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Abstract

In the present study, a series of thermochemical equilibrium modeling was con-

ducted to assess the thermodynamic potential of biomass conversion to ammo-

nia using thermal and nonthermal plasma at small- and large-scale production.

The system was designed and evaluated for five different locations in Australia

including the Northern Territory, South Australia, Western Australia, and New

South Wales using local biomass feedstock. The equilibrium modeling showed

that the pathway of biomass to biomethane using an anaerobic digestion reactor,

biomethane to hydrogen using a thermal plasma reactor, followed by conversion

of hydrogen to ammonia via a nonthermal plasma reactor is a plausible route,

by which the exergy efficiency of the process can be as high as �60%. It is identi-

fied that the thermal plasma reactor required two distinct zones at

3000�C < T < 4000�C and 1500�C < T < 2500�C. The first zone aims at conver-

ting electric energy into very high temperature thermal flow while the second

one enables to split methane molecules into solid carbon and hydrogen. The

new ammonia process is also assessed from the viewpoint of the current indus-

trial transformation, being accelerated by the post-COVID economy, which

moves toward local, resilient, integrated and self-sufficient production under the

umbrella of an emerging fractal economy. With respect to local production, the

developed process is designed for a quick response to farm use and on-time pro-

duction in view of the demands of modern ICT-sensor based precision agricul-

ture. The proposed process was found to be flexible (“resilient”) against

production scale, geographical location, price and type of feedstock, and source

of renewable energy. The system was found to be flexible against different feed-

stock such as spent grape marc, mustard seed, bagasse, piggery and poultry. The

system can be self-sustained up to �80% at T = 3500�C; with the thermal plasma

reactor-zone 2 producing the electricity requirements for the nonthermal plasma
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via a steam turbine power block. Finally, the system it is investigated to which

degree the system is adaptable to local production, self-sufficient, and

circulatory.
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ammonia production, biomass anaerobic digestion, circular economy, nonthermal plasma,

process integration, renewable energy, thermal plasma

1 | INTRODUCTION

1.1 | Global mega-scale or local
production? A post-COVID re-visit

In the last two centuries, the industrial revolution has
delivered ever-larger production capacities as an econom-
ically viable concept.[1] From those mega-manufacturing
sites, the products are to be distributed by comparatively
inexpensive transport all over the world, increasing wel-
fare. Chemical production has taken this concept of large
scale, and chemical plants went well above the scale of a
million tonnes per year.[2,3] Moore's Law has become the
directive for economic growth.[4]

Yet, this globally successful model is not in each case
optimal for national economies and in the recent time a
refocusing on local production is observed as anti-trend;
to prevail independence of global market dependencies.
The COVID pandemic has amplified those threats of the
effect of negative supply and demand shocks on the
aggregate output.[5] COVID has led to a reduction of the
global production of the chemical industry by 1.2%,
which is the worst decline for the sector since the 2008
financial crash.[6] Major chemical manufacturing compa-
nies such as BASF exerted a slowdown in predicted
growth.[7] Those complementarities in consumption and
production amplify each other.[8]

Thus, the current economic environment asks for an
antithesis to the economy of scale[4] in its shape of a neo-
classical model.[8] This strategy is centered on the sensi-
tivity to place and scale to sustain local communities and
to provide new job opportunities while preserving the
quality of the environment. This punctuates the move
from a traditional centralized, large-scale, long lead-time
forecast-driven production operation to the new para-
digm of decentralized, autonomous manufacturing near
end user-driven activity.

1.2 | Self-sufficient decentral production

The COVID crisis caused recentering on local production
has proposed the self-sufficient local economy, which

marks the decentralization of all economic activities and
is based on small or medium-sized production facilities
within the same revenue district.[9] The production of
this revenue is to a large share consumed in the same dis-
trict, that is, at the spot. All economic activities take place
within the revenue district itself, and only raw material
not available has to be imported from elsewhere. Such a
self-sufficient revenue district is termed a fractal econ-
omy or a nonlinear production model.[8] The extending
provincial economy is composed of a large number of
such fractal economies. The extending national economy
will comprise of a set of provincial fractals. Taleb terms
such as functional units as Fractal Localism.[10] The Frac-
tal Economy is believed to be anti-fragile,[11] tolerating
not stress and pressure, and thereby supports thriving
and growing. A key to drive up cost-competitiveness
capacity and efficiency constraints sit in the domestic
transport infrastructure, and possibly minimization of
that is the right principle. There is a strong opportunity
to boost global cost competitiveness with cheaper domes-
tic pricing and availability. Historical experience suggests
that unlocking supply is critical for supporting future
demand growth.[12]

