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ARTICLE INFO ABSTRACT
Keywords: The Covid era has made us aware of the need for resilient, self-sufficient, and local production. We are likely
Techno-economic-environmental analysis willing to pay an extra price for that quality. Ammonia (NH3) synthesis accounts for 2 % of global energy

High-Temperature plasma

production and is an important point of attention for the development of green energy technologies. Therefore,
Non-thermal plasma

we propose a thermally integrated process for Hp production and NHj3 synthesis using plasma technology, and we

Meth . . . . .
H: drzz:n evaluate its techno-economic performance and CO, footprint by life cycle assessment (LCA). The key is to
Ammonia integrate energy-wise a high-temperature plasma (HTP) process, with a (low-temperature) non-thermal plasma

(NTP) process and to envision their joint economic potential. This particularly means raising the temperature of
the NTP process, which is typically below 100 °C, taking advantage of the heat released from the HTP process.
For that purpose, we proposed the integrated process and conducted chemical kinetics simulations in the NTP
section to determine the thermodynamically feasible operating window of this novel combined plasma process.
The results suggest that an NHj3 yield of 2.2 mol% can be attained at 302 °C at an energy yield of 1.1 g NH3/kWh.
Cost calculations show that the economic performance is far from commercial, mainly because of the too low
energy yield of the NTP process. However, when we base our costs on the best literature value and plausible
future scenarios for the NTP energy yield, we reach a cost prediction below 452 $/tonne NH3 which is
competitive with conventional small-scale Haber-Bosch NHj3 synthesis for distributed production. In addition, we
demonstrate that biogas can be used as feed, thus allowing the proposed integrated reactor concept to be part of a
biogas-to-ammonia circular concept. Moreover, by LCA we demonstrate the environmental benefits of the pro-
posed plant, which could cut by half the carbon emissions when supplied by photovoltaic electricity, and even
invert the carbon balance when supplied by wind power due to the avoided emissions of the carbon black credits.

feedstock, mainly via the steam methane reforming (SMR) process,
required to synthesize the NH3 through the conventional Haber-Bosch
(HB) process. Moreover, the HB process has almost reached its theo-
retical efficiency, being economically unfeasible to continue investi-
gating how to improve this process [4,5]. In view of the projected
population increase by 2050 and the ever-increasing environmental
concerns about industrial emissions, sustainable techniques for the
synthesis of NH3 need to be adopted, with the focus being placed on
employing renewable raw materials and improving energy efficiency
[6].

1. Introduction

Ammonia (NH3) constitutes one of the most important platform
chemicals in the synthesis of fertilisers, which further supports global
crop production. Besides its relevance in agriculture, NH3 has recently
been proposed as an energy vector, given its greater ease of storage and
transport than pure hydrogen (Hy) [1-3]. Yet, at an industrial level, NH3
manufacture is associated with high energy consumption and carbon
emissions due to its dependence on fossil resources to produce the Hy
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Nomenclature

Acronyms

ACC Annualised capital cost
ACCR  Annual capital charge ratio
CB Carbon black

CED Cumulative energy demand
CExD Cumulative exergy demand

CEPCI  Chemical engineering plant cost indexes
CH4 Methane

co Carbon monoxide

CO, Carbon dioxide

DBD Dielectric barrier discharge

HB Haber-Bosch

HTP High-temperature plasma

IPCC Intergovernmental panel on climate change

LHV Lower heating value

LCA Life cycle assessment

MMBTU Metric million British thermal units

NG Natural gas

NH3 Ammonia

NOx Nitrogen oxides

NTP Non-thermal plasma

PNOCRA Plasma nitrogen oxidation and catalytic reduction to
ammonia

PSA Pressure swing adsorption

SEI specific energy input

SMR Steam methane reforming

TEA Techno-economic analysis

UCOP  Unitary cost of production

The Covid era [7] and global shortages [8] have amplified a recent
change in the economic model [fractal] to resilient, self-sufficient, and
local production. This is in the background of the United Nation’s
“Building Back Better concept” [7]; quoting: “Using new technologies,
the local and regional levels have become key spaces for experimenta-
tion and innovation, ...”. This economic switch has been termed ‘fractal
economy’ [9]. While this as such generates higher costs, since smaller
distributed plants cannot reach the economics of their global-market-
supplying giants, it offers opportunities in benefitting from additional
revenue through local market opportunities, such as the creation of
additional jobs, co-valorisation only possible in close proximity (e.g.,
using local resources to upgrade the NH3 product), carbon credits to
account for cleaner production, better use of resources (the major part of
current fertilizers are washed out), and less soil degradation.

An alternative way for the distributed production of Hy and NHs is
plasma technology. Plasma-based processing allows making chemical
activation, both at relatively low and high temperatures, depending on
the application. As there is access to renewable energies at many loca-
tions, including rural sites, and modularization can help in capacity
flexibility and campaign manufacturing, plasma processing can be
installed in principle anywhere; thus, supporting the alternative eco-
nomic model of distributed fertilizer production [10]. Plasma processing
has recently made major steps toward industrial capacity; at least what
concerns high-temperature plasmas, so-called thermal plasmas.

Thermal plasma methane (CH4) pyrolysis is one of the recently
industrialised innovative processes in which CHy is split into Hy and
solid carbon, without airborne carbon emissions [11-13]. Another route
to synthesize Hy by means of hydrocarbon reforming in high-
temperature plasma reactors with high energy efficiency is the glyc-
erol steam reforming [14], which has been realized in a thermal direct
current arc discharge reactor at various operating conditions [15]. For a
feed ratio (H20/C3HgOs3) of 1.1 the highest Hy yield of 78.5 % and
carbon conversion of 91.4 % were attained. At the given experimental
conditions, the energy efficiency of the specific thermal process was
estimated at 0.527 kWh/kg Hj. Besides glycerol, methanol was also
explored as a feedstock for Hy production in a heat-insulated thermal
plasma reactor [16]. In the absence of catalysts, the plasma process
exhibited a maximum methanol conversion of 50 % for a specific energy
input (SEI) of 80 kJ/mol. In addition, when Fe-Cu/y-Al,03 catalyst was
incorporated, an improvement in the methanol conversion towards 88 %
was observed, with an energy efficiency of 9.5 kWh/kg Hy (0.85 kWh/
Nm®). Moreover, CHy steam reforming in a thermal plasma torch was
also examined at an operating temperature of 1100 °C. At an HyO/CH4
feed ratio of 1.23, the H; yield reached up to 50.4 % with an energy
density of 0.017 kJ/L [17].

Low-temperature plasma processes lack behind those industrial
successes. Yet, strong academic interest and developments show

promising potential [18]. The plasma-catalytic synthesis of NHs in non-
thermal plasma (NTP) reactors has been mostly explored at relatively
low operating conditions, i.e. ambient temperature and pressure
[19-25]. Among different kinds of NTP reactors, such as glow discharge,
microwave plasma, radio frequency discharges, plasma-liquid systems,
arc discharges, and dielectric barrier discharge (DBD) reactors, the latter
has been the most increasingly studied for NH3 production, due to its
flexibility and its ease of allowing the integration of catalysts [25].
Indeed, the highest energy yield obtained so far (35.7 g NH3/kWh) was
in this kind of DBD reactor at 300 °C [26]. However, a few studies also
evaluated the plasma-chemical reaction at slightly higher temperatures,
above 100 °C. More precisely, Rouwenhorst et al. [27] have evaluated
the activation energies of plasma-catalytic NH3 synthesis over an
alumina-supported ruthenium catalyst at temperatures ranging from
200 °C to 330 °C. For the given temperature range, a synergetic effect
was detected between the employed catalyst and plasma, accompanied
by lower activation energies — from 20 to 40 kJ/mol — as compared to the
thermal catalytic NHs synthesis. Furthermore, Shah et al. tested the NH3
synthesis over a set of metal-based catalysts at 400 °C [28], and molten
Ga as catalyst demonstrated the highest NH3 yield of 10 % and an energy
yield of 0.22 g-NH3/kWh.

Hardly any of the plasma-based NHs synthesis works have consid-
ered the Hj feed as the true cost and environmental driver of any sus-
tainable NHs synthesis. A novel concept was, however, recently
proposed for plasma-based NHs production, called PNOCRA (i.e.,
Plasma Nitrogen Oxidation and Catalytic Reduction to Ammonia) [29].
It is a combination of plasma-based NOy formation from air, with Lean
NOy Trap technology, adopted from diesel engine exhaust gas after-
treatment technology, on which the adsorbed NOy is periodically
reduced with green Hy to NHs. Process modelling showed that PNOCRA
achieves an energy requirement of 4.6 MJ/mol NHj (i.e., 270 GJ/t NH3),
which is an over 4-fold energy reduction compared to the state-of-the-art
plasma-catalytic NHg synthesis directly from N3 and H, with reasonable
yield (>1%). Furthermore, there is still room for improvement, by
optimizing the plasma-based NOy process [30]. Indeed, recent experi-
ments with a pulsed plasma jet yielded record-low energy costs for NOx
production of 0.42 MJ/mol NOy [31], which reduced the energy cost of
the PNOCRA process down to only 2.1 MJ/mol NH3 [32]. We believe
this is the lowest energy cost for decentralized small-scale green
ammonia production reported so far.

