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Towards a carbon independent and CO,-free
electrochemical membrane process for NH; synthesis

K. Kugler, B. Ohs, M. Scholz and M. Wessling?”

Ammonia is exclusively synthesized by the Haber-Bosch process starting from precious carbon
resources such as coal or CH4. With H,O, H, is produced and with N,, NH; can be synthesized
at high pressures and temperatures. Regrettably, the carbon is not incorporated into NH; but
emitted as CO,. Valuable carbon sources are consumed which could be used otherwise when
carbon sources become scarce. We suggest an alternative process concept using an
electrochemical membrane reactor (ecMR). A complete synthesis process with N, production
and downstream product separation is presented and evaluated in a multi-scale model to
quantify its energy consumption. A new micro-scale ecMR model integrates mass, species,
heat and energy balances with electrochemical conversions allowing further integration into a
macro-scale process flow sheet. For the anodic oxidation reaction H,O was chosen as a
ubiquitous H, source. Nitrogen was obtained by air separation which combines with protons
from H,O to NH; using a hypothetical catalyst recently suggested from DFT calculations. The
energy demand of the whole electrochemical process is up to 20% lower than the Haber-Bosch
process using coal as H, source. For the case of natural gas, the ecMR process is not
competitive under today's energy and resource conditions. In future however, the
electrochemical NH; synthesis might be the technology-of-choice when coal is easily
accessible over natural gas or limited carbon sources have to be used otherwise but for the

synthesis of the carbon free product NH3.

Introduction

Only recently, the direct NH; synthesis from its elements N,
and H, has been considered one of the most significant
scientific achievements of the 20" century®. The significance of
NH; is self-evident: with 1-3% of the global energy
consumption the NHj; synthesis is one of the largest energy
users in industry?. This is related to the energy intensive H,
production, N, purification and the energy intensive process
conditions to reach an acceptable conversion rate.

Today large-scale NH; manufacturing is carried out by the
Haber-Bosch process operated at 400-500°C and 150-200 bars.
The process parameters are a compromise between the thermal
stability of NHs, the catalyst activity and the reaction rate. At
equilibrium a conversion of about 15% is obtained. The N, for
the Haber-Bosch process is produced by air separation of liquid
air?. The H, needed is mainly produced by steam reforming of
hydrocarbons such as natural gas or coal at ~800°C. In total, the
energy consumption of modern NH; plants is ~7.9 MWh/tyus
using natural gas and ~13.5 MWh/tyys using coal as H, source®,
The carbon is not incorporated into the final product NH3, but
emitted as CO,* From an environmental point of view, a NH;
synthesis process avoiding CO,-emissions and the consumption
of precious carbon would be desirable. Additionally the direct
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N, fixation at ~100°C and ambient pressure could potentially
reduce the energy demand compared to the Haber-Bosch
process. An interesting application is the treatment of flue gas
with NHj;, e.g. of ships and stationary facilities, to avert NOy
emissions. Hence, small-scale decentralized NHj; synthesis
plants conducted at ambient temperature and pressure are
needed®.

The operating pressure of the Haber-Bosch process is
usually achieved by jet engine compressors, which work
efficiently only at high flow rates. Hence, typical NH;
production plants have capacities of at least 600 tyys/day?. The
Haber-Bosch process has serious disadvantages, such as high
energy consumption, environmental pollution such as CO,-
emission, and the thermodynamic limitation of the reaction. Up
to now there is no other process economically competitive with
the Haber-Bosch process.

A new process field is the electrochemical NH; synthesis. In
1996, Panagos et al. proposed a model to overcome the
thermodynamic limitations of the reaction between N, and H,
using a solid-state proton conductor which is placed between
two electrodes®. Based on this model Marnellos and Stoukides
reported an alternative route of NH3 synthesis from its elements
for the first time in 19987. Since then, several studies on the
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electrochemical NH; synthesis using molecular H, and N, have
been reported. In these studies mainly Perovskite-, Pyrochlore-
and Fluorite-type proton conductors have been used®. In 2000,
Kordali et al. used water instead of molecular H, as proton
source®. Thus the cost for H, production and purification do not
apply. A Nafion membrane was used to divide the electrolytic
cell in two half cells. The temperature could be reduced to 80-
100°C resulting in a lower NH3; decomposition and thus higher
NH; yield.