Sustainable sourcing and local manufacturing support
the concept of Slow Fashion, which is a philosophy of
attention that is sensitive to environmental and societal
needs and the impact of production and distribution on
society and the environment.[13] Local manufacturing
also promotes the concept of Corporate Sustainability,
which is a business approach to create long-term share-
holder value by managing risks of economic, environ-
mental and social developments. Finally, the new
approach is assorted to Massification, which is a business
model encompassing fast cycles, rapid prototyping and
small product batches with larger varieties.

The concept of local manufacturing leads to fast
techno-economic cycling in today's Australia, showing
the industrial transformation from fossil to renewable
fuels and from environmentally unfriendly resource
extraction to more benign technologies. This asks for a
supplement of Australia's strong primary industries
(energy, mining, food) by an upheaval of secondary
industries (fertilizers, biomass, and horticulture).[14–17]
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Those innovations will only flourish in the suction of the
primary industries, and thus heavily demand process
integration. In chemical terminology, that relates to the
BASF-invented Verbund strategy, which has been taken
over by the global chemical industry.[18] Such an
approach could inter-relate Australia's agriculture and
energy markets.

1.3 | Future factories: An enabler for
local manufacturing

Europe has started a decade ago with the vision of Future
Factories, providing opportunities, which the conven-
tional plants do not meet.[19] Europe's “chemical plants
of tomorrow” are envisioned as compact container plants
to speed up process development and offer as well as
advantages for chemical production.[20] Those plants are
mobile (Evonik's “Plants on Wheels[21]” and the “50%
Idea[22]” of the German chemical industry and academia)
and can utilize renewable energy (Evonik's “Fertilizing
with the Wind[23]”). That opens the door to entirely new
business models for distributed production at the local
site of farming.

1.4 | Fertilizer local production

Against this backdrop, Evonik Industries have targeted
the local manufacturing of fertilizers by low-temperature
plasma technology as a key for precision agriculture.[24]

Fertilizers and ammonia as their key chemical are essen-
tial to global welfare.[25] Ammonia ranks second, to sul-
furic acid, as the chemical with the largest tonnage; in
2016, 146 million tonnes of ammonia were produced.[26]

While techniques for the production and purification of
ammonia have been further investigated,[27–29] locally
produced fertilizers cannot compete with industrial man-
ufacture on a giant scale such as 1 million tonnes per
annum or more. Yet, those fertilizers can be supplied just
below the economic bar, and our previous calculations
have forecasted a higher price by a factor of 3 to 6.[30]

Those disadvantages in scale (1–10 kt/a vs. 1 Mt/a) can
be partially compensated by beneficial fixed costs, given
by pre-manufacturing of modules, earlier break-even
(higher net-present value), and lower interest rates due to
confirmed performance.[31] Yet, the real economic benefit
of the localized plasma production plants is to be a resil-
ient enabler to overcome regional economic disadvan-
tages, such as in Africa, high taxes and high transport
costs,[30] their integration into a new self-sufficient econ-
omy (see above), and to thrive the regions toward local
autonomy and foster local job creation.

1.5 | National drivers of local fertilizer
economy: The Australian situation

To better understand this disruptive opportunity, it is
worth to make conscious of the Australian farming situa-
tion. Rainy and very dry periods take turns.[32] Fertilizer
consumption is high in rainy sessions and low in dry
ones. There is no real precision Agtech answer today to
this challenge—farmers store an average amount of fer-
tilizers in their storage tanks as a pragmatic comprise.
Similarly, the acidification of soils is hardly addressed,
which globally adds costs for environmental damage of
about $1.6 billion/year.[33] In Australia, the salination of
soils also causes costs of $187 million/year.[34]

1.6 | Integrated fertilizer manufacture
process design: Biomass/thermal plasma/
nonthermal plasma

It is our perception that even the most advanced bio-
mass technologies are a tough act to follow, as com-
pared to the cheap oil economy.[35,36] The way out of
this dilemma is the integration in a different economic
pathway that might offer a solution to reach an eco-
nomic scale. On the other end of the commercial food
chain, low-temperature plasma processes have shown
promise for the nitrogen fixation to fertilizers.[24,37–40]

While they seem to be on the way to give an economic
pathway to nitric acid as platform material for fertilizers
recent plasma technologies did not manage to produce
truly green and affordable ammonia.[41–43] Having both
ammonia and nitric acid would open the full N-based
fertilizer plethora from urea, ammonium nitrate, potas-
sium nitrate, and so on.