In the present paper, we propose a novel concept, namely the ther-
mal integration of thermal and non-thermal plasmas, by allowing the
hot thermal plasma effluent to enter the ‘non-thermal plasma’ without
(complete) cooling down; in this way, effectively turning the second
reactor section to ‘warm plasma’. In this approach, one needs to propose
both Hy manufacturing technology and NTP process that mutually suit
each other and upgrade the joined performance, to allow finally a
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foresight to commercial use. Considering this knowledge gap, we pro-
pose here a novel process design for the NHs synthesis by means of
integrating high-temperature plasma (HTP) and NTP technologies via a
hot HTP effluent stream. In this way, methane or even biogas can be
converted to Hj as feedstock for NH3 synthesis.

The main opportunity to demonstrate in this paper is that heat
integration is a viable (economic) process concept. That inevitably ne-
cessitates performing the NTP step at higher temperatures than have
been investigated so far. Accordingly, this feasibility has been checked
by plasma chemical kinetics simulations considering various catalysts,
and optimum operating conditions of the NTP-based NHj3 production are
determined. In turn, this has motivated a study on evaluating the energy
performance of the HTP process under different operating conditions
and biogas compositions. This adds to the insight already gained with
pure methane, originating from steam processing using NG as a non-
renewable resource, yet resulting in a COq-footprint favourable pro-
cess coined as “turquoise hydrogen”.

Our approach yields a new paradigm, i.e., that NTP chemical pro-
cesses should not always be operated at as low temperature as possible
to save energy. This common statement is made based on analysing the
plasma-chemical process alone without consideration of upstream pro-
cesses. Such statement can be biased and ignores alternative solutions
being better in the overall material and energy use. Given that upstream
processes can be — favourably - of high temperature, the question arises
how to make the best use of that large pool of energy and to create
secondary opportunities. Thus, we propose here to operate the NTP
process at higher temperatures; yet still with the goal to optimise the
energy efficiency. Selected process design scenarios are also appraised
with respect to critical process parameters, aiming to identify potential
hotspots in the proposed process design and support future decision-
making.

2. Methods

The production of Hy by means of HTP technology was modelled in
Aspen Plus software [33]. Plasma chemical kinetics simulations for the
synthesis of NHg in a DBD reactor (NTP) have been conducted for a set of
catalysts, aiming to identify the best operating window for this novel
process design, with respect to product yield, operating temperature,
and energy input. These simulations were built in the Zero-Dimensional
Plasma Kinetics solver ZDPlasKin [34,35] by considering the high-
temperature H; stream generated from the HTP process. We detailed
an integrated HTP-NTP process for NH3 production at warm tempera-
tures and atmospheric pressure, using electricity as the only external
energy source. We also conducted a techno-economic analysis (TEA) and
life cycle assessment (LCA) of the integrated HTP-NTP system for an NH3
production rate of 13 tonnes/h (~106,000 tonnes/year), which would
supply the demand of specific regions in farming dispersed areas [36].
This capacity for regional supply can be considered an intermediate
capacity between local- and world-scale production for bulk-scale
chemicals [10]. This NH3 production volume is in the range of the Hy
yearly production capacity of the current and planned HTP industrial-
scale plants [37]. Moreover, we included in these analyses the costs
and emissions reduction due to the sales of solid carbon (carbon black —
CB), a co-product of the HTP process. We additionally conducted sce-
narios analyses based on energy efficiencies of plasma-assisted NHj3
synthesis from literature, and we also used optimistic foresights to
analyse the economic and environmental performance of these novel
technologies in the future. A brief description of the HTP modelling, NTP
chemical kinetics simulations, and the integrated HTP-NTP process
design is provided below.

2.1. HTP: high-temperature plasma-assisted Hy production

Methane can decompose to C and Hy at high temperatures
(1500-2000 K). The required temperature level, however, involves the
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use of an appropriate, sustainable energy supply; meaning heating the
gas at 2000 °C without CO2 emission. Conventional heating has not
shown to accomplish that. For example, graphite Joule heating did not
function technologically and was inefficient at large scales due to carbon
fouling issues. Thermal plasma remains the only method having proven
sustainable heating, with negligible CO5 emissions [11]. The production
of Hy by means of HTP technology was modelled in Aspen Plus software,
based on the process model and operating conditions described by
Sarafraz et al. [36]. As shown in Fig. 1 (upper part), the biogas stream,
consisting of CH4 and COo, is fed into the thermal plasma reactor, which
comprises two reaction zones to obtain a high chemical yield of the HTP
reactor. The main purpose of zone 1 is to convert electrical energy to
thermal energy, while the purpose of zone 2 is the production of Hy and
CB. Firstly, the produced biogas enters zone 2 to produce Hy, CB, and
carbon monoxide (CO). Then, the outlet stream from the HTP reactor is
used to preheat the biogas feed to 600 °C before being fed into a sepa-
rator to separate CB, Hp, and CO. A fraction of Hy or both H and CO is
recycled to zone 1 to produce H radicals at 3000 °C, via the reaction Hj
=> 2H using electricity, before entering zone 2 for Hy and CB produc-
tion at 1500 °C via the reaction CH4 => C + 2H,. Note that, for
modelling the HTP-assisted hydrogen production, the universal qua-
sichemical -UNIQUAC - properties package was employed. As the re-
actions happen very fast at high temperatures and the reaction set is very
complicated, RGibbs based on the concept of equilibrium reaction esti-
mation to minimize Gibbs free energy was used to simulate the thermal
plasma reactor.

2.2. NTP: non-thermal plasma-assisted NHs synthesis

2.2.1. Non-thermal plasma chemical kinetics simulations

The NTP-based NHjs synthesis was assumed to take place in a DBD
plasma reactor, which for gas conversion typically operates in a fila-
mentary regime [38]. To get a concise indication of the performance,
simulations were performed over a large range of catalysts (Fe, Ru, Co,
Ni, Pt, Pd, Cu, and Ag) and temperature (from approximately 25 °C to
725 °C), i.e., ranges that are larger than readily available from specific
(experimental) literature [21,24,27,39]. In addition, based on literature
a fixed feed gas ratio of Ny:Hy = 2:1 was assumed, i.e., favouring Ny, as it
is known that the optimal feed gas ratio for plasma-catalytic NH3 syn-
thesis deviates from the expected stoichiometric optimum (N:Hy = 1:3)
[26]. The model was built in the ZDPlasKin solver [34,35], and previ-
ously reported in detail [40,41]. Briefly, a continuity equation was
solved for each type of plasma species in the plasma reactor, which is
represented here as a batch reactor, such that by solving the continuity
equation, the time dependency directly represents the residence time
[42]. In turn, the residence time together with the reactor volume can
directly be related to a wide range of SEI values in the plasma, given by
the plasma power times the residence time and divided by the reactor
volume. 70 different species (including various vibrational levels of Hy
and Ny), approximately 4,000 different chemical reactions in the plasma
phase [41], and 19 reversible surface reactions [43] at the catalyst
surface (including dissociative adsorption, radical adsorptions, and
Langmuir-Hinshelwood and Eley-Rideal type reactions) were included
in the model.

The SEI is determined by the ratio of plasma power over the gas flow
rate. The average plasma power was taken as 68 W [41]. An accurate
description of the filamentary behaviour in the DBD reactor volume was
achieved by considering the average pulse shape of the instantaneous
power characteristics [34,38,41]. A number of filamentary micro-
discharges were considered as a function of time, to capture the
average behaviour of the plasma reactor [40].

The maximum instantaneous power was 294 W, and the minimum
instantaneous power was 33 W. This is translated to a power density of
3.4 x 10% and 12 W/cm?, respectively. The reactor volume was taken as
20 cm® and a micro-discharge volume of 8.8 x 10 mm? was assumed
[41]. Finally, the lifetime of the filamentary micro-discharges was
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Fig. 1. Process flowsheet of integrated plasma-assisted biomethane-to-H2-to-NH3 synthesis, based on HTP (upper part) and NTP (lower part).

assumed as 200 ns. The power density determines the plasma charac-
teristics, as the power is transferred to the electrons through Joule
heating by the electric field. These plasma characteristics are typically
observed in experiments, as a function of the plasma power, reactor
dimensions, packing, and catalyst and support material [24,44].