Here, we propose the electrochemical synthesis in a
membrane based process using an electrochemical membrane
reactor (ecMR). A polymer proton exchange membrane (PEM)
is used as proton conductive electrolyte. The PEM is
sandwiched between the anodic and cathodic catalyst to form
the membrane electrode assembly (MEA). A scheme of the two
half-cell reactions occurring during the electrochemical NH3
synthesis using a MEA is shown in Fig. 1:

Membrane Electrode Assembly
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Figure 1 Suggested basic reactions for the electrochemical synthesis of NH3 using
a membrane electrode assembly (MEA) placed in a plate and frame stack-like
electrochemical membrane reactor (ecMR).

The electrochemical synthesis of NH;3 can then be divided into
two half-cell reactions:
Cathodic reduction of N,:

N, + 6HY + 6e~ - 2NH3(1)
Anodic oxidation of H,O:
3H,0 - 6H* + 6e~ + 1.50,(2)

By applying an external potential to the ecMR, electrical energy
is used as driving force for the otherwise non-spontaneous
chemical reactions'®. Ammonia is produced in a cathodic
reaction, while the required protons are delivered by the
oxidation of H,O at the anode. This ecMR enables potentially a
small-scale NH3; production at low temperatures and pressures.
In fact, Ruiquan and Gaochao could synthesize NH; at
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atmospheric pressure and 25-100°C and a potential of 2.5 V.
Nafion102 and sulfonated polysulfone membranes prepared in
laboratory were used as proton conductive membranes. The
catalysts used were Sm;sSrosNiO, at the cathode and Ni-
CepsSMmg,0,5 at the anode!!. Just recently Lan et al.
synthesized NH3; from air and H,O at ambient conditions. Pt/C
was used at both electrodes as catalyst, separated by a
Nafion211 membrane®?.

We present a multi-scale simulation model approach
comprising two scales: (1) a microscopic model represents a
new ecMR modeled using Aspen Custom Modeler (ACM).
Mass and heat transport, species balances including chemical
reactions and energy balances are solved. This complex ACM
model can be integrated into (2) an overall macroscopic model
using Aspen+ where all other unit operations are combined. A
complete synthesis process with N, production and product
separation downstream to the ecMR is then investigated. Our
work aims to quantify whether such an electrochemical
membrane based process is energetically favorable or
competitive as compared to the Haber-Bosch process. The
approach as well as the results serves as a role model to
investigate future chemical process scenarios that go beyond a
fossil based society.

Proposed Process

The entire synthesis process as shown in Fig. 2 was
investigated using the process simulation program Aspen-+.
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Figure 2 Flow diagram of the complete process modelled with Aspen Custom
Modeller (ACM) including N, production by cryogenic air separation and product
separation downstream to the ecMR.

The ecMR is a new user block modeled separately in ACM.
Details of the complete set of energy and mass balances are
described in the supporting information. The process model can
be divided into three sections, namely feed pre-treatment,
ecMR, and the anodic and cathodic product separation.

The first section is the feed pre-treatment. At the cathodic
side this includes a cryogenic air separation which is not further
optimized. The specific energy consumption is taken from
literature™. The air separation is necessary to remove O, which
otherwise would react with protons to H,O and hence reduce
the current efficiency. The rate determining step of the overall
reaction in the ecMR is most likely one of the cathodic reaction
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steps. Commonly N, leaves the cryogenic air separation unit at
a pressure of 1.3-1.5 bar. At the cathode the amount of gas
molecules increases during the reaction. Thus the N, pressure is
reduced to atmospheric pressure before entering the reactor. To
save costs the anodic feed is assumed to be conventional
process steam. Depending on the steam available a pressure
regulator has to be used and the steam has to be cooled. The
ecMR of the process will be operated at 105°C (also compare
Table 2).

The second section is the ecMR with the MEA as its core.
The membrane acts as a gas diffusion and electron barrier to
separate the anodic and cathodic half-cell. In each half-cell a
serpentine flow channel is assumed to distribute the reactants
on the catalyst layer of the MEA. An external power source
delivers electrical current to the ecMR.