The missing leap is a green conversion of biogas,
(biomethane) after enrichment from its dilute constitu-
tion in biogas, toward blue or green hydrogen. Hydrogen
accounts for about 70–80% of the sustainability footprint
of ammonia. The thermal plasma splitting of methane
into green hydrogen and solid carbon is such technol-
ogy.[44–4544,46] It is about seven times more energy-
efficient than water hydrolysis, to which so much prom-
ise is currently given as green hydrogen technology.[44] It
co-valorises solid carbon, and it is beyond the scope of
this manuscript to outline that economic benefit; yet
likely it is substantial.

The thermal plasma methane pyrolysis process to
blue hydrogen has recently been transferred from pilot to
industrial scale. A first industrial commercial plant of
14 000 and 4600 tonnes per year capacity for solid carbon
and hydrogen, respectively, has been erected by MONO-
LITH Materials, inc. in US-Nebraska.[44,46]
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1.7 | Industrial directives as boundary
conditions of this study

The process design study considers commercial constraints
and opportunities as its boundary conditions. Data are
taken from a commercial product and business opportu-
nity of Peats Soil Company that look for fertilizer manufac-
ture at the point of manufacture at an industrial site. They
are interested in upgrading their smart compost pellet
product (composition: 12% total C; 1% N; 0.2% P and
0.5% K) to 20% higher carbon and 3% higher nitrogen con-
tent by locally manufactured carbon (activated carbon,
biochar) and ammonia. They like to prevent fertilizer
leaching by complexation to carbon carriers. The commer-
cial fertilizer opportunity on a national farmers' scale has
been defined by the South Australian No-Till Farmer Asso-
ciation (SANTFA); with a view on the personalization of
fertilizer products, its customization for individual users,
and an outlook to its user-friendly enhanced and environ-
mentally benign product functionality. SANTFA provided
foresight on the impact of fertilizer choice and complexa-
tion to carbon carriers on soil acidification and effective
usage (leaching prevention). AgGrow Energy Resources
Company (AER) is a technology integrator in the waste-to-
energy and renewable bioenergy industry and has advised
this manuscript on the utilization of waste to energy and
renewable bioenergy for our technology concept; all of that
industrial input is compiled in Figure 1.

Figure 1 presents the general idea of this potential tri-
fold process in which food waste and manure are

partially used as the feedstock for the anaerobic digester
to produce methane. The biogas is then pre-treated to
remove CO2 before transferring to the high thermal
plasma (HT plasma) gasification plant where it will
undergo a gasification process in which hydrogen and
fixed carbon media are produced. This HT plasma gasifi-
cation plant has been developed by Laurent et al[44] and
is now at a commercializing stage in the U.S. Hydrogen
produced from the HT plasma gasification will be fed,
together with nitrogen from the air, to the nonthermal
plasma (LT plasma) developed within our group to pro-
duce ammonia. To satisfy the demand of the industry,
ammonia is then integrated into the fixed carbon media
and will be used as an enriching agent to increase the
carbon and nitrogen content of their smart compost pel-
let product in soils. The pathway presented in Figure 1 is
the concept we are currently developing and will need
further efforts to close the loop. To make it a circular pro-
cess, all streams and utilities need to be balanced based
on a real ecosystem of a big region or country scale. This
production scale is much about the normal factory level
which will be addressed in a future article.

2 | CONCEPTUAL DESIGN AND
METHODOLOGY

Figure 2A depicts a schematic illustration of the proposed
process, which consists of three main reactors including
an anaerobic digestion reaction for converting biomass to

FIGURE 1 Schematic

illustration of the conventional

pathway for the conversion of

biomass to fertilizer using

anaerobic digestion, thermal

plasma, and nonthermal plasma
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biogas (methane), which is fed to a thermal plasma unit
to dissociate methane into hydrogen, and it is finally
converted to ammonia by a nonthermal plasma reactor
for fertilizer production. The proposed process is also
equipped with a steam turbine electricity production
power plant to recover the waste heat from the system by
producing steam and consequently, partial electricity
required for the plasma reactors.