2.2.2. Non-thermal plasma-assisted NHs synthesis process model

Based on the plasma chemical kinetics simulations discussed above,
the NTP-based NH3 synthesis was considered to take place in a DBD
reactor at the operating conditions at which the maximum NHj yield
was attained. According to these simulations, the highest NH3 energy
yield seems to be achieved at 302 °C and 1 bar for an N»/H, feed molar
ratio of 2:1, employing a Fe surface catalyst. The conceptual design of
the NTP plasma process is illustrated in Fig. 1 (lower part). NH3 sepa-
ration/purification is performed at 25 °C and 1 bar using an ionic-liquid-
based solvent as proposed by Anastasopoulou et al. [45,46], who
considered a 1.0 mol% NHj3 concentration. In their method, external
heating is needed to recover the ionic liquid. However, we save part of
this energy expenditure by using the heat of the outlet gas of the NTP
reactor to preheat the NHs/ionic liquid mixture before being separated
in the flash column, and thereafter, it is cooled down to obtain the pure
liquid NHs.

2.3. Techno-economic analysis

The economic analysis involves the estimation of the production cost
based on process equipment and material/energy consumption in the Hy
and Ny production and NHgs synthesis processes. In order to provide
meaningful insights into the economic performance and profitability of
the integrated HTP-NTP process, we present a comparative assessment
of our novel process with the stand-alone (electrolyser-based Hy pro-
duction) for NTP plasma-catalytic NH3 synthesis process, as well as

compared with a scaled-down conventional SMR-HB process [45,46].

The cost of the reactors and auxiliary equipment for the HTP section
were based on data from Labanca [47], who reported an investment of
80 million US$ for a plant with a capacity of 6,571 t Hy/year in 2020.
The cost of the NTP reaction section was based on Dobslaw et al. [48],
who reported, for a 40 kW system, investments of 56,000 US$ for the
NTP stacks and 60,000 US$ for the NTP power supply in 2017. The cost
of the proton exchange membrane electrolyser for the stand-alone NTP
plant was based on NREL 2019 [49], who reported an investment of 460
US$/kW for a 119,000 kW plant in 2016, also considering a 15 %
replacement cost every 7 years due to the stack degradation. The cost of
the pressure swing adsorption (PSA) unit for nitrogen generation was
based on a reported cost of 100,000 US$ for a 3-tonne Ny/day unit [50].
These costs from literature were updated to US$2020 using the chemical
engineering plant cost indexes (CEPCI) [51] and the scaling factor
exponent of 0.8 for electrolysers [52,53] and 0.6 for the rest of the
equipment [54].

The power consumption of the HTP reactor system (Q ,one 1 = 3.31
MW, Q z0ne 2 = 51.49 MW) was 24.7 kWh/kg H, (i.e., 40.5 g Hy/kWh
energy yield) based on the 54.8 MW to produce the usable 2,379 kg Hy/
h, plus 2.9 kWh/kg H; for the auxiliary equipment required to run the
system and the downstream treatments, such as Hj purification and CB
handling. For the NH3 synthesis, two scenarios were evaluated, i.e., (i)
considering energy yields of 1.1 g NH3/kWh, as dictated by the plasma
chemical kinetic simulations; (ii) 35.7 g NH3/kWh, as the maximum
energy yield reported for plasma-catalytic NH3 synthesis in literature
[26]; and (iii) the theoretical maximum energy yield of 900 g NHs/kWh
[55,56]. A concentration of 1.0 mol% NH3 was assumed in all the ana-
lysed scenarios, which is an average concentration obtained in most of
the studies on plasma-catalytic NH3 production [25,39], and it would be
an acceptable rate to have low energy costs for the separation and
recycling loops of unreacted Hy/Nj [25,57].
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The cost of the electricity was $0.05/kWh for onsite generation based
on Fasihi et al. [58], who showed that photovoltaic electricity in
Australia can cost between 0.02 and 0.03 €/kWh and wind electricity
between 0.03 and 0.05 €/kWh in 2020, decreasing by half of the cost in
2050. The other utility costs, such as process water, heat, and steam,
were estimated according to the Ulrich 2006 method [59], based on a
NG price of 4 $/MMBTU. For sensitivity analysis, we also estimated the
variation of NH3 production costs due to the volatility of NG, electricity,
and co-products prices.

In terms of the catalyst used in the plasma-catalytic NH3 synthesis,
we assumed a synthesis rate of 1,037 umol/g catalyst/h and a Fe surface
catalyst cost of $15.5/kg, amortized over a period of 5 years, which is
equivalent to 0.0014 kg catalyst/kg NHs. The cost of the absorber,
column, compressor, and heat exchangers for the NH3 separation was
based on Anastasopoulou et al. [46], requiring about 28 GJ/t NH3 of
cooling energy, equivalent to 1.27 kWh/kg NH3 using an electric chiller,
which consumes 0.58 kW per tonne of refrigeration [60,61], plus 0.082
kWh/kg NH3 for compression. Regarding labour costs, a total of 8 op-
erators were calculated based on the reported requirement of 2 opera-
tors for a stand-alone NTP plant with capacity of 340 tonne/year [46]
and using a 0.25 scaling factor exponent [62].

Given that the CB is a valuable co-product of the HTP section with
increasing demand, mainly for tires and industrial rubbers, with current
global prices over 1,000 $/t [63], these CB sales were included as credits
in the economic analysis, to reduce the costs of the main NHj
production.

The unitary cost of production (UCOP) was estimated based on the
annualised capital cost (ACC) method [64], as shown in the following
equations:

A
UCOP — Opex + ACC . M
annual plant capacity
ACC = ACCR x total fixed capital cost 2)
. 1 A\
accg = D] ©)

[(1+4)"—1]

Opex corresponds to the annual operating costs, which consist of
variable and fixed operating costs. These fixed operating costs, as well as
the total fixed capital cost, were estimated through a factorial approach
based on percentages of the non-installed equipment costs [62]. The
ACC (or Capex) are obtained using the annual capital charge ratio
(ACCR), calculated as a function of a 10 % interest rate (i) and a 15-year
lifespan of the plants (n). A downtime period of 600 h/year (i.e.,
equivalent to 340 productive days per year) was considered for all the
analysed plants.

2.4. Environmental assessment

Since one of the main issues of conventional NHs production is the
use of fossil fuels and its consequent emanation of almost 2 % of the
global anthropogenic CO, emissions [65], we assessed the life-cycle
emissions of the NH3 production for the different analysed pathways.

For this purpose, we applied the LCA methodology [66] and focused
on the global warming impact category for the analysis of the CO5
equivalent emissions per tonne of NHj3 as functional unit. The system
was based on the cradle-to-gate scope, using a cut-off model, and
considering mass allocation. Given that different pathways generate co-
products, such as CB, or by-products, such as steam, these credits were
accounted for under the approach of “avoided burden” or system
expansion [67].

The life cycle inventories were developed for the specific case of
Australian energy sources based on datasets from Ecoinvent 3.8 [68].
The impacts assessment was performed using SimaPro 9.2 [69] and the
method IPCC 2013 [70], considering the 100-year time horizon and
excluding long-term emissions.

Energy Conversion and Management 269 (2022) 116095

The conventional SMR-HB route and the alternative pathways were
initially analysed using fossil energy sources and electricity from the
Australian grid. Subsequently, the alternative pathways were analysed
by using solar and wind electricity, as well as biogas to feed the HTP
section. The summarised operating parameters for the TEA and LCA of
the different NH3 production pathways are presented in Table 1.

Additionally, we calculated the total energy consumption per tonne
of NH3 as an indicator of the efficiency of the plant. Yet, each pathway
uses different types of energy, with different physical and thermody-
namic properties. Hence, it is not appropriate to sum up or compare the
quantity of MJ of heat or cooling energy with the equivalent MJ of
electricity, generated from different fossil or renewable resources in
power plants with diverse efficiencies. For this reason, it was necessary
to obtain these indicators using the life cycle impacts assessment
methods Cumulative Energy Demand (CED) [71] for the lower heating
values (LHV) of the energy sources, as well as the Cumulative Exergy
Demand (CExD) [72], which consider the primary energy expenses for
all the life cycle phases, including the expenses for the manufacturing of
equipment required for the transformation and use of the energy inputs.

Table 1
Operating parameters for the stand-alone NTP, HTP-NTP, and SMR-HB plants for
ammonia production.

