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There are a number of shortcomings for currently-available technologies for ammonia
production, such as carbon dioxide emissions and water consumption. We simulate a
novel model for ammonia production from hydrogen sulfide through membrane technol-
ogies. The proposed production process decreases the need for external water and reduces
the physical footprint of the plant. The required hydrogen comes from the separation of
hydrogen sulfide by electrochemical membrane separation, while the required nitrogen is
obtained from separating oxygen from air through an ion transport membrane. 10% of the
hydrogen from the electrochemical membrane separation along with the separated oxygen
from the ion transport membrane is sent to the solid oxide fuel cell for heat and power
generation. This production process operates with a minimal number of processing units
and in physical, kinetic, and thermal conditions in which a separation factor of ~99.99%
can be attained.

Abbreviations: FAO, Food and Agriculture Organization; GHG, Green House Gas; SOFC, Solid Oxide Fuel Cell; SSAS, Solid State
Ammonia Synthesis; ITM, Ion Transport Membrane; EMS, Electrochemical Membrane system; PSA, Pressure Swing Adsorption; VBA,
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" of the ammonia produced globally through the Haber-Bosch
Introduction

By 2050, global food production will need to increase by 70% in
order to keep up with the worldwide growth in population [1].
Commercial fertilizers are used in about 40—60% of global food
production with the main feedstock for their production pro-
cesses being fossil fuels [2]. Alexandratos & Bruinsma pro-
jected that fertilizer usage will increase proportionally to the
population growth in the period 1960—2050 [3]. Furthermore,
they estimated that fertilizer usage will increase by approxi-
mately 25% from 210 million tonnes (Mt) in 2020 to 262 Mt in
2050.

With a global production of 146 Mt reported in 2016,
ammonia (NHs) is second to sulfuric acid (H,SO,4) in produc-
tion volume for the manufacturing of fertilizers [4,5]. Indus-
trially, ammonia can also be utilized in a wide range of
applications, from the production of polyimides and nitric
acid, to its use as an energy carrier for energy storage and
transportation [5]. Ammonia consists of 17.6 wt percent (wt%)
hydrogen, showing that ammonia is an indirect hydrogen
storage compound [6]. The exothermic reaction between
hydrogen and nitrogen results in the production of ammonia,
via the following chemical reaction 1:

IN2(9) + SHa(g) — NHs(g) AH = — 93(KJ / mol) (R1)

Ammonia is generally produced via the Haber-Bosch pro-
cess in vast production facilities in volumes of approximately
1000—1500 t/day [4]. Fossil fuels are the main feedstock for 90%

Nomenclature

wt % Weight percent

FE (%) Faradaic efficiency (%)

J Oxygen flux

Ecenl Cell over-potential

Nact Activation over-potential
Neone Concentration over-potential
Eeq Equilibrium over-potential
IRcen Ohmic over-potential

Eper Nernst potential

a Transfer coefficient

YNH3 Ammonia reaction rate

R Universal gas constant

I Total current

% Total voltage

i Current density

d Membrane thickness

o Membrane conductivity

T Operational temperature

io The exchange current density

process [7]. This process typically operates in the presence
of an iron-based catalyst at a temperature in the range of
400—-500 °C and pressure in the range of 150—300 bar [8,9]. The
production of ammonia via the Haber-Bosch process requires
hydrogen, of which 96% is currently derived from fossil fuels
[10]. This process consumes approximately 3—5% of the global
natural gas supply [9], which corresponds to 1-2% of the
global energy supply [7,9].

The Steam Methane Reforming (SMR) process produces
72% of the global hydrogen used for ammonia production,
while coal produces 26% [11]. A standard SMR process typi-
cally produces approximately 9-10 t of carbon dioxide
equivalents (CO,e) for every t of hydrogen produced [10].
Overall, the Haber-Bosch process generates very large green-
house gas (GHG) emissions (>2.16 kg CO,/kg NH,). This is a
very significant drawback of the Haber-Bosch process.

Approximately 70—-90% of ammonia manufacturing costs
are directly tied to the price of natural gas [12]. Fluctuations in
the price of ammonia are usually tied to volatility in natural
gas prices. The price of both natural gas and ammonia have
increased every year, the former from approximately 4
$/1000 ft* in 1975 to 15 $/1000 ft> in 2015, and the latter from
290 $/t of NH;3 in 1975 to approximately 850 $/t of NH; in 2015.
Between 2012 and 2016, the price of natural gas decreased
globally due to the increase in natural gas production, mainly
in the US [13].

The main challenge for the production of ammonia is
finding an economically-viable, energy-efficient, and
environmentally-friendly approach to produce hydrogen. The
most widely adopted technology for sustainable ammonia
production is water electrolysis powered by renewable tech-
nologies, such as wind and solar. Generally, a continuous
supply of pretreated water with high purity levels is required
for the operation of a water electrolyzer. Furthermore, 9 t of
water is required for the production of 1 t of hydrogen. In 2016,
the amount of ammonia produced was reported to be 146 Mt
globally [14]. Based on this data, for the production of the same
amount of ammonia through water electrolysis, 233.6 Mt of
water is required. Significant increases in water scarcity in the
next few decades, leading to problems such as food security,
environmental sustainability, and negative economic growth,
were shown in a number of studies, e.g. Ref. [15-17]. As
hydrogen is a key factor for all ammonia production pro-
cesses, it is paramount to have access to a steady supply of
this gas. Pilot trials are already being developed to evaluate
the viability of hydrogen-gas pipeline supplies. For example,
Cadent Gas Ltd., in the UK, is in the early stages of the
Liverpool-Manchester Hydrogen Cluster project to introduce
hydrogen in the gas network in the Liverpool-Manchester
area. The initial conceptual stage is complete and further
developments are underway [18].