The third section is the product separation from unconverted
feed gas to achieve a purity of 99.5% for each product. Oxygen,
which is produced at the anode, is a by-product and can be sold
to enhance the cost efficiency. Preliminary investigations have
shown that simple condensation of H,O in the anodic product
stream is sufficient to obtain these purities. The cathodic
product stream consists of NH3, unconverted N, and H,, which
might be formed as side product at the cathode, depending on
the current efficiency of the ecMR. In the Haber-Bosch process
NH; is liquefied in a multi-stage condenser system. Since the
product stream leaves the reactor at high pressure, H,O can be
used to liquefy NH; at room temperature. In general no further
purification of NH; is necessary?. However, the ecMR is
operated at lower pressure. Thus the product stream has to be
pressurized and cooled in the separation unit. As a reference
case two distillation columns are implemented in Aspen+ for
the separation of the cathodic product stream. In the first
column NH; is separated from H, and N,. Subsequently N, and
H, are separated in the second column. Although the energy
demand of the product separation is significantly less compared
to the ecMR, downstream processes and energy integration can
be anticipated to reduce the overall energy demand. The results
obtained here can serve as an upper estimate for the whole
synthesis process and can give a first estimation of the energy
consumption for a comparison with other processes.

Proposed ecMR

The modeled ecMR shown in Fig. 3 comprises seven functional
elements.

The core is a polymeric membrane, which is laminated between
the anodic and cathodic gas diffusion electrode (GDE). On top
of these two electrodes the active catalyst layers (ACL) are
located. Finally the two flow channels act as gas distributor and
as electron distributor and collector at the cathode and the
anode. Each half cell of the reactor can be exposed to different
gases'®. The electrocatalytic reactions take place at the three
phase boundary (TPB) between fluid, membrane and one of the
electrodes. A high catalytic surface area is required for an
efficient process. The reactants are fed at the inlet of the reactor
and flow through the flow channel where they get in contact

This journal is © The Royal Society of Chemistry 2012
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with the GDE. The reactants diffuse through the electrodes to
the ACL where the reactions take place. The products diffuse
back to the flow channel and leave the reactor at the outlet.

Heat
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Figure 3 Main elements of the modeled ecMR and model discretization along the
flow channel length in single elements (vertical dashed lines). Mass, heat and
electron transfer to the surrounding.

Model structure of the ecMR

The model structure of the ecMR s illustrated in Fig. 3 as well.
Heat is transferred to the ambient air through the outer walls of
the cell. The electrons are supplied to and removed from the
GDE. The cathode and anode consist of the flow channel, the
GDE and the ACL. The flow channel and the GDE are
connected through a boundary layer. Finally, a TPB layer
connects the membrane with the ACL.

The heat and mass balance are calculated one dimensional
along the flow channels. The concentrations in orthogonal
direction to the flow channel, i.e. within the GDE and the ACL
are calculated by linear mass transport relations. For this model
the only assumed anodic reaction is the oxidation of H,O to O,
and protons. The reduction of N, to NH3; and the formation of
H, are the only cathodic reactions considered. Water crossover
was neglected to keep the model simple. The ratio y of the H,
and NH; formation rate is given by Equ. (3):

TlHZ

Y= 3)

NyH,

For the H, formation two electrons are required, while the NH;
synthesis consumes three electrons. Hence, the current
efficiency f of the cathode can be calculated as:

1
p=—>")
1+%y

The model is implemented in ACM and consists of a set of
parameters, variables and equations, which describe the
physical and thermodynamically behavior. Therefore the flow
channel is discretized along its length and is divided in
incremental elements of the same length, as illustrated in Fig. 3
by the vertical dashed lines. Sufficient discretization steps were
applied to achieve independency from the discretization. For
the numerical solution ACM calculates the variables for each
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element and the trend of each variable can then be examined
along the domain. The proposed ecMR is modeled for a
production capacity of ~1500 t/d, i.e. 19 mZ/tyqs of flown
through MEA area are needed.

Proposed catalyst

The protons for the cathodic reaction are delivered by an
oxygen evolution reaction (OER) at the anode. The catalysts
with the highest activity and the lowest overpotential for the
OER are RuO, and Ir0,%. Many reaction mechanisms have
been suggested and the electrochemical oxide path as well as
the oxide path are widely accepted to occur for these
catalysts'®. For the N, reduction at the cathode four different
reaction mechanisms are possible, namely both an associative
and dissociative Tafel and Heyrovsky type mechanism?’.
Theoretical considerations showed that for most of the
transition metals the dissociative mechanism occurs at lower
voltages than the associative one. Furthermore, the activation
barrier for the N, adsorption is relatively high for late transition
metals'’.