Parameter Stand-alone HTP-NTP @ SMR-HB
NTP
Hydrogen generation section
Electricity (kWh)/ kg Hy 55.50 27.60 ® 0.59
NG (MMBTU)/ kg H, 0.21 0.09
Process water (kg)/kg Ha 14.31 © 37.41
Cooling energy (MJ)/kg Ha 52.63
Heat (MJ)/kg H, 86.36
Steam (kg)/kg Ha —28.05
Hydrogen sulphide (g)/kg Ha —0.04
Carbon dioxide (g)/kg Hz —~0.51@
Carbon black (kg)/kg Ha —3.00
Nitrogen generation section
Electricity (kWh)/kg N 0.11 0.11 @
Ammonia synthesis and separation
sections
Electricity (kWh)/kg NH3 1,250 @ 1,250 9; 917 ®; 0.40
28 ™
Cooling energy (MJ)/kg NH3 28 @ 28 © 3.89
Heat (MJ)/kg NH3 3.90 0.05
Process water (kg)/kg NH3 0.94
Steam (kg)/kg NH;3 —0.94
Hydrogen (g)/kg NH3 -7.77

Notes: Ratio NH3/H, = 5.11 (HB process); 5.52 (NTP process). Ratio NH3/N, =
1.17. These ratios are used to convert values per H, and N, in values per NH3.
Catalysts usage rates are detailed in the operating costs tables in the Supple-
mentary Material file.

(a) Parameters for the integrated HTP-NTP plant detailed in Fig. 1, which con-
siders post-treatment for CO removal using methanation. The parameters for a
variation of this plant using pre-treatment for the CO, removal in methane input,
instead of post-treatment of CO, are detailed in section 3.3.4. (b) An electricity
consumption of 1.82 kWh/kg H, must be added in the scenario of using a
methane pre-separation technology (as described later in section 3.3.4), i.e.,
using a membrane-based separator before the HTP reactors. (c) Deionised water.
(d) It corresponds to the CO, removed from the NG input, it is not CO, removed
from air combustion emissions by carbon capture, utilisation, and storage
(CCUS) systems. (e) Included in the consumption of electricity (kWh)/kg Ha. (f)
Non-integrated plant: 0.8 g NH3/kWh. (g) Integrated HTP-NTP: 1.09 g NH3/
kWh. (h) Integrated HTP-NTP; 35.7 g NH3/kWh. (i) Cooling energy used in the
NH; separation was produced by electric equipment (chiller/heat exchanger),
with consumption of 1,29 kWh/kg NHg3, plus 0.082 kWh/kg NHj for the recy-
cling loop and the final compression/condensation.
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3. Results and discussion

3.1. Demonstration of performing the HTP process with biogas and
optimization of this process

The distributed production close to the consumer site improves
resilience, self-sustainment, and local benefits; finally aiming at a cir-
cular system. The whole angle of view is taken from the needs of farmers
in a country like Australia, with very large transport distances and needs
for a food market under the current geopolitical environment.

With large resources available concerning animal and crop waste,
biogas has become attractive as a source of renewable CHy. In this sense,
we investigated the feasibility of using biogas, i.e., COo-diluted CHg4, as
renewable feedstock instead of using pure CH4 for Hy production. That
would allow to add the resources from the food and Agtech industries
themselves, rather than taking fossil resources (steam reforming) or
hybrid solutions (electrolysers). The very right solution then would be
the thermal plasma process. Yet, this asks for optimization towards the
new feed biogas.

In this context, we investigate the feed of biogas into the thermal
plasma reactor, which commonly operates with two reaction zones (see
Fig. 1).

3.1.1. Proof of the approach - effect of HTP feed composition

If biogas really is to be used for the HTP process, pure or as a mixture
with NG, the impact of the HTP feed composition (CO/CH4) must be
analysed in terms of product amount and total duty. Biogas is mainly
composed of CH4 (50 % — 70 %) and CO3 (30 % — 50 %) [73]. Thus, four
cases with different conditions, depending on the separation step prior
to the HTP reaction, were simulated.

- Case 1: Complete separation: 100 % CH4 and 0 % COa.

- Case 2. Nearly complete separation: 99 % CH4 and 1 % CO-.

- Case 3. Limited separation: 90 % CH4 and 10 % CO».

- Case 4. No separation: 70 % CH4 and 30 % CO,.

Fig. 2 shows the effect of the CO, concentration on the amount and
the ratio of products when CO is not recycled. The Hy yield decreases in a
linear fashion. Yet, this demonstrates that our main assumption was
right, i.e., that notable Hy amounts can be produced by thermal plasma
with biogas feed. The question then arises whether the lowering is just
due to H, dilution or another effect, and this is answered below. The CO,
is not inert under these conditions and rather reacts to decompose to CO
and O,. It should be noted that no O, is left in the reaction mixture,
meaning it is completely consumed by CB oxidation. The CO content
increases for cases 1-4, in accordance with their higher CO, feed load.
The CB amount drops linearly, as it is oxidised by O to give CO2. The
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Fig. 2. Effect of the CO2 concentration (cases 1-4 mentioned in the text) in the
biogas feed on the production rates of the various products. Note: Outputs of
the HTP process considered in the scheme in Fig. 1 correspond to case 2 (CO2 1
wt% on the x-axis), with production rates of 2,404 kg H2/h, 124 kg CO/h, and
7,139 kg CB/h.
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loss in O3 and CB yield is partly compensated by a lower energy demand,
as expressed by the total duty being reduced from 55.23 MW to 42.31
MW from case 1 to case 4, respectively, thanks to the smaller amount of
CH4 reactant.

We investigated the question if there might be a loss of Hy by
oxidation with CO» or if the lower H; yield of cases 2-4 is just a matter of
dilution with CO,. For this purpose, we considered another case without
COo, while the CHy4 specific flow rate is the same as in case 4 (70 % CH4
and 30 % CO3), meaning to normalise the dilution effect by increasing
the total flow rate correspondingly. It turns out that both cases produce
the same amount of Hj (1,700.6 kg/h) at 2500 °C. This means that there
is no Hy oxidation upon the presence of CO; and the lower Hy flow rate
for cases 1 to 4 is only caused by the CO5 dilution. It has to be admitted
that the dilution effect demands for an increase in the reactor volume,
which raises capital investments. Yet, the negative news is that some of
the high-value product CB is lost by oxidation with O3 to give COa.

When both Hy and CO are recycled, the duty in zone 1 increases,
leading to a slight increase in the total duty as compared to when CO is
not recycled. Furthermore, the product quantities are kept constant as
compared to the case where only Hj is recycled, and the plasma can run
very well with a mixture of CO/Hj.

To sum up, two main outcomes are shown, which are (i) the possi-
bility to produce Hy from biogas and (ii) the concurrently removing all
the CO; content for the benefit of zero-emission of CO as a greenhouse
gas to the environment.

3.1.2. Effect of temperature of zone 2

Here, we investigate the effect of the temperature because this is
responsible for the high energy costs. Any improvement here will help
the economy of the HTP-NTP process. Since the temperature of zone 1
does not affect the total efficiency [36], we varied only the temperature
of zone 2. This analysis was applied to the case 4 composition to check
the sensitivity of the process when the feed has a high CO; content. Fig. 3
shows that when the temperature of zone 2 increases from 700 °C to
2500 °C, the conversion of CH4 and CO, increase from 79 % to 100 %
and from 91 % to 100 %, respectively, and the CB and H; yields increase
from 75 % to 85 % and from 75 % to 100 %, respectively. It can be also
seen that for these conversions, most conversion takes place at the
beginning when the temperature rises from 700 °C to 1200 °C. Subse-
quently, the conversions remain stable when the temperature continues
to rise. Because the duty rises linearly with temperature, a higher tem-
perature would not be beneficial. Therefore, temperatures between
1100 °C and 1500 °C can be employed in the design of the HTP reactor.
Note that the H,O amount reduces from 744.8 kg/h to 0.1 kg/h when
the temperature of zone 2 rises from 700 °C to 2500 °C. The presence of
CO4 does not harm the Hy production, although it decreases a bit the
activated carbon outcome.

With these simulations, we also demonstrate that C and Hy can be
produced even from 700 °C. For this reason, we only preheat the feed
until 600 °C to avoid that the reaction can occur in the heat exchanger
and pipes before the zone 2 reactor (see Fig. 1).

3.2. Demonstration of performing the NTP process at higher temperatures

3.2.1. Results of the NTP chemical kinetics simulations

To assess the potential performance of the NTP, various metal cata-
lyst surfaces were simulated in a DBD plasma environment. The calcu-
lations were performed over a residence time of up to 4 s, corresponding
to a SEI up to 27.2 kJ/L, with a feed gas ratio of No:Hy = 2:1, and over a
temperature range of 25 °C to 725 °C. The final NH3 concentrations and
energy costs are presented in Fig. 4.