Table 1 — A comparison of various hydrogen sulfide separation methods.

Process Brief description Advantages Disadvantages
Absorption Absorption is a process in which Mature technology, possible to The mixture of hydrogen sulfide in solvent is problematic,
the component existing in regenerate the solution, large amounts of solvent is required, high energy costs
the gas phase (hydrogen sulfide) high removal rate, operates at room (related to the regeneration of the solvent, pumping,
transitions into the liquid phase temperature, ease of operation, and and gas compression, etc.), significant initial installation
by passing through a boundary phase. low maintenance costs. costs, and high liquid-gas ratio for high removal efficiency.
Adsorption Adsorption is a process through which Mature technology, efficient for low Significant operating costs, reduction of removal efficiency
molecules of sulfur are retained contaminant levels, operates under after regeneration, not all adsorbent can be regenerated,
by physical/chemical forces existing on ambient conditions, and has a simple low adsorption capacity/unit of area of an adsorbent,
the surface of a porous solid mechanical design. regeneration of solid adsorbent takes place at high temperatures.
which acts as an adsorbent. Examples
of a modern adsorbent include
Metal Organic Frameworks (MOFs) [25]
and Covalent Organic
Frameworks (COFs) [26].
Membrane Separation through membranes are based Mature technology, low chemical consumption, High operational cost, high energy demand due to high
on gas diffusion. The membranes are comprised low environmental impact, high removal efficiency, operational temperatures to achieve high purity levels,
of thin barriers made up of different materials small physical footprint, low operating costs, and the some solvents may cause degradation of membrane,
(polymers, zeolite, etc.) which monitor separated byproducts do not contain pollutants. and can be easily contaminated.
passage of certain materials through them.
Separation This process is based on the conversion of Mature technology (Clause process), Significant initial installation costs, and to remove

hydrogen sulfide into hydrogen

and elemental sulfur. Porous liquids allow
selective dissolving and separation

of H,S providing a more energy efficient method
of separation compared to

conventional amine solvents [27].

low environmental
impact, and the separated byproducts do not
contain pollutants.

high volumes of hydrogen sulfide, requires on site installation
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Hydrogen can be produced from other chemicals, such as
hydrogen sulfide (H,S). Hydrogen sulfide is toxic, hazardous,
and highly flammable under normal conditions and becomes
explosive when it is mixed with air. Significant work has been
carried out to reduce hydrogen sulfide to ppm levels before it
can be used in applications such as for the production of
sulfuric acid and in fuel cells [19,20]. Annually, over 12 Mt of
hydrogen sulfide is produced in the US as a byproduct of in-
dustrial activities [20]. When a fuel is reformed, gasified or
digested, sulfur appears in the form of hydrogen sulfide [21].
Hydrogen sulfide has a number of industrial uses, with the
main application being the production of sulfuric acid and
elemental sulfur [22]. This chemical compound can be
commercially obtained through two different methods: (1)
capture from gas mixtures and chemical means, and (2) cap-
ture from natural gas and gases that are related to crude oil
production, which are comprised of different levels of
hydrogen sulfide, from trace to high amounts (70—80%) [22].
There are also a number of companies that purify hydrogen
sulfide at different levels and transport it in high volumes
(>1500 gal/day) with specific handling conditions to ensure
safety. There are many routes for separating hydrogen sulfide
from carbon-based gases, of which many are inefficient or
produce other pollutants as their byproducts. Moreover, some
of these methods are multistage processes that require large
capital investments [23,24]. Table 1 shows different processes
for hydrogen sulfide separation along with their advantages
and disadvantages. One of the main advantages of membrane
technology over other upgrading processes mentioned in
Table 1is thatit converts hydrogen sulfide into pure hydrogen,
which is the main feedstock for our ammonia production
process. At the same time, apart from elemental sulfur, which
can be sold commercially, no pollutants are produced in the
conversion of hydrogen sulfide into pure hydrogen.

1 kg Green Ammonia with SOFC and without CO2 Utiliza-
tion (of project Light).

In this context, the aim of this paper is to propose a novel
synthesis process to produce ammonia from hydrogen sulfide

through a carbon-free process with low water utilization and a
minimal number of operating stages. An overview of the
process is presented in Section Overview of the proposed
synthesis process, the modelling method used is explained
in Section Modelling method, the processing units are detailed
in Section Processing units, the mass and energy balances are
shown in Sections Mass balance results and Energy balance
results, and finally the main conclusions from this work are
presented in Section Conclusions.

Overview of the proposed synthesis process

We propose a novel model for ammonia production from
hydrogen sulfide through a series of compact processes
(membranes). In this method, compressed air enters an Ion
Transport Membrane (ITM) for oxygen separation. The
resulting oxygen is routed to a Solid Oxide Fuel Cell (SOFC).
The remaining nitrogen after oxygen separation is divided
into two streams: one stream is directed to an Electrochemical
Membrane Separation (EMS) process as sweep gas and the
other stream goes to Solid State Ammonia Synthesis (SSAS) as
a feedstock for ammonia production.

The hydrogen needed for ammonia synthesis is separated
from hydrogen sulfide by EMS. Hydrogen sulfide is converted
into hydrogen and sulfur in the presence of a sweep gas (ni-
trogen) which is the byproduct from the ITM. The hydrogen
along with the nitrogen from the ITM enter the SSAS proton
(H") conducting membrane for ammonia production. 25% of
the hydrogen from EMS is fed into a SOFC for generating heat,
power, and steam for the entire process.

