream coming out from this block, i.e. P-GAS, is gaseous
NH3 with some traces of inerts which can be still considered as
useful product of the plant. The HB loop thus described produces
ammonia both in liquid and gaseous forms.

The complete flowsheet of the reference case, NG-REF-HB is
shown in Fig. A2.

Natural gas and air, at ambient temperature, are fed to an adia-
batic combustor (BURNER), and a partial gasification process
occurs with H2 and CO formed together with CO2. The N2 necessary
for NH3 synthesis is fed in with the AIR stream. In the block REFOR-
MER, a pre-heated steam stream is added to the burnt gas. The
Steam-to-Carbon ratio (S/C) is fixed at 2 so that the SteamMethane
Reforming (SMR) reaction can take place. Afterwards, three reac-
tors are used (WGSR1, WGSR2, WGSR3) to complete the Water
Gas Shift reaction (WGS). The reactions involved in these blocks
are the following:
p developed in AspenPlus.
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CH4 þH2O ¼ COþ 3H2 ðA:1Þ
CH4 þ 1
2
O2 ¼ COþ 2H2 ðA:2Þ
COþH2O ¼ CO2 þH2 ðA:3Þ
CH4 þ 2O2 ¼ CO2 þ 2H2O ðA:4Þ
The reactor block used to model all these units is ‘‘RGibbs” and

the built-in NRTL Aspen property method was used for calcula-
tions. A ‘‘Sep” block with standard specifications concerning tem-
perature (�50–80 �C) and separation efficiency (>90%) is used for
the AGR block [22]. An adiabatic ‘‘RStoic” reactor block is used by
Table A2
Block specifications for clean-up section.

Specification AGR METH COND

Temperature (�C) 50 – 15
Pressure (bar) 1 1 1
Heat duty (kW) – 0 –

Fig. A3. Flowsheet diagram of the low tem
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METH to convert residual CO2 and COND is a ‘‘Flash2” block type,
operated at 15 �C to allow and complete gas/liquid separation.
Table A2 summarizes the specifications of those last three blocks.

The second case is named EL-PSA-HB and its schematic flow
diagram is shown in Fig. A3.

The HB loop is the same as above, while the upstream architec-
ture for low temperature electrolysis and PSA is simpler: water is
compressed in a hydraulic pump (PUMP01) and heated in a coun-
ter current heat exchanger (HEATER01) to the electrolyser
(ELECTR) operating conditions, namely 80 �C and 30 bar. The
built-in ‘‘Pump” block has been used to model PUMP01, HEATER01
is a ‘‘HeatX” block type and ELECTR is an ‘‘RGibbs” reactor block.
The electrochemical calculations for ELECTR block are based on
commercial alkaline electrolysers data from literature [26]. The
PSA standard process was modelled in Aspen Plus by means of a
compressor (COMP03) and a separator (PSA) in series at 30 bar,
room temperature and overall N2 purity of 99.9% [23]. The property
method used in this section was the NRTL built-in Aspen model.

Finally, the last case is the SOE-PSA-HB process illustrated in the
flowsheet of Fig. A4.

In this case only, the ammonia reactor was forced to operate at
650 �C and 550 bar. In order to have comparable results with the
perature electrolysis case EL-PSA-HB.
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previous cases, the different pressure level is controlled only in the
HB REACTOR block by using a pair of compressor/turbines before
and after the block (COMP02, TURB01). Selected temperature and
pressure are the highest that can be accepted for the HB process
and, at the same time, this temperature is the lowest possible to
consider in a SOE at the present stage of development. The original
flowsheet representing the SOE unit [28] was here modified for the
HB coupling purpose with the addition of a condenser (COND) to
separate produced hydrogen (H2) from residual water, and a pre-
heater at anode side (HEATER01), for preheating of the sweeping
air (F-AIR) by heat recovery from oxygen enriched air (E-AIR) com-
ing from anode outlet. The water separated from the COND block is
used for cooling the feeding air of PSA block (AIR), and the feeding
stream (FEED) before the HB loop. Afterwards, separated water is
recycled to SOE as steam. Finally, the tear stream DH-HB repre-
sents the chemical heat available from the REACTOR block, due
to ammonia reaction according to Eq. (1), that is used in SOE.
The external subroutine for electrochemical calculations is based
on the model described in Section 2.1, in order to consider the ther-
mal contribution of HB coupling to the SOE energy balance. The
only inputs to the subroutine are the operating temperature,
already set at 650 �C, and the heat supplied to the SOE (DH-HB)
per unit of hydrogen produced, to calculate k used in Eq. (10).
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