NHj3 concentrations between approximately 0.8 mol% and 2.2 mol%
are obtained for temperatures below 500 °C (Fig. 4a), with corre-
sponding energy costs between 50 and 100 MJ/mol NHj3 (i.e., ca.
3,000-6,000 GJ/t NH3) (Fig. 4b). However, starting around 350 °C, the
NH; concentration drops, and the energy cost increases rapidly. This
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Fig. 4. NH;3 concentration as a function of the gas temperature in the NTP (a)
and the corresponding energy cost (b). For some catalyst materials, the calcu-
lations could only be performed up to 350 °C, because of negligible conversion.
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increase in the energy cost can be understood by the gas density, which
is lower at higher temperatures when the pressure remains atmospheric,
thus the number of moles NHj created in a fixed reactor volume and
within a fixed residence time (i.e., assuming a single volumetric flow
rate, irrespective of the temperature) is lower, even for the same relative
NHj; concentration. Ru shows a very rapid increase in energy cost from
300 °C to 725 °C (three orders of magnitude; out of range in Fig. 4b), as
the concentration drops to 0 mol% at 725 °C.

After 4 s of residence time, the highest NH3 concentration of 2.2 mol
% is obtained at 302 °C on a Fe surface at an energy cost of 56.5 MJ/mol
NHjs (i.e., 3,300 GJ/t NH3). The effects of residence time for the various
metal surfaces are presented in Fig. 5 and Fig. 6 for the evolution of the
NHj; concentration and the corresponding energy cost and NH3 synthesis
rate, respectively, at the temperature at which the best results were
obtained for most of the catalysts in Fig. 4 (302 °C).

From Fig. 5, it is clear that the Fe surface is closest to reaching a
steady state, and that the NH3 concentration on the remaining surfaces is
still increasing significantly with residence time. We note that for those
catalyst surfaces, the steady state is expected to occur at a very high
residence time, corresponding to very low flow rates and thus high
specific energy inputs into the system, leading to higher energy costs,
thus the benefits of a possible higher NH3 concentration on the other
metals will be offset by a higher energy cost.

Fig. 6 shows an initial high energy cost at very short residence time.
Here the residence time is too short, i.e., corresponding to a very high
flow rate, which does not allow the gas to react sufficiently before
leaving the reactor. As the residence time increases, the energy cost
decreases, and the synthesis rate rises. With longer residence time, the
rise in synthesis rate becomes more modest or even decreases (for Fe,
which reaches its steady state earlier in time; cf.). Consequently, the
energy cost will start to rise. This is because once a steady state is
reached, a longer residence time does not allow for further conversion,
hence the extra SEI into the system would only be wasted and not be
used for further NH3 production.

Thus, our model shows that under our specific conditions (i.e., a feed
gas ratio of Ny:Hy = 2:1 and the specific plasma conditions, cf. section
2.2.1), Fe outperforms Ru, while Ru might be expected to outperform Fe
instead [74]. Indeed, Mehta et al. [74] have shown that Ru is more
active than Fe in both thermal catalysis and plasma-enhanced catalysis.
However, they did not consider all possible plasma-surface interactions.
Recently, the effect of radical adsorptions and elementary Eley-Rideal
processes was studied. It was found that those processes significantly
reduce the difference in activity between the various metal catalysts
[43]. Those observations were later supported by experiments. In the
latter study, different feed gas ratios were considered, i.e., No:Hy = 1:3,
1:1, and 3:1. For the latter feed gas ratio, Fe was found to outperform Ru
[75]1.

In conclusion, our plasma chemical kinetics simulations predict that
the highest NH3 concentration of 2.2 mol% is obtained at 302 °C on a Fe
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Fig. 5. NHj3 concentration as a function of residence time for various catalyst
surfaces at 302 °C.
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Fig. 6. Energy cost of NH; formation (a) and the corresponding synthesis rate
(b) as a function of residence time for various catalyst surfaces at 302 °C.

surface at an energy cost of 3,300 GJ/t NHs. This corresponds to an
energy yield of 1.1 g NH3/kWh. These numbers are used in the economic
assessment of the stand-alone NTP and the integrated HTP-NTP process.

3.2.2. Performance of NTP-assisted ammonia synthesis

Different plasma reactors are able to convert the input power to
different field intensities, with different spatial and temporal distribu-
tion, and different proximity to the catalyst, as reactive centre. That can
be fine-tuned in each case by using different voltage and current,
different frequency, and change between permanent and periodic
operation. The outcome of the conversion of input power into an elec-
trical field creates a complex chemical response by formation of acti-
vated states of the molecules, with all kinds of ions, radicals and
electronically, vibrationally and rotationally excited species. This com-
plex interaction - input power to electrical plasma field to excited
chemical species to reaction output - determines the energy efficiency
finally.

Overall, results of the NTP-assisted synthesis processes would be
influenced by the exact plasma conditions and the number of surface
sites available. However, it has previously been shown that this model is
able to reproduce realistic values [40]. Similarly, the values obtained in
the present study, both in terms of concentration and energy cost, are in
acceptable agreement with literature [56]. However, we acknowledge
that although our calculated energy costs of 3,000-6,000 GJ/t NH3 (i.e.,
0.5-1.2 g-NH3/kWh in terms of energy yield) are low compared to the
state-of-the-art, still lower values are also reported in literature [27].
The highest energy efficiency was reached by Kim et al. [26,56] who
obtained an energy cost of 1.5 MJ/mol NH3 (i.e., ca. 95 GJ/t NH3) by
using a Ru catalyst promoted by Mg on a Al,O3 support. Unfortunately,
we can currently not capture the effect of promoters in our model due to
the lack of kinetic data. Furthermore, their obtained NH3 concentration
was only 0.2 mol% [56]. Compared to Rouwenhorst et al. and Patil et al
the same order of magnitude is predicted for the NH3 concentration, as
well as the same global trend for low gas temperatures (up to approxi-
mately 300 °C) [39,44]. However, we acknowledge that the specific
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plasma conditions are different and thus, a direct comparison is not
possible.

It should be noted that the energy consumption of DBD plasmas for
NHs synthesis is quite high. This is also true for other gas conversion
applications, such as CO, conversion [18] and NOy production [76] and
it is attributed to the reduced electric field, which is the ratio of the
electric field over the gas number density. This value is quite high for
DBD plasmas (order of 200 Td or more, where 1 Td = 102ty m2), while
it is typically around 50 — 100 Td in microwave, gliding arc, and at-
mospheric pressure glow discharges. The latter are called ‘warm
plasmas’, as they operate at somewhat higher temperatures as well (up
to a few 1000 K). The lower reduced electric field in these plasmas gives
rise to electron energies in the order of 0.5-1 eV, which is ideal for
electron impact vibrational excitation, known as the most efficient
dissociation mechanism for N5 (and also CO,) molecules [76], while in
DBD plasmas the reduced electric field creates higher electron energies
(1 - 3 eV), mainly causing electron impact electronic excitation and
ionization. These give rise to less efficient dissociation channels,
explaining the lower energy efficiency of DBD plasmas. In addition, the
dissociation in warm plasmas can proceed by thermal chemistry as well,
with the reaction rates increasing with temperature. Finally, as
demonstrated by van ‘t Veer et al. [41], the NH3 produced is also
partially decomposed inside the DBD plasma, more specifically inside
the microdischarges, which is also responsible for the low production
yield and energy efficiency. Therefore, it may be that NH3 production in
warm plasmas is more energy-efficient, although it is an exothermic
process, which theoretically would benefit from low temperature, at
least if the activation energy can be overcome by reactive plasma spe-
cies. If the energy efficiency of plasma-based NH3 production were
higher, this would improve the overall metrics of our integrated process,
but before drawing conclusions, it would need to be investigated.

What definitely has been demonstrated already in recent years is that
plasma-based NOy production is much more energy-efficient in warm
plasmas than in DBD plasmas. Rouwenhorst et al. [30] made an exten-
sive literature overview of NOy production rates and energy cost in
various plasma types, showing that plasma reactors operating at atmo-
spheric pressure typically produce NOy at concentrations in the per-
centage range with an energy cost in a very wide range, from 2.4 to
1,700 MJ/mol. Since this review paper was published, even higher NOy
concentrations and lower energy costs were reported. Indeed, a rotating
gliding arc plasma could provide record-high NOy yields up to 5.5 % for
an energy cost of 2.4 MJ/mol [77], and these results could be further
improved (i.e., enhanced NOy yield by 10 % and reduction in energy cost
by 23 %) by placing a specific nozzle (so-called ‘effusion nozzle’) at the
end of the plasma reactor, which acts as efficient heat sink, and causes
fast quenching of the gas after reaction, thereby preventing the
decomposition of the produced NOy back into Ny and O5 [78]. Another
plasma type, i.e., an atmospheric pressure microwave plasma yielded
the highest NOy production rate of 0.77 L/min, for a fairly high NOy
yield of 3.8 % and an energy cost as low as 2.0 MJ/mol, in an electro-
deless design, hence causing no risk of electrode damage, and thus being
very promising for long-term operation, and it also revealed the prom-
ising potential of up-scaling [79]. Finally, a pulsed plasma jet demon-
strated the lowest energy cost reported to-date, of 0.42 MJ/mol, almost
approaching the theoretical limit of 0.2 MJ/mol, albeit for a very low
NOy yield (<0.1 %) [31]. This superior performance in terms of energy
cost is ascribed to the pulsed regime, causing clear vibrational-
translational non-equilibrium. Note that microwave plasmas at
reduced pressure (0.01 — 0.07 bar) also produce NOy at low energy cost
[80-82], but for a fair comparison, the energy requirements to reduce
the pressure and for cooling at low pressure should be added.