The process flow diagram of the proposed production
process is shown in Fig. 1. Each of the numbers shown in Fig. 1
correspond to a specific processing unit incorporated in the
proposed process. These process steps are described, along
with their mathematical modelling results in Section 4.

Mainfold
valve

-

Compressor

Ha2 (3) SSAS

N2+S2

|
v o

) 02 Turbine @j

Fig. 1 — Schematic of the process flow diagram of the proposed ammonia production process.
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Modelling method

The aim of this study is to analyze the GHG emissions, energy,
and water usage through a novel process for the production of
ammonia from hydrogen sulfide. This is done by developing a
mathematical model with mass and energy balance equations
to simulate the performance of the ammonia production
process with Visual Basic for Applications (VBA) (embedded in
Microsoft Excel). The input and output functions of the model
are written in VBA and the results are linked to Microsoft
Excel. The mass and energy balances of this simulated model
are assessed in various physical and chemical conditions (i.e.
temperature, pressure, flow rates, specific heat capacity,
thermal conductivity, effectiveness of the heat exchangers,
heat loss, drive motor power of the compressor, porosity,
tortuosity, flux, and permeability of the membranes, etc.) and
sizing of various processing units (i.e. thickness, length, area,
number of tubes and modules, etc.). This is done by using the
assumptions and mathematical equations (mass transfer,
energy transfer, thermodynamics, and kinetics) which are
determined for each processing unit. Since the entire process
operates sequentially, the output and the performance of each
component affects the input of the other components, except
for the ITM which is the initial processing unit of this pro-
posed process. The modelling approach selected for this
model is a combination of equation oriented and sequential
modular approach, i.e., the components (processing units) are
modelled in sequence, starting with the feed stream as well as
the entire process flow which is treated as a set of mathe-
matical equations that need to be solved simultaneously.

The following assumptions were made to create the
mathematical model:

All gases are in an ideal state (PV = nRT)

The input gas flow enters the process at ambient temper-
ature (25 °C) and pressure (1 atm)

- The ideal gases are compressed adiabatically

- The process operates at a steady state condition

There is no leakage (no heat and material loss)

Hydrogen sulfide is 99.99% pure when entering the EMS
This proposed production process is powered by renewable
energy sources

Air WP il
IT™ = 0
N: <:j .
=
DDV | e
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Fig. 2 — A schematic of the ITM separation process.

The materials utilized for different types of membranes in
the proposed process are shown in Table 2.

Processing units

This section describes the processing units used to model the
synthesis of ammonia from hydrogen sulfide: ITM, EMS, SSAS,
and SOFC.

Ion transport membrane (ITM) for oxygen separation (1)

This process consists of an ITM for oxygen separation from
air. This membrane generally operates at temperatures of
800—900 °C and pressures of 10—30 bar [31]. ITM generally
consists of mixed ion and electron-conducting ceramic ma-
terials with high oxygen separation selectivity. There is no
need to apply a voltage to this system as membrane materials
have the capability to conduct the electrons and oxygen ions
from high to low pressure. This membrane is an innovative
technology for air separation which has a simple configura-
tion with a lower energy penalty when compared to mature
technologies currently in use such as cryogenic distillation. A
schematic of ITM can be seen in Fig. 2, which shows that ox-
ygen molecules pass the membrane, while the nitrogen mol-
ecules do not pass and accumulate behind the membrane.

Table 2 — Different materials for membranes used in the proposed production process.

Processing unit Material composition Chemical reaction References

Ion Transport Membrane (ITM) SrCop.9SCp 1033 Non permeate side: % O, + 2e~ — 0%~ [28]
Permeate side: 02~ — %4 O, + 2e

Electrochemical Membrane Cathode: Gd,Ti,.xM0x07 (x = 0.0—2.0), Cathode: H,S + 2e~ — H, + S*~ [21]

Separation (EMS) Electrolyte: Lag 7S103VO3
Anode: NiO
Solid State Ammonia Synthesis

(SSAS) Electrolyte: Nafion (membrane)

Cathode: SmFeg ;Cug 3.xNixO3 (x = 0—0.3) (SFCN)

Anode: $>° — % S + 2e”

The overall reaction: H,S — %4 S, + H,
Cathode: N, + 6H" + 6e~ < 2NH;3 [29]
Anode: 3H, < 6H' + 6e~

Anode: Ni-doped SDC (Ni-SDC) NiO—Ceg gSmg ,0,_5 Overall reaction: N, + 3H, < 2NHj

Solid Oxide Fuel Cell (SOFC) Cathode: La; xSryMnO3, (LSM)
Electrolyte: YSZ

Anode: Ni-YSZ composite

Cathode: % O, + 2e~ — 0%~ [30]
Anode: H, + 0%~ — H,0 + 2e
Overall reaction: > O, + H, — H,0
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Pressure Swing adsorption
(PSA) and vacuum Swing adsorption (VSA)

Cryogenic air

Polymeric
membranes

Ion transport
membrane (ITM)

>100 t/da

separation

Plant size is up to about 56.7 t/day

95%

>3000 t/day

99+

<20 t/day
~40%

y

Production capacity

Purity level

99—-100%

Semi-Mature

Mature

Mature

Mature

Current status
Description

Under pressure, gases tend to be adsorbed to
solid surfaces. As the pressure increases, the

The technology is based on the fact

The membrane system is based on

the variance between particle
diffusion rates throughout the

This membrane is a solid

that each of the components that
make up air have different boiling

points. This process operates at a

inorganic oxide ceramic

adsorption rate increases and as the pressure
decreases the gas is desorbed and released.

material that transports
oxygen ions at high

membrane. The main drawback is

its low chemical resistance.

temperature of approximately 185 °C.

pressures (10—30 bar) and

temperatures (800—900 °C).