The principle of Sabatier has widely been applied for the
electrochemical H, production resulting in the so-called
Volcano curve®®. It allows estimating the activity of different
catalysts'®. Using Volcano plots Trasatti showed that the
exchange current density j, of the hydrogen reaction on
transition metals depends on the Gibbs free energy of

adsorption of hydrogen atoms on the metal surface
AG(M-H)?2:

Ini aAG(M—H)(S)

n ~ ———

Jo kT

Recently, Skulason et al. evaluated theoretically possible
transition metals as catalysts for the electrochemical NH;
synthesis®’. Using the density functional theory (DFT), they
calculated the Gibbs free energy profile for the reduction of N..
By assuming that the activation energy scales with the free
energy difference in each elementary step, the catalytic activity
has been investigated. The potential was calculated at which
AG for each reaction step is smaller than or equal to zero to
achieve significant reaction rates’. The resulting Volcano plot
is given in Fig. 4.

The metals Mo, Fe and Rh have the highest activity for the
electrochemical NH; synthesis. However, the metal surface will
mainly be covered by *H as indicated by the white background
and H, formation will be a competing reaction. In comparison
Ti or Zr will mainly be covered by *N as indicated by the grey
background and NH; will rather be synthesized than H,. Hence,
only early transition metals are promising catalysts for the
electrochemical NH; synthesis.

For this work Ti-electrodes are considered because of their
commercial availability and low price. Here an alternative
synthesis process for NH; at mild reaction conditions, i.e.
temperatures around 100°C and ambient pressure is

4| J. Name., 2012, 00, 1-3

investigated. Kordali et al. used a Ru cathode to synthesize NH;
at ~90°C and 1 atm®.
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Figure 4 Volcano curve for the N, reduction (redrawn after”). Ti as hypothetical
catalyst for electrochemical N, reduction at the cathode recently suggested from
DFT calculations®’.

These reaction conditions are quite similar to the desired
operating conditions of the proposed ecMR. The electrolytic
cell of Kordali et al. is divided in two half-cells by placing a
Nafion membrane between the anode and the cathode. Nitrogen
was fed to the cathode, while an aqueous KOH solution was
used as anodic electrolyte. At the anode an oxygen evolution
reaction takes place. By applying a potential of -0.96 V a
current density j of 1.2x10° A/cm? was obtained at an
overpotential of 0.08 V. The conventional Butler-VVolmer
equation can be used to calculate the current exchange density
jo of the Ru electrode. For the given conditions j, equals
5.5x10° A/cm?,

The reaction mechanism for the N, reduction is assumed to be
similar to the HER, namely a Heyrovsky- or Tafel-type
reaction’’. Thus, the dependencies for the hydrogen reaction,
i.e. the Volcano curve and Equ. (5) might also be valid for the
N, reduction. According to the Volcano curve the following
equation is valid:

d(log i)
= =71(6)
(G(M — H))
Since the NH; synthesis follows the same reaction mechanism,
we assume the same slope r to be representative for the N,
reduction. The dependency of j, on the adsorption energy and

the results of Kordali et al. have been combined to estimate j,
for Ti.

logjori = rA(AG(Ti — N) — AG(Ru — N))
+logjo,ru (7)

This journal is © The Royal Society of Chemistry 2012
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The NH; reaction rate increases with the applied current.
However, a maximum for the reaction rate exists®. A further
increase of the applied current does not result in a higher NH3
reaction rate??. The electrode material and its catalytic activity
have a significant influence on the reaction rate. Since some
catalysts rather form H, than NHj; the current efficiency
depends on the catalyst material as well®. Based on the positive
results of our study, we motivate more synthetic effort to tailor
the catalysts to higher selectivity and productivity making the
ecMR concept even more attractive. The cell potential has a
similar impact on the NH; formation as the applied current. The
reaction rate increases with the cell potential and a maximum
exists above which the reaction rate is independent of the
applied voltage?®. For both low and high temperature
applications the NH; reaction rate increases with temperature
due to a higher protonic conductivity of the electrolytes®.
However, an optimal temperature exists above which N,
decomposes and the process efficiency gets reduced. For low
temperature processes using polymer electrolytes, the ideal
temperature depends on the H,O content of the electrolyte and
thus on the protonic conductivity.

Simulation results for the ecMR

The electrochemical membrane reactor (ecMR) is a user block
modeled in Aspen Custom Modeler (ACM). Details of the
complete set of energy and mass balances are described in the
supporting information.

Reactor and process parameters

Important parameters such as the applied voltage or feed flow
are changed within a specific range to find the optimal
operating conditions of the ecMR. Reference values and the
variation range are defined in Table 1.

Table 1. Reference parameters for the ecMR model

Physical Chemistry Chemical Physics

ecMR almost all of the reactants are converted at a cell voltage
of 2.325 V and a higher cell voltage would lower the energy
efficiency of the process (also compare Fig. 8).