In the process PNOCRA, recently proposed by Hollevoet et al.
[29,32], the plasma-produced NOy was converted on a downstream
Lean NOy Trap. Based on the record-low energy cost of 0.42 MJ/mol NOx
produced in the pulsed plasma jet, this yields a total energy cost of ca.
2.1 MJ/mol for NH3 production, making PNOCRA the least energy-
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consuming small-scale NH3 production process at mild conditions
demonstrated so far. This is much lower than the values of 50-100 MJ/
mol obtained in DBD plasma (cf. Fig. 4), showing that there are several
possibilities for making plasma-based NH3 production more efficient,
and thus showing promise for our metrics as well.

3.3. Economic assessment of the HTP-NTP heat integration

3.3.1. Post-HTP-NTP separation of CO as a key link for the integrated
process

In our vision of the thermally integrated HTP-NTP process, we like to
include biomethane (biogas) besides NG to widen the scope of feeds and
supply chain, as motivated in section 3.1. Sarafraz et al. [36] previously
proposed to use a separation system to remove CO; in the biomethane
feed to have a CH4 100 wt% input to the HTP unit. Yet, there are also
arguments to conduct separation after the HTP unit, such as using it
standalone to produce syngas (Hy and CO) or to valorise the CO in
another way. Then, Hy and CO are produced via the high-temperature
plasma.

Yet if using it for the process proposed here, the CO might be detri-
mental to the consecutive ammonia NTP process and its catalyst.
Therefore, we propose a post-HTP separation process of CO from Hy,
which can withstand the high temperature of the HTP effluent stream.
We consider those methods and discuss now their suitability for our
problem. One option is the water—gas shift reaction. Here, Hy-rich gas is
passed over one or more water-gas shift converters where CO reacts
with steam to produce Hy and CO», and then they can be separated using
a membrane. However, 1-2 vol% of CO is inevitably contained in the
hydrogen after the CO shift reaction [83]. Another CO removal method
is to separate hydrogen through a Pd-Ag membrane. However, this
method requires expensive membranes and a high-pressure differential
between both sides of the membrane at high temperatures [83]. Another
established approach for CO removal is the selective oxidation of CO by
adding air in the presence of Hy. This method likely will not work at the
temperatures foreseen for our process, and additionally has safety risks,
which will become higher at the temperatures of our process [84-86]. In
addition, the methanation technique is known for the complete removal
of CO in hydrogen-rich gas streams over supported metal catalysts [83].
It even has the additional benefit to produce CH4, which can be recycled
into the feed. Methanation of CO is deemed to be feasible under our
process conditions and thus was selected.

Accordingly, we considered the post-treatment of the Hy/CO stream
by methanation of CO into CH4 over supported nickel catalyst at tem-
peratures over 300 °C at atmospheric pressure, which can be run at
complete conversion [83]. In this sense, due to the high temperature of
the Hy/CO stream, the CO reduction can be performed without addi-
tional heating. The investment costs for this Hp/CO post-treatment unit
were estimated based on Outotec GmbH [73], which reported a cost rate
of 130 €/kW for a 110 MW (of CH4 output) unit. Since in our case the
methanator only converts the CO content and a fraction of Hy into a
small quantity of CH4, and in order not to underestimate the equipment
cost, we calculated the need of a 44 MW methanation unit assuming
complete conversion of the Hy-rich gas input flow into CHy4, and
considering a 55 % chemical energy conversion efficiency [73]. This
methanator would cost about 236 $/kW, i.e., an investment of 10.3
million USS.

3.3.2. Cost comparison of thermally integrated HTP-NTP and non-
integrated HTP-NTP

As presented in Fig. 4, the highest energy cost benefits are achieved
by performing the NTP-assisted NH3 synthesis at temperatures of about
300 °C, which can be obtained from the heat generated in the HTP
process. In this regard, we compare in Fig. 7 the final NH3 production
costs of this integrated plant (NTP reactor consumption = 3,300 GJ/t
NHgj, i.e., 1.1 g NH3/kWh yield) with a non-integrated plant (NTP
reactor consumption = 4,300 GJ/t NHg, i.e., 0.8 g NH3/kWh yield at
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1,000 $/t. Note: Red symbols in each column correspond to the net production
costs (Total production costs — credits). Detailed costs are presented in
Tables S1 - S12 in the Supplementary Material file.

room temperature). In addition, to benchmark this proposal against
other alternative pathways, we also estimated the production costs for
the NTP-assisted synthesis supplied by Hy produced via alkaline elec-
trolyser (stand-alone NTP).

Fig. 7 demonstrates the economic benefits of the proposed integrated
HTP-NTP plant, which achieves an NH3 production cost of 52,492 $/t
NH;3, corresponding to cost reductions of about 26 % and 27 %
compared to the low-temperature NTP NH3 synthesis supplied by HTP or
electrolysers units, respectively.

However, in these scenarios, about 98 % of the net production costs
correspond to the operation of the NHg synthesis process, of which 90 %
amount to the electricity consumption. Even the proposed acceleration
of the reaction rate, as given by the plasma chemical kinetic simulations
in section 3.2, still leads to a far too low NTP energy yield of 1.1 g NH3/
kWh. It should be noted that the CB credits reduce these costs for the
integrated HTP-NTP pathways, but they are not sufficient to compensate
for the fact that the NTP costs are ill defined.

3.3.3. Cost comparison of thermally integrated HTP-NTP with future
scenarios on energy efficiency

Since most of the costs are related to the low energy yield in the NTP
reactor, to better judge the value of our proposed thermal integration
concept, we performed a sensitivity analysis by considering literature
values for a more energy-efficient NTP process; having the same com-
mercial viability as the HTP process has today. In this regard, we eval-
uated the economic performance of a plant with the highest energy yield
obtained in literature of 35.7 g NH3/kWh, also obtained at 1 bar and
300 °C [26], which reduces the energy consumption in the reactor to 28
kWh/kg NHs. On the other hand, we evaluated a future scenario for a
potential energy yield of 900 g NH3/kWh stated by Rouwenhorst et al.
[25,56], which corresponds to an expected energy consumption in the
reactor of 4 GJ/t NHg, i.e., 1.11 kWh/kg NHj,

In this way, the net production costs for the integrated HTP-NTP
process in the scenario of the highest energy yield obtained in litera-
ture are reduced to 2,061 $/t NH3 (see Fig. 8). For this scenario, about
88.4 % of the costs are due to the NTP section, while 10.8 % is in the HTP
section and 0.8 % in the N production section. In the scenario of the
theoretical maximum NTP energy yield, the net production cost would
be reduced to 452 $/t NH3, In this future scenario, the NTP section
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considering different NTP energy yields, and conventional SMR-HB synthesis
route. NG price: 4 $/MMBTU; Electricity price: 0.05 $/kWh; Carbon black sale
price: 1,000 $/t. Note: Red symbols in each column correspond to the net
production costs (Total production costs — credits). Detailed costs are presented
in Tables S13 - S24 in the Supplementary Material file.

would still have important participation of 45 % of the net production
costs. The HTP section participates with 51 % of the net production cost.
However, if the CB credits were not considered, the net production costs
would increase to 1,001 $/t NH3 and the HTP section would participate
with 78 % of the net production costs. In this sense, if CB credits are
considered in the economic assessment, the proposed integrated HTP-
NTP plant in the scenario of the best energy yield for the NTP-assisted
NHj synthesis would obtain lower costs than the small-scale conven-
tional SMR-HB plant, which we estimated as 584 $/t NHs. Similarly, we
estimated for a world-scale 1-million-tonne NH3/year plant costs about
336 $/t NHs. As evidence of the accuracy of our calculations, we like to
refer to the price of world-scale produced ammonia, which has histori-
cally fluctuated around $300-400/t NH3.