Mature and well-developed technology,
continuous oxygen production, capable

Flexibility in scale The most mature and well-developed
technology, cost effective, and efficient.

Simple in design, low energy

penalty, low cost,

Advantages

(due to modularity),

and a mature and

of maintaining a high purity level of 99%,

high tonnage, and low

low capital costs, flexible design for different adsorbents.

well-developed technology.

environmental impact.

A comparison of different types of air-separation technol-
ogies (cryogenic and non-cryogenic) is shown in Table 3. The
purity level of oxygen resulting from ITM is higher than
polymeric membranes, Pressure Swing Adsorption (PSA), and
Vacuum Swing Adsorption (VSA) with 99—-100% purity level.
However, the purity level of the resulting oxygen from ITM is
almost the same as cryogenic air separation. Since the phys-
ical footprint of this processing unit (ITM) is small compared
to cryogenic air separation, it is a suitable option for our pro-
posed process. The separated nitrogen required for this pro-
posed ammonia production process must reach a purity level
higher than 99% in order to be utilized in the SSAS. Nitrogen
with purity levels lower than 99% that contain trace amounts
of oxygen cause irreversible poisoning of the catalyst in the
SSAS [32].

The input and output data of ITM is presented in Table 4.
The oxygen permeate pressure control, cell temperature and
pressure operate in a specific range and were obtained from
literature data such as Han et al. [31] and Sun et al. [28] and the
values were selected specifically based on our design con-
straints. The air flow rate (oxygen and nitrogen flow rates)
changes based on the amount of ammonia produced, while
the inner and outer radius, and tube length of the membrane
are also subject to change accordingly [28]. Changing each of
the mentioned input parameters will result in different output
values. The output from ITM can be separated into two
streams. The resulting oxygen is routed to SOFC, while the
nitrogen is divided into two streams: one stream enters the
EMS as the sweep gas and the other stream enters the SSAS to
produce ammonia.

The oxygen flux and permeability of the ITM were calcu-
lated using Eq. 1 and Eq. 2, where ] is the oxygen flux. The
driving force variable in Eq. 2 is the pressure difference at the
feed side and permeate side.

_ Molar flow rate 1
J Y Tva— (mol s™'m?) (1)
] x Thickness

Permeability = driving force

(molm~*s'atm™") 2)

Electrochemical membrane separation (EMS) for hydrogen
sulfide removal (2)

The upgrading stage used in the proposed process for
removing hydrogen sulfide is an EMS system. Via this method,
hydrogen sulfide is removed in one continuous phase at
temperatures of 600—700 °C, which leads to the production of
elemental sulfur. A schematic of EMS is shown in Fig. 3.

In the EMS, hydrogen sulfide is removed from the fuel gas
stream and is converted to pure hydrogen, which is the main
feedstock for ammonia production. The sulfur by-product can
be sold commercially to industries involved in the production
of sulfuric acid, agricultural industries for fertilizer produc-
tion, etc. There are seven steps required for electrochemical
removal of hydrogen sulfide: (1) gaseous diffusion of hydrogen
sulfide to the electrode, (2) hydrogen sulfide diffusion through
the electrode pores to the electrolyte-electrode interface, (3)
adsorption and reduction of hydrogen sulfide at the cathode
surface, (4) production of a sulfide ion, (5) migration and
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Table 4 — The input and output data of the ITM.

ITM Input data

ITM Output data

Parameters Data Units Parameters Data Units
Air flow rate 37,368.240 Kg/day Diffusivity of oxygen vacancy 5.959E-06 cm?/s
Oxygen flow rate 7847.33 Kg/day Forward reaction rate 1.647E-05 cm?/atm®°.s
Nitrogen flow rate 29,520.91 Kg/day Reverse reaction rate 5.778E-07 mol/atm®°.s
Cell temperature 850 “C Oxygen permeation flux 1.679E-07 mol/cm?®s
Cell pressure 10 atm Required cell area 1.690 m?
Outer radius 10 mm Number of tubes 1346 N°
Inner radius 0.115 mm Number of modules 67 N°
Tube length 20 cm Membrane thickness 3 2.214 mm
Number of tubes/number of modules 20 N° Oxygen pressure at permeate side 0.3 atm
Oxygen permeate pressure control = (Limits:5 <w<7) 7 Permeance 1.731E-08 mol/cm?.s.atm
Permeability 3.832E-09 mol/cm.s.atm
Conductivity 1.691E-01 S/cm
Total voltage 59.867 Volt
Total power 9.0286 kw
The electrolytic cell has the following basic components:
(1) cell housing, (2) an inert ceramic membrane, (3) an elec-
j trolyte, (4) an anode, and (5) a cathode. The chemical reactions
L that occur in an EMS are as follows:
s Sweep N2&S2 Hydrogen sulfide is passed through the cathode, as shown
( in reaction 2:
s H,S +2e~ — H, + S*~ (R2)
Reaction 3 shows the transport of sulfide ions throughout
~tffm Sweep N2 the membrane to the anode side:
]

Cathode Membrane Anode

Fig. 3 — A schematic of an EMS.

diffusion of sulfide ions through the electrolytic membrane,
(6) oxidation of sulfide ions to elemental sulfur at the anode,
and (7) diffusion of sulfur away into the bulk purge stream.
This process works continuously and takes place in one step,
making the technology economical due to lower costs asso-
ciated with manpower and operation [34]. An efficient design
of the cell stack ensures that the physical footprint of the
plant is kept to a minimum [34].