The exchange current density for a Ti-electrode has been
estimated by combining theoretical calculations with
experimental results for other electrodes. This theoretical
consideration might not necessarily display the reality correctly.
Accordingly, a wide band for j, has been examined to
investigate its influence on the process performance.

The anodic and cathodic feed flow mainly influences the
space-time-yield as well as the conversion rate. The conversion
rate itself influences the energy demand for the separation units
in the proposed process. The reference value for the anodic
flow rate is three times higher than the cathodic one, since three
times more H,O than N, are converted to form NHs.

At the chosen reference flow rates a conversion rate of
~50% is obtained. The upper bounds for the flow rates correlate
to low conversion rates of ~35% for the given reference
scenario. The lower bound for the flow rate corresponds to a
conversion rate of ~80%. A further decrease of the flow rate
would result in lower energy consumption for the separation
units. The current efficiency P mainly influences the energy
demand of the ecMR. For B = 1 no undesired parallel reactions
such as H, formation are considered. At = 0.8 the total energy
demand of the suggested process is higher than for a coal based
Haber-Bosch process. Thus in the variation range of 0.8 - 1.0 a
comparison with the Haber-Bosch process is possible. Further
parameters and important constants of the reactor model are
listed in Table 2:

Table 2. Important parameters and constants of the model

Parameter Symbol Value Band Unit
Current density i 11 2-18 kA/m?
Cell potential U 2.20 2-2.325 \Y
Cathodic joc 1078 10%-10° Alm?
exchange
current density
Anodic feed v, 180 120-240  ml/min
flow rate
Cathodic feed V. 60 40-80 ml/min
flow rate
Current density B 1 08-1 -

The overpotential and thus the cell voltage U are mainly
influenced by the current density. Conventional ecMRs for H,
production work at j = 10 kA/m? %, A current density in this
range is assumed to be optimal for the NH3 synthesis as well,
since the same electrolyte is used and the anodic reactions are
equivalent. At the reference cell voltage of 2.2 V the current
density is 11 kA/m?2 The lower bound for the cell voltage is 2 V
since at lower values j is almost 0 kA/m2 and a reasonable
operation of the reactor is not possible. For the investigated

This journal is © The Royal Society of Chemistry 2012

Parameter Symbol Value Unit
Anodic equilibrium potential * Ea 1.17 \Y
Anodic exchange current density ° joa 10°® Alm?
Anodic charge transfer coefficient ° oA 0.5 -
Number of transferred electrons anode ° Vea 2 -
Cathodic equilibrium potential Ec -0.03 \%
Cathodic charge transfer coefficient oc 0.5 -
Number of transferred electrons cathode ° Vec 6 -
Membrane conductivity ¢ K 17 AVM?
Membrane thickness ¢ dm 100 um
GDE thickness © dope 200 pm
Ratio of catalytic surface area ® acs 5.3 m?/m?
Length flow channel ¢ | 0.9 m
Reactor temperature © T 105 °C
Reactor pressure © p 1 atm

2 Calculated, ® Taken from?, © Assumed, ¢ Taken from?

Performance indicators

For an energetic comparison of the ecMR with the Haber-
Bosch process three different performance indicators are
applied.

The first indicator is the specific energy consumption,
which gives the energy consumed per ton synthesized product:

UcellVeF

Espec = My, €))
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where Mp is the molar mass and v, the stoichiometric
coefficient of the product.

The second indicator is the conversion rate of the reactants:
na . .
( E,a,l E,(J),l

l,A/C flA '

E,a,l
where 114 ,¢ q; is the molar flow rate of the reactant i at the inlet
of the reactor and 1,4 ¢,,,; at the outlet.

The third indicator is the energy efficiency, which is the
ratio between the enthalpy of reaction and the consumed energy
for the synthesis:

_ AgH
UCellVeF

n (10)

System performance of the ecMR

Table 3 summarizes the simulation results for the performance
indicators for the reference case.

Table 3. Results for the reference case

Parameter Symbol Value Unit
Current density j 11 KA/m?
Cell potential ] 2.20 \Y
Specific energy consumption Espec 11.41 MWh/t
Energy efficiency n 0.47 -
Conversion rate H,0 Choo 0.53 -
Conversion rate N, Cne 0.53 -
Mole fraction H,0 in anodic product YA H20 0.64 -
stream
Mole fraction O, in anodic product stream Ya02 0.36 -
Mole fraction N, in cathodic product YAN2 0.69 -
stream
Mole fraction NH; in cathodic product YANH3 0.31 -
stream

The evolution of the current density along the flow channel for
different cell voltages is given in Fig. 5.