Moreover, we take one step further in assuming optimistic NTP en-
ergy efficiencies in order to reach a judgment on the economic value of
our proposed thermal integration of HTP and NTP. In a scenario-wise
manner and based on literature, we conducted an exploratory analysis
with respect to a set of NH3 synthesis energy yield values, see Fig. 9.

The three data points in Fig. 9 (left chart) consider energy yields of
1.1, 35.7, and 900 g NH3/kWh, which correspond to our simulation
result, the maximum value reported in literature [26], and the potential
energy yield [55], respectively. The grey dashed line in Fig. 9 (right
chart) represents the estimated production cost from the small-scale
SMR-HB plant. From this perspective, the proposed integrated HTP-
NTP plant would produce NH3 with lower costs than the conventional
route when the NTP reactor reaches energy yields over 310 g NHs/kWh.
In this scenario, if we assume that also the energy yield of the HTP
reactor is improved at the same extent (i.e., from 40.5 to 352 g Ho/kWh),
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as well as assuming a slight reduction in the electricity costs, the pro-
posed HTP-NTP plant for distributed production would reach produc-
tion costs similar to those obtained by large centralized SMR-HB plants,
as shown in Fig. 10. In addition, we can see that the NH3 production
costs are not too sensitive to the HTP energy yield because the HTP
process is not as electricity-intensive as the NTP-assisted NH3 synthesis.
In this sense, further efforts should focus on the NTP section.

From these analyses, we see that the greater the electrical efficiency
of the reactors, the greater the share of the HTP section to the total
production costs, as can be seen in Fig. 8 for the scenario of the most
efficient NTP process, where operating costs of Hy production (in light
blue) are the most relevant. The methane input is a parameter that
greatly affects the NH3 production cost, which can be a concern given
the recent observed volatility of NG prices. In Australia, NG has reached
prices near 8 US$/MMBTU [87]. In case of using biomethane, although
it is produced from local raw materials, its price would be influenced by
the opportunity cost when biomethane is from a third-party supplier.
This situation would be similar for renewable-based electricity because
prices of grid electricity have also increased in several regions, although
to a lesser extent than the NG price [88]. However, although methane
and electricity prices represent relevant operating costs in the HTP
section, another key parameter that affects this section the most is the
sale price of CB credits (in grey in Fig. 8), which would help offset input
costs because CB price has also been rising. For these reasons, it was
pertinent to perform a sensitivity analysis for these parameters, as pre-
sented in Fig. 11.

In Fig. 11, the defined NTP energy yield was chosen to consider the
point in which the conventional and the proposed plants match (584 $/t
NHjy) in the scenario presented in Fig. 9 (electricity: 0.05 $/kWh; NG: 4

Production cost (S/tonne NH;)

—
< 2,000
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~
N
g 200 | 1,519 977 631 435 318
3
g 120 | 1546 1,004 658 462 385
>
S 70 | 1,594 1052 706 510 393
<
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o
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NTP energy yield (g NH3/kWh)

Fig. 10. Effect of HTP and NTP energy yields on NHj3 production cost
(expressed in $/tonne NH3). Electricity price: 0.04 $/kWh; NG: 4 $/MMBTU;
CB sale price: 1,000 $/t. Note: values in both axes are increased by 70%
each time.
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Fig. 9. Effect of NTP energy yield on NH3 production cost. Electricity price: 0.05 $/kWh; NG: 4 $/MMBTU; CB sale price: 1,000 $/t.
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Fig. 11. Effect of prices of NG, electricity, and CB on the NH3 production costs for the integrated HTP-NTP and SMR-HB plants Note: NTP energy yield 310 g NH3/

kWh at 1.0 mol% NH3,

$/MMBTU; CB: 1,000 $/t). Since the HTP-NTP plant depends on only
few inputs in comparison to SMR-HB plants (as shown in Table 1), it can
be seen in Fig. 11 that the HTP-NTP plant is slightly more sensitive to
variations in the NG prices and highly sensitive to variations in the
electricity prices. For example, when the NG price doubles, the NH3 cost
increases 171 $/t NH3 in the HTP-NTP plant and 123 $/t NHj3 in the
SMR-HB plant. When the electricity prices doubles, the NH3 cost in-
creases 538 $/t NH3 in the HTP-NTP plant and only 28 $/t NH;3 in the
SMR-HB plant. On the other hand, CB prices affect the NH;3 cost in the
HTP-NTP plant to a higher extent than electricity prices, e.g., increasing
by 550 $/t NH3 when CB prices double from 1,000 to 2,000 $/t CB,
which could reduce the NH3 production costs to zero. In the same way,
any decrease of CB prices can proportionally rise the NHs costs, making
the HTP-NTP plant highly dependent of this external factor. Yet, his-
torical CB prices have not shown the high volatility as NG and electricity
prices, which would suggest that these plants could keep a stable NHg
production cost by integrating self-managed renewable energy genera-
tion systems.

3.3.4. Cost comparison of thermally integrated HTP-NTP with pre- and
post-separation

Since both fossil NG and biomethane contain impurities such as CO5
which generates the presence of CO in the outlet stream, different pro-
duction costs could result due to their diverse equipment and energy
requirements. For a cost comparison, we analysed case 1 in which the
feed gas consisted of 100 % CHy4, requiring a pre-treatment step to
completely eliminate CO5 in the biogas input and, at the same time,
eliminating the need of the post-treatment step via the methanation
unit, as utilized in Fig. 1.

The most common technologies for the CO3 removal of CHy-rich
gases are pressurized water scrubbing, amine scrubbing, pressure swing
adsorption, cryogenic separation and membrane technologies [89,90].
The latter was selected because among the technologies that deliver high
purity methane, membrane technologies are compact, have low energy
demand and relatively lower investment costs than cryogenic separators
[89,90]. In this analysis, we utilised a membrane-based separator system
with a capacity of 14,472 Nm®.h ™!, which consumes 0.3 kWh/Nm? [89].
This equipment would cost about 1,157 $/(Nm>h™1), i.e., an investment
of 16.7 million US$, estimated from the reported cost of 3,600 €/(Nm°.
h_l) for a separator with a capacity of 500 Nm3.h~! [89]. Detailed costs
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for this integrated HTP-NTP plant using methane pre-separation tech-
nology are presented in Tables $25-S28 in the Supplementary Material
file.

Given that the assumed capital cost for the membrane-based sepa-
rator was higher than the cost of the methanation unit, as well as it
requires additional electricity consumption, the Hy production cost from
the HTP process with pre-separation increased by 20 % (i.e., from 1,214
to 1,457 $/t Hy), considering a NG price of 4 $/MMBTU and electricity
price of 0.05 $/kWh. This higher H, cost makes to increase the NHj
production cost by 2.16 % (i.e., from 2,061 to 2,105 $/t NHg), in the
scenario of the 35.7 g NH3/kWh energy yield. On the other hand,
considering a biomethane price of about 11 $/MMBTU [91-93], the Hy
produced in the HTP process with pre-separation was 156 % higher than
the HTP process with post-separation (i.e., 3,103 $/t Hy). In this case,
the NH3 production cost increased by 17 % (i.e., 2,405 $/t NH3). In both
cases with different feedstock prices and separation technologies, this
HTP process achieves lower Hj cost than other alternative routes, such
as electrolyser-based systems with costs over 5,000 $/t Hy mainly due to
the contribution of CB credits.

In the scenario of integrating the HTP process (40.5 g Ha/kWh) with
the NTP process (310 g NH3/kWh), the Hy cost increase by using pre-
separation technology would hardly affect the NHj3 final cost,
achieving rates of 629 $/t NH3 (8 % higher than using post-separation
technology). On the other hand, the HTP section supplied by bio-
methane and using pre-separation technology would achieve costs of
929 $/t NHa.

3.4. Environmental assessment of the HTP-NTP heat integration

Following the same scenarios for the base and sensitivity analyses on
the different NH3 synthesis pathways presented in the TEA section, we
have estimated the life cycle carbon emissions to produce each tonne of
NH; from cradle-to-gate, as shown in Fig. 12.