% > %S, + 2 (R3)
The overall reaction resulting from both reactions taking
place in the anode and cathode at the temperature of 650 °C is
(reaction 4):
HQS - % Sz + Hz (R4)
The input and output data of the EMS is shown in Table 5.
Membrane temperature, pressure, and applied voltage oper-
ate in a specific range and were obtained from literature data
such as Burke et al. [34] and the values were selected specif-
ically based on our design constraints. Hydrogen sulfide flow

Table 5 — The input and output data of the EMS.

EMS Input data

EMS Output data

Parameters Data Units Parameters Data Units
Hydrogen sulphide flow rate 10,000 Kg/day S, vapor flow rate out 9411.76 Kg/day
Inlet gas temperature 25 °C N,+S, flow rate out 36,437.038 Kg/day
Inlet gas pressure 1 Atm H, flow rate out 588.235 Kg/day
Membrane temperature 650 °C Maximum H,S removal flux 1.7616E-05 gm/cm?.s
Membrane tortuosity T 3.6 Mass transfer limited current density 3.399 E+00 mA/cm?
Membrane thickness 3 Mm Total applied current 3.760 E+03 A
Membrane surface area 3000 cm? Total voltage/Cell 1.143 volt
Membrane porosity 36 % Required cell power 475.320 kw
Mass transfer coefficient (Kp) 11 cm/s Number of cells 111 N°
Electrolyte diffusivity 1.00E-05 cm?/s

Electrolyte average density 5.450 mol/cm®

Applied voltage 0.75 volt
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In(i) (mA/cm?)

-0.15 -0.1 -0.05

Nactivation

0.05 0.1 0.15

N, (V)
vs. In(i) for solving i,

Fig. 4 — In (i) versus activation voltage for EMS.

rate can be changed based on the amount of hydrogen
required for ammonia synthesis and the thickness and sur-
face area of the membrane are also subject to change
accordingly [34]. Changing each of the mentioned input pa-
rameters will result in different output values. The output
hydrogen from the EMS is separated into two streams. The
first stream, which is comprised of 90% of the hydrogen is
routed to SSAS for ammonia production, while the second
stream containing the remaining hydrogen enters SOFC for
heat and power production. This EMS operates at a tempera-
ture of 650 °C and atmospheric pressure. 10 t/day of hydrogen
sulfide is required to produce 3 t of ammonia per day. For
running this system with 3.6 tortuosity and porosity of 36%
with the given dimension (thickness of 3 mm per cell and total
surface area of 3000 cm?), 475.320 kW power is required.

In order to solve the Butler-Volmer equation, a Tafel
approximation was carried out based on Eq. 3. 7, is the acti-
vation overpotential (V), T is membrane’s operational tem-
perature (K), R is the universal gas constant (J/molK), F =
Faraday’s constant, a = the transfer coefficient, i, = the ex-
change current density, and i = the current density.

RT, i RT. . .
Na —Elng = Elmo + Ini 3)
Cathode Anode

s
N, + 6H* +6e- <> 2NHs LA

overall reaction
N>+ 3H <> 2NH3

Fig. 5 — A schematic of a solid-state ammonia synthesis
device; via a proton conducting electrolyte [32].

i versus n, was plotted in order to find i, at the intersection of
(i) axis, as shown in Fig. 4 i, was found to be ~4.5 mA/cm?.

Solid State Ammonia Synthesis (SSAS) for ammonia
production (3)

There are several issues associated with the catalytic process
for ammonia synthesis (Haber Bosch) such as low conversion
efficiency, severe environmental pollution, and high energy
usage. These problems are addressed here by utilizing a SSAS
[35]. The overall chemical reaction that takes place in the cell
for ammonia production is divided into two electrode re-
actions. Each of the reactions takes place at one of the elec-
trodes. The exact form of the electrode reactions is related to
the type of electrolyte: either a H™ ion conductor or an O, ion
conductor. Moreover, the source of H" can be hydrogen or
water. For a cell based on a H" conducting electrolyte, the
reactions that take place in the electrodes are as follows
(reaction 5 and 6) [36]:

Anode:

3 . B

SH: = 3H' +3e (R5)
Cathode:

1 o

~N, +3H" +3e"— NH;, (R6)

2

A schematic of a proton-conducting membrane along with
the chemical reactions taking place inside the cells are shown
in Fig. 5. The cell is comprised of a solid-state H" conductor.
Two porous metal films are located on the two sides of the
solid electrolyte and function as electrodes. Hydrogen mi-
grates throughout the electrolyte in the form of H' to the
cathode where the half-cell reaction occurs [32].

All studies on electrochemical ammonia production are
divided into two categories based on the operational temper-
ature range of the electrochemical cell: temperatures lower
than 100 °C are considered low temperature while tempera-
tures in the range of 400—750 °C are considered high temper-
atures [35]. According to Soloveichk [4], the advantages of the
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Table 6 — The input and output data of the SSAS.

SSAS Input data

SSAS Output data

Parameters Data Units Parameters Data Units
Inlet temperature 80 °C Produced NH; 3030.30 kg/day
Inlet pressure 1 Atm N, out 0.001 kg/day
Electrode conductivity (o) 0.036 1/cm.ohm Maximum Reaction Rate/Electrode 1.13E-08 mol/s. cm?
Membrane surface area 1.95 cm? Actual reaction rate 3.080E-06 mol/s. cm?
Membrane thickness (3) 0.010 Cm Required area 6.697 E+05 cm?