The current density increases with increasing cell voltage. This
is reasonable, as a higher cell voltage results in higher
overpotentials for the electrochemical reactions. The current
density decreases along the flow channel length, which can be
explained considering the Gibbs free energy of the overall cell
reaction AgG:

3 2
/ Po,\2 (PNH, \
p°) \'p°
ARG = AG® + RTIn| ~——"——](11)
(pHZO) (PN2>
p® /) \p°
The concentration and the partial pressure of the reactants
decrease along the flow channel, whereas the partial pressure of
the products increases. Consequently ArG increases and
therefore the equilibrium potential of the cell increases as well.

Otherwise the overpotential for the charge transfer has to
decrease if the equilibrium potential decreases. This results in a

6 | J. Name., 2012, 00, 1-3

lower current density along the flow channel length. This effect
is more severe if a high cell voltage is applied. As the reaction
rate increases with the cell voltage the conversion rate rises as
well. Thus higher values for the second term on the right side of
Equ. (11) occur.

o N B O

L 1 L | 1 1 L 1 L 1 1 1 L | L | L
G 10 20 30 40 50 60 70 80 90
Flow channel length / cm

Figure 5 Evolution of the current density along the flow channel length for
different cell voltages

The conversion rate of the reactants for the investigated ecMR
is shown in Fig. 6.
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Figure 6 Influence of the cell voltage on the conversion rate and the average
current density of the ecMR

At low cell wvoltages the conversion rate increases
exponentially. The current density increases exponentially with
the cell potential according to the Butler-VVolmer equation. At
higher cell voltages and thus higher current densities the effect

This journal is © The Royal Society of Chemistry 2012
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of Equ. (11) increases. Hence, j only increases linearly with the
cell voltage. At very high cell voltages almost all of the
reactants are converted and higher cell potentials cannot further
increase the average current density and the conversion rate.
Thus a minor dependency of the cell voltage on the average
current density and conversion rate is observed at high cell
potentials. Fig. 7 shows the evolution of the mole fractions
along the flow channel. The slope of the mole fraction
evolution decreases along the flow channel length due to the
decreasing current density at the end of the reactor.
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Figure 7 Evolution of the mole fraction in the anodic and cathodic flow channel

Different mole fractions at the anode and at the cathode are
obtained for the same conversion rates of H,O vapor and N..
One reactant molecule forms two product molecules at the
cathode, whereas two reactant molecules form only one product
molecule at the anode.

The mole fractions at the outlets have main impact on the
cost for the product separation. In Fig. 8 the achieved mole
fractions for different cell voltages are shown. At the reference
flow rates almost all of the reactants are converted at a cell
voltage equal to or higher than 2.3 V.

The energy demand of the separation units are influenced by
the volumetric feed flow rates at the anode and the cathode as
well. At a fixed current density these parameters influence the
conversion rates and thus the mole fractions at the outlet of the
reactor. Besides that these parameters might influence the cell
voltage which has to be applied to obtain the reference current
density. To investigate this effect, one of the volumetric flow
rates has been held constant whereas the other one has been
varied. The results are given in Fig. 9.

The flow rate has only a minor influence on the cell voltage.
Only at very low flow rates a higher cell voltage has to be
applied since almost all of the reactants are converted. Thus the
energy demand of the whole synthesis process can be reduced
by decreasing the flow rate because at low flow rates very pure
products are obtained. In Fig. 5 it was shown that the current

This journal is © The Royal Society of Chemistry 2012
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density decreases along the flow channel, although the
influence of the feed flow rate and thus of the conversion rate
on the cell voltage is minor (see also Fig. 8).
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Figure 8 Mole fractions at the reactor outlets for different cell voltages
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To explain this, the influence of the mole fraction is considered.
The difference of the equilibrium potential between a situation
where the partial pressure of the reactants is 99% of the total
pressure and a situation where the partial pressure of the
products is 99% of the total pressure is 0.16 V. Obviously the
composition has only a small impact on the equilibrium
potential. However, it can be deduced that the reduction of the
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overpotential for the charge transfer due to an increased
equilibrium potential results in a higher decrease of the current
density at higher overpotentials. Thus the decrease of the
current density is higher at higher cell potentials (compare Fig.
5).