Since the electricity used for the LCA in Fig. 12 is from the Australian
grid, for which about 87 % is produced from fossil energy sources
[68,94], the higher consumption of electricity, the higher the carbon
emissions. For this reason, the emission rates of the evaluated pathways
have a similar trend to those observed in the costs analysis. However, in
comparison to the emission rate for the conventional SMR-HB pathway
of 2.1 t CO3 eq/t NH3 [61], the proposed integrated HTP-NTP plant
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would never be environmentally friendly if electricity from fossil sources
is utilised. In this sense, it is evident that the future of commercial ap-
plications of NTP-assisted NH3 synthesis plants would be strongly linked
to the availability of clean and affordable energy sources.
Nevertheless, as stated by Fasihi et al. [58] and Squadrito et al. [52],
electricity costs from wind and solar photovoltaic sources have been
falling, offering the possibility to produce cost-effective green hydrogen
in the next decades and, therefore, opening the door to affordable green
ammonia production. In this way, renewable energy scenarios for the
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Fig. 12. Global warming potential of
stand-alone NTP (cold: 0.8 g NH3/kWh),
non-integrated HTP-NTP (cold: 0.8 g
NH3/kWh), integrated-HTP-NTP both
(warm: 1.1 g NH3/kWh) and (expected:

W Electricity (NH; synthesis) 900 g NH3/kWh), and conventional
B Cooling energy (NH, synthesis) SMR-HB. All pathways use electricity
from the Australian grid. Inputs with
M Electricity (H, production) shares lower than 1 % of the total
) . impact, such as water, catalysts, and
B Cooling energy (H, production)  other by-products than steam (from the
. SMR-HB plant), were excluded from this
Heat (H, production ’
- (H; production) chart. Note: Red symbols in each column
W Steam (H, production) correspond to the net carbon emissions.
B Natural gas (H, production)
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B Chemicals plant
Steam credits
M CBcredits

€ Net emissions

stand-alone NTP (cold) and the integrated HTP-NTP plants with
different NTP energy yields, supplied with biogas from biogenic re-
sources (i.e., biowaste), and using photovoltaic or wind electricity, are
presented in Fig. 13.

In Fig. 13, when using photovoltaic electricity, the proposed inte-
grated HTP-NTP process would reduce by half the net emissions (i.e.,
1.2 t COy eq/t NH3) in comparison to the conventional SMR-HB
pathway, when assuming the maximum NTP energy yield reported so
far. In the scenario of wind energy, the carbon emission balance is
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Fig. 13. Global warming potential of stand-alone NTP, integrated-HTP-NTP (with different NTP energy yields), and conventional SMR-HB pathways in different
energy scenarios. Inputs with shares lower than 1% of the total impact, such as water, catalysts, and other by-products than steam by-products (from the SMR-HB
plant), were excluded from this chart. Note: Red symbols in each column correspond to the net carbon emissions.
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inverted due to the CB credits, generated by a market reduction for the
traditional made CB using fossil sources.

In terms of energy consumption, the best available techniques for the
SMR-HB have shown rates of 27.4 — 31.8 GJ/t NH3 [57]. For the pro-
posed HTP-NTP plant, only the HTP section consumes 40.6 GJ/t NH3
from the energy content of the methane input, plus 18 GJ/t NH3 of
electricity. Hence, adding the energy consumption of the PSA unit and
the NTP section in the best scenario, corresponding to 9.3 GJ/t NHg, the
total energy consumption would be around 68 GJ/t NH3. However,
considering that the CB credits would avoid the conventional CB pro-
duction from crude oil, which requires 70.3 GJ/t CB, the net energy
consumption of the HTP-NTP process would be around 29.3 GJ/t NH3.
In this sense, considering the NH3 energy content of 18.6 GJ/t, the en-
ergy efficiency of both the SMR-HB and the integrated HTP-NTP process
would be around 63 %.

However, in the context of LCA, the CED and CExD show better re-
sults for the alternative pathways when considering the use of renewable
energies. For example, using fossil fuels and grid electricity, the CED and
CExD for the SMR-HB plant were 49.8 and 53.5 GJ/t NHs, respectively.
For the best scenario of the HTP-NTP plant, the CED and CExD were 78.9
and 87.6 GJ/t NH3, considering the CB credits. These large figures are
due to the high usage of coal and lignite in power generation in
Australia, energy-intensive mining sources, in thermal plants with lower
energy efficiency than renewable, hydroelectric, and combined-cycle
gas turbine plants. In contrast, the CED and CExD for the HTP-NTP
plant supplied by photovoltaic electricity were —4.4 and —7.8 GJ/t
NHg, respectively. Similarly, when this plant is supplied by biogas and
by wind energy, the CED and CExD were —9 and —11.34 GJ/t NHs,
respectively. In both solar and wind energy scenario, most of the energy
and exergy contributions were due to the manufacturing of solar panels
and wind turbines, but thanks to the CB credits these balances were
inverted, showing a similar trend to the reduction of the carbon emis-
sions in these alternative NH3 production pathways.

4. Conclusions

We propose a novel integrated plasma-based NHg synthesis process,
flexibly based on natural gas or biogas, and the innovation is a unique
combination of a high-temperature plasma (HTP) and non-thermal
plasma (NTP). As all carbon of the natural gas is bound in the high-
value product carbon black, only a small CO footprint is given at the
HTP stage when using natural gas, and the process is classified as “tur-
quoise hydrogen” manufacture [95]. In addition, we show, for the first
time, that biogas can be used as feed for the HTP process. We evaluated
this process from the techno-economic performance perspective as well
as by anticipatory life cycle assessment focusing on the global warming
potential (CO5 footprint). We carried out process modelling simulations
for Hy synthesis from biogas using HTP, and NHj3 synthesis from Hy using
NTP.

Central to our approach is to use the hot HTP effluent stream to be
entered the NTP zone without cooling down, creating a ‘warm plasma’.
Plasma chemical kinetics simulations, conducted for a wide range of
plasma-plausible catalysts and operating temperatures, helped us to
answer at which ‘warm temperature’ the NTP can be best operated, seen
from the NTP reactor productivity side. The plasma chemical kinetics
simulations indicated that an NH3 concentration of 2.2 mol% can be
attained at 302 °C on a Fe surface at an energy cost of 3,300 GJ/t NHs.

Our cost-calculations for such optimised HTP-NTP process show, as
to be expected, that with the consideration of the low energy yields of
the NTP process, the whole costing is (negatively) dominated by the NTP
process, and the economic benefits are hardly evident with the current
NTP technology. Nevertheless, we have strong arguments to assume
higher energy efficiencies, and we did this in a two-step manner, (i)
based on the best experimental evidence in current literature, and (ii)
trustable forecasts on future NTP energy efficiencies. With the latter, we
succeeded in showing an overall near-commercial operation of our
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thermally integrated HTP-NTP process to yield ammonia; as possible for
a small-scale plant, following our vision on distributed fertiliser pro-
duction. Under such best assumptions, costs come down to 452 $/t NH3,
which are below the estimated cost for the conventional SMR-HB route
at similar scales with about 584 $/t NHs, and near to the large
centralized SMR-HB with costs of about 300 $/t NH3,

Besides that, we show the process-chemical feasibility of using
biogas in the HTP process, by proposing appropriate separation tech-
nologies for the whole thermally integrated HTP-NTP process. Our
process simulation results demonstrate that a higher CO, content in the
biogas feed increases accordingly the CO concentration in the product
stream, yet with minimal effect on the Hy yield. The latter is interesting
to note, since O3 is produced, yet this burns some carbon and reduces the
CB yield, rather than taking the Hy. We found that at reaction temper-
atures above 1200 °C the product yield remains constant. A disadvan-
tage of using biogas in the HTP section without prior separation of CO3 is
the larger reactor volume for the same H; capacity as given for a pure
methane feed. We also determined the costs of a biogas-based thermally
integrated HTP-NTP process, which are somewhat higher than the
above-given scenarios.

We strongly advocate compensating for the higher costs of the
distributed green technologies with various kinds of ‘credits’ (carbon,
soil, jobs, co-valorisation). Moreover, to avoid the effects of the volatility
of NG and electricity prices, these plants might be integrated into their
own renewable-based energy generation systems. We have demon-
strated that the integrated HTP-NTP process with the current maximum
energy yields can cut half the carbon emissions, in comparison to the
conventional made NHs, when supplied by photovoltaic electricity and
biogas. Moreover, if these plants were supplied by wind power, the
carbon emission balance can be inverted due to the additional avoided
emissions by the production of cleaner CB co-product.

In brief, the benefits of being resilient and self-sufficient need such
co-financing, and the economic opportunity is real. The conventional
technology cannot account for the benefits of a community in the sense
of the credits. This theoretical study predicts a far-future performance of
a plasma system to manufacture ammonia. We acknowledge that the gap
between todays and future performance probably will stay for longer be
a road-blocker for the commercialisation of the plasma fertiliser tech-
nology. The paper, nonetheless, wants to help to solve current eminent
global issues in food supply, having escalated to supply crisis situations,
by providing new solutions to the fertiliser manufacture. Therefore, we
assume the best future scenarios of electrical efficiency of plasma con-
version. In addition, we assume the plasma-related credit-financing of
co-products and reduction of carbon footprint. In addition, we propose
local manufacturing of fertilisers, up to the farm site, with further ben-
efits [96]. Admittedly, the NTP side needs to be improved nonetheless,
to make this process economically viable.
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