Number of cells 34 N°

Cell power 0.0012 kw

Faradaic efficiency 99 %

electrochemical technology compared to thermochemical
(Haber Bosch) are:

1 Higher efficiency allowing greater energy saving

2 Reduced amount of purification needed due to higher
selectivity

3 Reduced Capital Expenditure (CapEx) costs thanks to lower
temperatures and pressures

4 Suitability for small to medium scale utilization thanks to
the linear scalability of these plants

One of the major disadvantages of high-temperature
electrochemical ammonia synthesis is that it can decom-
pose thermally after being produced. This issue is addressed
in our proposed study by incorporating a low-temperature
SSAS into the proposed production process by using the
same material and operational conditions (temperature and
pressure) as in the study by Xu et al. [29]. The study examined
a maximum ammonia production rate of 1.13 x 10~8 mol.s™*.
cm 2 operating at a low temperature of 80 °C with an applied
voltage of 2 V by using a Nafion membrane (as the electrolyte),
a Ni-samaria-doped ceria (Ni-SDC) NiO—Ceg gSmg 20, _; anode
and a SmFeq ;Cugp 3.xNixO3 (x = 0—0.3) (SFCN) cathode, and by
using hydrogen and nitrogen as the reactants, operating at
atmospheric pressure. In this study a high Faradaic efficiency
of 90.4% was attained. This figure is higher when compared to
other studies, when testing low-temperature ammonia syn-
thesis processes.

e;b Electric Load —

l«—— Cell Voltage ——

ﬁ‘ﬁ

——H2 --02 —
2

-+ — 02—
H20

Fig. 6 — A schematic of SOFC.

The input and output data resulting from the modelling in
VBA is presented in Table 6. The electrode conductivity and
inlet temperature were obtained from literature data such
Garagounis et al. [8] and the values were selected specifically
based on our design constraints. The surface area and thick-
ness of the membrane are also subject to change [29]. By
changing the mentioned values in the input parameters, the
following output results were obtained. For producing
approximately 3 t of ammonia per day, 29,520.91 kg/day ni-
trogen and 534.76 kg/day of hydrogen are required.
1996.522 kW power is needed to run this system. This mem-
brane operates at a temperature of 80 °C and at atmospheric
pressure.

The empirical formula based on our simulated model
shows that the relation between the input hydrogen sulfide
flow rates (kg/day) to the output flow rate of ammonia being
produced (kg/day) is: Y = 0.303 X + 6E-06.

There is a proportional relationship between the reaction
rate and cell current density as shown in Eq. 4. rygs=ammonia
reaction rate, E,, = Nernst voltage, E..; = applied voltage,
o = membrane conductivity, and 8 = membrane thickness.

E ner — EceII
(4,)6F

Solid oxide fuel cell (SOFC) for heat and power production (4)

(4)

TNH;, =

In our proposed system a fuel cell is used for steam and
electricity generation. Fuel cells are competitive sources of
power since they have a number of advantages, such as high
efficiency, flexibility in their usage, and lack of noise [37]. They
can also be used in an extensive range of operating tempera-
tures; this means that they are capable of being used in mul-
tiple applications. SOFC operates at 700—1000 °C. These
temperatures are higher than for other types of fuel cells, are
the reason for its use in power generation and hybrid power
applications [38]. This fuel cell was selected mainly due to its
ability to generate up to 3 MW power when compared to other
types of fuel cells [39]. A schematic of an SOFC is shown in
Fig. 6.

The SOFC reactions are:

Anode

H, + 1/2052 — H,0 + 2 € (R7)

Cathode
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Table 7 — The input and output data of the SOFC.

SOFC Input data

SOFC Output data

1,000.00

Parameters Data Units Parameters Data Units
Cell temperature 1000 °C Total number of cells 416 N°
Cell pressure 1 atm Number of stacks 4 N°
Ionic conductivity 0.05 1/cm.ohm Total current 122.012 Amp
Electrolyte thickness (3) 200 pm Oxygen flux 3.16E-07 mol/s.cm?
Cell area 1000 cm? Total voltage 322.22 volt
Number of fuel cells/stack 100 N° Total current density 50.760 A/cm?®
Applied voltage 0.75 volt Cell current density 0.12 A/cm?
Nernst voltage (Enerst) 0.799 volt
Open circuit voltage 0.919 volt
Steam temperature out 1000 €
Output power 40.535 kw
p— - The results of our modelling (input and output data) are
shown in Table 7. Cell temperature, ionic conductivity, and
3,000.00 *© applied voltage were obtained from literature data such as
35 Ramadhani et al. [38] and the values were selected specifically
based on our design constraints. The cell area and thickness of
. _ the membrane are also subject to change. By changing the
2 é mentioned values in the input parameters, the following
g » E —— N3 output results were obtained. 53.475 kg/day of hydrogen is
§ MR £ T required to produce 40.535 kW power. This hydrogen results
g wog from the separation of hydrogen sulfide in the EMS.

L00.00

0.00

- 0

000 2,00000 400000 600000 800000 10,00000 12,000.00

H2S Input Flow Rate [kg/day)

Fig. 7 — The output energy from SOFC versus hydrogen
sulfide flow rate fed to the EMS and ammonia produced.