There are two possibilities to reduce the expenditure of the
separation units: increase of the cell voltage or decrease of the
flow rate. An increase of the cell voltage leads to higher
operation costs whereas a lower flow rate decreases the space-
time yield. A lower space-time yield generally increases the
investment costs for the reactor. Hence, there will be a trade-off
between the energy consumption for the separation units, the
energy-consumption of the reactor and the investment costs.

So far there has been no experimental investigation about
the reaction kinetics of the electrochemical nitrogen reduction
on early transition metals. Therefore the exchange current
density has been estimated combining the theoretical
calculations of Skulason et al. and the experimental results of
Kordali et al. for a Ru cathode'”°. However, the exchange
current density obtained from this consideration might not be
exact. The influence of this parameter on the process
performance has been investigated as well, which is shown in
Fig. 10.
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Figure 10 Cell voltage for different exchange current densities at a given current
density. The horizontal lines represent the cell potential which can be applied so
that the energy consumption of the ecMR equals different Haber-Bosch
processes

The cell voltage which has to be applied for a given current
density of 11 kA/m? is plotted against the logarithmic exchange
current density of the cathodic reaction. A linear curve is
obtained which is reasonable as the overpotential is a linear
function of the logarithm of the exchange current density and of
the logarithm of the current density, which has been hold
constant, as well. Equ. (8) allows the calculation of the energy
consumption for the ecMR. Based on this equation the cell

8 | J. Name., 2012, 00, 1-3

voltage which can be applied to equal the energy consumption
of the ecMR with the energy demand of conventional NH;
synthesis plants can be determined. The cell voltages
representing conventional Haber-Bosch plants are given by two
horizontal lines in Fig. 10. The upper one corresponds to the
Haber-Bosch process using coal as H, source, whereas the
lower one belongs to the Haber-Bosch process using natural
gas. For this consideration neither the energy for the product
separation nor for the feed pre-treatment are taken into account
yet. However, even if the exchange current density for the
cathodic reaction is very high, the electrochemical process
cannot compete in terms of energy consumption with the
natural gas based Haber-Bosch process. But even at very low
exchange current densities the energy consumption will be
lower than for a Haber-Bosch process using coal as feedstock
for H, production.

To investigate potentials for the process improvement, the
different potential drops within the reactor are plotted for
different current densities in Fig. 11.
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Figure 11 Cell voltage and overpotentials of the electrochemical membrane
reactor for different current densities

The equilibrium potential is the main contributor to the cell
voltage. This value cannot be changed as it is determined by
thermodynamics. Further main contributors are the cathodic
and anodic overpotentials to drive the charge transfers. The
overpotential for the cathodic reaction is higher which relates to
the low activity of the cathodic reaction and thus to the very
low exchange current density. Hence, this gives the highest
potential to improve the process performance. The
overpotential at the anode is lower, but it is worthwhile to
search for better catalyst at the anode. The ohmic potential loss
increases linear with the current densities. Thus for high current
densities this contribution cannot be neglected.

At the cathode H, formation is a competing reaction for the
NH; synthesis. So far a current efficiency of unity, which

This journal is © The Royal Society of Chemistry 2012
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means that no H, is produced, was assumed because it is
expected that on Ti-electrodes mainly NH; is produced®’.
However, these assumptions are based on theoretical
considerations taking the binding energy of N, and H, on the
electrode surface into account. In this work the influence of the
current efficiency on the specific energy consumption as well
as on the composition of the product stream are investigated
(compare Fig. 12).

The energy consumption per ton product in KWh/ty3z can be
calculated as following?’:
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Figure 12 Influence of the current efficiency on the specific energy consumption
and on the molar composition of the product stream at the cathode

At a current efficiency of unity 10.4 MWh/tyy3 are consumed at
the reference cell voltage. This value increases up to 13.0
MWh/tyys for a current efficiency of at least 80%. As
mentioned before, there are no experimental results concerning
the current efficiency available. However, it is expected that the
current efficiency is relatively high because N, atoms bind
more strongly than H, on the Ti-surface. Hence, the electrode
will mainly be covered by N, and NH;3 will be formed more
probably®’. Accordingly, a current efficiency of 80% seems to
be reasonable. A lower current efficiency does not only
increase the specific energy consumption of the reactor, but
also the separation is more complex and particularly the H,/N,
separation is energy intensive. For the investigated current
efficiencies the molar H, fraction in the cathodic product
stream varies between 0 and approximately 20%.