1/20, + 2 e~ — 1/2052

Overall

H2 + 1/202 - Hzo

7000

6000

5000

1000

3000

000

)

Total Power (kW)

1000

(R9)

The relation between hydrogen sulfide input flow rate,
ammonia produced, and power derived from the SOFC is
shown in Fig. 7. The increase in the power derived from SOFC
keeps pace with the ammonia flow rate. However, the
generated power from SOFC is insignificant when compared
to the ammonia production rate.

The total cell over-potential for both membranes and the
fuel cell are calculated as shown in Eq. 5. Eq is the equilibrium
over-potential, 5, is the activation over-potential, 7.y is the
concentration over-potential, and IR,y is the ohmic over-
potential.

Ecen = Eeq + Nact + Neone + IReen (5)

The required power, P, for running the separation pro-
cesses is calculated based on Eq-6. (Area x current density) is

10000

15000 20000 25000

EMS Surface Area (cm?)

Fig. 8 — The surface area required versus the energy consumption of the proposed process.



4082

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 46 (2021) 4072—4086

I Mass Balance kg/day l
10,000 3,030.303
H.S NH;
| N, 2,495.545 4
, SSAS
37,368.24 20,520.909 | 534,759
Alr N, Ha | M, Ratioforsorc  1/4
L —
’Ij EMS H, 53.475
HO
- SOFC —— 409.090
0; NtS R — I’—O >
L+ ,
7,847.330 N, 9 2#52 363.636 A
27,025.273
5| 0,
‘_] Ga? » Power
6 9,411.764 S, 0, 7,483.670 | Turbine

Fig. 9 — A schematic of the mass balance of the proposed ammonia production process from hydrogen sulfide.

Table 8 — Mass-balance results of the proposed ammonia production process.

Mass balance of the proposed process (kg/day)

Elements

ITM EMS SSAS SOFC
Inputs Outputs Inputs Outputs Inputs Outputs Inputs Outputs
Air 37,368.24
N, 29,520.909 27,025.273 2495.545
() 7847.330
NH; 3030.303
H,S 10,000
H,0 409.09
Sy 9411.764
H, 588.235 534.759 53.475
the total current and V is the total voltage (Ecen x number of
cells). P=IxAxV (6)
T Relief Valve
Swam S74521°C
Steam 974.821°C. < HS:25°C
Steam: 974.821°C
01850, D wm Steam:974.821°C COMP-2
e o
v Relief Valve -
A Air: H.: 650°C, 1atm. ] FromRL, R2...

|

g H;:850°C, 1atm.

;‘VCOM, y StorageTank N:850%C, 30 wm N,:650°C, 10 atm. HEXG-4 A
) g (EXG -2 = Air=850°C, 1 atm. HEXT [ T e e
) ITM: 850°C,10 atm T Relef Valve J° N:650°C 1awm.  T=428 . @< ’§ _] =
HEXG-6 | Air (3): 25°C:1 atm.
o [ >0 fm— Ll
Air:257C, 1 atm. N;:°C Steam ‘ '? N?’
| o,
-« H,:80°C, 1atm. Hot-Chamber »T
Air(6): = 650°C, 1atm. | ‘4
Hexs ~0)€
team
3 o,
SoND: $545:80°C, 1 am .
Air (1):25°C, 1atm. Air(2): 25°C, 1atm. N:80°C, 12tm # needed
: H,
Nx:850%¢ NH,:80°C, 1 som. From H-EXG: (RLR2..)
. y
Relief Valy HEXG -5
s GasSystem
8°C,1atm Jurtioe
liquid S,
-« 0,1046°C
Air(7):°C, 1atm. |
COMP-3
7422°C, 100 v
! am
Air:25°C, 1atm Ouipik aragy

COND-2

liquid NH,

Fig. 10 — A schematic of the energy flow diagram of the proposed ammonia production process.
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Energy Supplied: 1,995.1580 ki

Energy Consumption: 3,005.9340 kW

HEX-2: 70.9030 kW
ITH: 90280 ki

HEX=51-23771150 KWW

[l conp-1: 96.8260 ki

COND-2: 649.0690 kW

HEX=6: 57.5490 kW
SOFCY"40.5340 kW

I Turbine-1: 63.7600 kW

HEX-1: 107.0280 kW

COMP-1: 527.6710 kW

HEX-3: 72,3280 kW

HEX-4: 76.2147 kW

EMS: 475,3200 KW

"

EX-7:3,203€ ki
HEX-8: 193.9510 kW

COMP-2: 90,5690 kW

COMP-3: 68.747@ kW

COMP-4: 24,4120 KW

SSAS: 02,0010 kW

Required Steam: 694.1680 kW

Heat Loss: 89.7400 KW

Energy Loss: 602.5730 kW

Fig. 11 — Sankey diagram for input and output energy (based on Fig. 10).

The relationship between the surface area (cm?) of the EMS
and power (kW) required for the proposed ammonia produc-
tion process is shown in Fig. 8. This figure was obtained by
giving various input values for the EMS surface area and
running the simulated model to attain the total power output
required for ammonia synthesis. As the surface area of the
EMS increases, the total power of the proposed ammonia
production process decreases. Between the surface area of
5000—10,000 cm?, there is a turning point from which by
increasing the surface area of the EMS, the total power in-
creases until it levels off. The most suitable surface area for
this proposed process is between 5000—10,000 cm?, for which
the total power is at its minimum. The empirical formula
based on our simulated model shows that the relation be-
tween the EMS surface area (cm?) to the total power required
for operating the proposed ammonia production process (kW)
is: Y = 460950x %%,

Mass balance results

A schematic of the mass balance of the proposed ammonia
production process from hydrogen sulfide is shown in Fig. 9,
while the results of the mass balance are shown in Table 8.
This process has two inputs: air and hydrogen sulfide. 37.368 t

of air flow rate enters the ITM for oxygen separation. The
remaining 29.520 t nitrogen is split into two streams. 91.5% of
the nitrogen enters the EMS as the sweep gas and the
remaining is introduced into the SSAS for ammonia produc-
tion. For the separation of the required hydrogen for ammonia
synthesis, 10 t of hydrogen sulfide is introduced into the EMS.
Approximately 91% of the separated hydrogen (534.759 kg)
enters the SSAS and the remaining hydrogen along with about
5% of the separated oxygen from the ITM enters the SOFC for
heat and power generation. The remaining 95% of the sepa-
rated oxygen (7.483 t) enters into the gas turbine system for
power generation. From the above-mentioned amount of
hydrogen sulfide introduced into the EMS (10 t), 9.411 t of
sulfur is separated and stored to be sold commercially.

Energy balance results

Fig. 10 shows the energy flow diagram for the proposed pro-
cess by means of heat integration. The need for external en-
ergy sources is minimized and heat recovery is maximized
when the heat integration method is adopted. This process is
cooled with the input air flow at 25 °C before entering the ITM
and heated with the recirculated steam at 974.82 °C resulting
from the SOFC at steady state conditions. The input air enters
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Fig. 12 — A comparison of different ammonia production technologies in terms of CO, emissions, water, and energy

consumption.

a compressor in order to reach the desired pressure in the
range of 10—30 atm before entering the ITM for oxygen sepa-
ration. This air stream is heated from ambient temperature to
850 °C. The separated oxygen from the air stream enters a
pressure reducing valve and reaches 1 atm. The separated
oxygen is divided into two streams: the first stream enters the
SOFC for heat and power production, while the second stream
passes through the hot chamber where SOFC is located and
goes through the compressor and turbine for power produc-
tion. The remaining nitrogen from the input air stream after
oxygen separation is cooled down with air before entering the
SSAS at a pressure of 1 atm and temperature of 80 °C. The
nitrogen from the ITM at a temperature of 850 °C is cooled
down with air and lowered to 650 °C before entering the EMS
as the sweep gas. Simultaneously, the hydrogen derived from
the separation of hydrogen sulfide in the EMS enters the SSAS
after being cooled with air to 80 °C. The resulting N, + S, from
the EMS enters a condenser in order to separate nitrogen from
sulfur. The separated nitrogen will then be recirculated back
into the EMS as the sweep gas. The separated oxygen from the
ITM at 850 °C along with a portion of the separated hydrogen
from the EMS at 650 °C are heated to a temperature of 1000 °C
before entering the SOFC for heat and power production.

The energy draw is driven primarily by the required steam
which consumes 694.168 kW/day of power (Fig. 11). This is
followed by the energy loss (602.573 kW/day), COMP-1
(394.32 kW/day), and power required for EMS (475.32 kW/
day). Other energy uses are much smaller; indeed, the next
highest energy use is the HEX-8 with 193.951 kW/day. A San-
key diagram based on the energy balance conducted is shown
in Fig. 11.

A comparison of the proposed process with other available
ammonia production technologies currently in use

A comparison of the proposed ammonia production process
with conventional methods (SMR and water electrolysis

coupled with Haber-Bosch process) in terms of water usage
(kg/t NH3), CO, emissions (kg/t NH3), and energy consumption
(kW/t NH3) at steady state conditions is shown in Fig. 12. This
figure shows that the proposed ammonia process is the most
efficient in terms of water consumption. SMR-Haber-Bosch
(H—B) uses 0.66 kg H,0/t NH; while water electrolysis shows
an 82% higher consumption rate than SMR-H-B. In terms of
removing CO, emissions, our process is similar to water
electrolysis, assuming that both processes are powered by
renewable technologies. However, the energy consumption of
water electrolysis is 0.44 kW/t NHs, which is approximately
15% higher than for SMR-H-B and 10% higher than for our
proposed process. In conclusion, our proposed process re-
duces the energy usage compared to the water electrolysis
process and reduces both CO, emissions and water usage.

Conclusions

A novel process for ammonia production from hydrogen sul-
fide is proposed in this study. A mass and energy balance
model have been developed by means of VBA software. The
results show that the energy consumed in this process is high
when compared to conventional methods, mostly due to the
incorporation of EMS in the system. Based on the assumptions
made and the selected operational conditions (temperature,
pressure, and flow rate) and design elements for membranes
(thickness, cell area, and applied voltage), this processing unit
(EMS) needs 475.320 kW of power for its operation. For the
production of approximately 3 t of ammonia, 1996.522 kWh
energy and 10 t/day of hydrogen sulfide is required. The en-
ergy consumption of this process is almost 6.6% higher than
that of SMR coupled with the Haber-Bosch process and
approximately 8% lower than that of water electrolysis
coupled with Haber-Bosch.

The main advantage of this proposed production process is
that it directly converts hydrogen sulfide which is an
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extremely harmful and toxic chemical compound into
ammonia. This is accomplished through a process which is
low carbon and consumes less water for its operation, unlike
with a water electrolyzer and SMR-H-B. It has a small physical
footprint due to utilization of compact membranes and fewer
process steps when compared to competing processes (water
electrolysis and SMR-H-B). Future studies should focus on
reducing the energy consumption of the system by exploring
the use of energy-efficient materials that lower the opera-
tional temperature and pressure of the EMS membranes.
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