Process energetics

The multi-scale modeling presented above allows answering
the question if the electrochemical membrane based process is
energetically favorable or competitive as compared to the
Haber-Bosch process. To answer this question the discussed

This journal is © The Royal Society of Chemistry 2012

Physical Chemistry Chemical Physics

reference case and four different cases shown in Table 4 are
considered.

The influence of different parameters on the energy
consumption of the model process is investigated. These cases
have been chosen arbitrarily, however, they can indicate how
different process parameters influence the energy consumption
of the separation units.

Table 4. Five different case conditions to investigate the energy
demand of the model process

Case explanation Ueen [V] current efficiency [-]
1 reference case 2.20 1.0
2 high cell voltage 225 1.0
3 low cell voltage 2.15 1.0
4 medium current efficiency 2.20 0.9
5 low current efficiency 2.20 0.8

The energy consumption per ton produced NH; of the different
process units as numbered in Fig. 2 are listed in Table 5.

Table 5. Energy demand of the entire synthesis process in MWh/tyus

Process unit Case 1 Case 2 Case 3 Case 4 Case 5
Cryogenic air 0.08 0.08 0.08 0.08 0.08
separation (1)

Heat exchanger (2) 0.04 0.03 0.06 0.04 0.04
ecMR (3) 10.40 10.63 10.16 11.50 13.00
Compressor (4) 0.26 0.13 0.34 0.30 0.24
Compressor (5) 0.31 0.25 0.40 0.36 0.43
Heat exchanger (6) 0.07 0.06 0.11 0.09 0.11
Condenser (7) 0.14 0.06 0.36 0.26 0.35

Reboiler (8) 0.11 0.12 0.08 0.13 0.12
Condenser (9) - - - 0.12 0.13
Reboiler (10) - - - 0.03 0.03

Sum 11.41 11.36 12.60 12.93 14.55

With 11.36 MWh/tyys the lowest energy demand for the entire
process is achieved in case 2. In comparison to cases 1 and 3
the total energy demand is lower, since the energy demand for
the separation units is much lower. At lower cell voltages and
fixed flow rates the conversion rate is lower and much more
flow volume has to be separated per ton NH;. Additionally, the
ecMR has the by far highest contribution to the total energy
demand for the process.

Table 6 compares the ecMR with the Haber-Bosch process: the
energy demand for the ecMR in case 2 is 3.46 MWh/tyy3 higher
than for the Haber-Bosch process using natural gas as H,
source.

Table 6. Energy demand of different process alternatives in MWh/tyus *

Haber-Bosch coal
13.47

Haber-Bosch natural gas
7.92

ecMR Ucell =2.25V
11.36

* Values for Haber-Bosch are taken from*

However, if other H, sources such as coal are used the energy
demand of the Haber-Bosch process almost doubles® and the
suggested ecMR scenario becomes energy-wise viable. A
comparison between the energy demands for cases 4 and 5 and
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for the coal based Haber-Bosch process leads to a minimum
current efficiency for the ecMR of 87% to be competitive.

Conclusion

Since the conceptual ecMR can be installed in decentralized
small-scale plants, the electrical energy can be delivered from
local renewable energy sources such as wind or hydro-power.
Additionally the electrochemical synthesis has several other
advantages. The ecMR can be operated at lower temperature
and pressure and thus the investment costs might be lower.
Besides that smaller and more flexible plants can be used. In
comparison, Haber-Bosch plants just work efficiently at very
high capacities. In addition, the Haber-Bosch process uses
valuable carbon-based feedstock such as natural gas, heavy
hydrocarbons or coal, whereas the electrochemical process uses
easily accessible process steam and air. Since H,O is used as
proton source, no CO,-emissions will occur due to H,
production. The catalytic activity of the electrodes, which result
in a higher j, and thus lower overpotential for the charge
transfer, shows the highest potential for improvements.
Additionally, the separation processes can be improved
significantly. Using current data from DFT simulations and
applying a new microscopic reactor model integrated into a
macroscopic process flow sheet we substantiate possible
scenarios towards new process alternatives for the current
Haber-Bosch process. Most likely such processes will be of
electrochemical nature; whether or not the electrochemical
reactor proposed here will be the final choice is irrelevant.
Essential is the proposed multi-scale approach of quantum
chemical and molecular simulations with a microscopic reactor
model integrated into a overall chemical process.
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A new NHj; synthesis process using an electrochemical membrane reactor including N, production and
product separation is modelled in Aspen+.