Anaerobic digestion is a chain of reactions in a reac-
tor, in which by the help of micro-organisms biodegrad-
able materials such as biomass are converted to biogas in
the absence of reactive gases such as oxygen or steam.[47]

The details of the anaerobic digestion process could be
seen in Data S1.

Besides otherwise defined model cases, we also con-
sider a real biogas plant (�200 m2), which has been built
by Peats Soil at their waste treatment site in Brinkley,
South Australia. Using expired food and beverage waste
collected from warehouses and retails across Australia,
this plant produces by anaerobic digestion up to
10–15 m3 biogas per day, in which methane accounts for

30% volume approximately. Several 40 m3 HDPE (high-
density polyethylene) bags are used to store the biogas,
and the current plan is to utilize them as a self-supplied
energy source. Yet, the future ambition, relevant for this
manuscript is, to convert it by the two plasma plants to
produce the first hydrogen and then ammonia. The cur-
rent annual productivity is about 3.2 tonnes methane per
year (15 m3/day; 300 days; 4500 m3). Since an upscaling
by at least a factor of 10 is intended from the current pilot
to production scale, we considered biomethane gas con-
sumption of 4.8 kg/h (35 tonnes methane per year equiv-
alent to 0.116 t/day) for this manuscript, which produces
0.21 t/day of ammonia for fertilizer production. For such
systems, results showed that the system can be driven
with 100% renewable energy, while 3.5 kg/h solid carbon
is also produced which can bed into the agricultural sec-
tor for soil conditioning and as moisture repair. In a far-
ther fetching demand scenario, we considered the
demand side, which is to upgrade 1 kg fertilizer product
with 38.5 g ammonia (3% increase in nitrogen content) at
a total Peats Soil production of 200 000 tonnes compost
per year. We will check if such a scenario gives enough
activated carbon (coproduct in the thermal plasma pro-
cess) for the loss of 40% carbon during the aerated static
pile composting step in the microbe-based waste-to-
fertilizer composting.

In the thermal plasma unit, the reactor provides a
unique environment with a temperature so high that oth-
erwise impossible, highly endothermic reactions become
thermodynamically feasible; besides creating ions, elec-
trons, charged and excited species. The temperature of
the reactor can be as high as 3000�C, while the electron
temperature reaches �10 000 K providing a plausible
environment for almost any reactions with high Gibbs
free energy (ΔG � 0) to proceed to the completion. Liter-
ature review on the use of Gibbs free energy for thermal
plasma process simulation can be seen in Data S2.

The driving force for the thermal reactor is
maintained with a tuneable electrical energy input (up to
a dozen MW), which can be provided through renewable
energy resources such as solar and wind energy. As can
be seen in Figure 2B, the thermal plasma reactor has two
main reactive zones. In zone 1, electric energy is
converted into thermal energy through a very high-
temperature thermal flow. In zone 2, methane molecules
are split into solid (nanostructured) carbon and hydro-
gen. A heat transfer unit is also proposed to preheat the
inlet methane up to 600�C, not only to reduce the ther-
mal load of the reactor but to improve the energy perfor-
mance and efficiency of the thermal plasma plant by
setting a suited temperature profile for heat recovery. The
produced hydrogen is then fed into the nonthermal
plasma reactor to produce ammonia.

FIGURE 2 (A) Schematic diagram of the proposed process for

the coproduction of ammonia and hydrogen using thermal and

nonthermal plasma reactors and (B) schematic diagram of the

process units for the thermal plasma reactor
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A nonthermal plasma reactor with relatively low
energy consumption is the second key element of the pro-
posed process in which ammonia is formed by a plasma-
catalytic reaction of hydrogen (from the thermal plasma
plant) and air. The reaction mechanism involves a variety
of reactions from electron impact to surface reaction and
the temperature does not play a role here; rather a com-
plex and often not well-understood interplay with the
catalyst.[48] The latter is far from well-developed and thus
conversion and productivity of the nonthermal plasma
typically is low and the plasma reactor units hardly have
been developed larger than pilot-scale; thus, we assume
this scale here and scale it up by “numbering” (of parallel
reactors) alike in micro-reactor technology. Similar to a
thermal plasma reactor, the nonthermal reactor is oper-
ated with large electrical energy (e.g., 30 kV peak-to-peak
voltage and frequency of 50 kHz).

3 | PROCESS MODELING AND
ASSUMPTIONS

Figure 3 shows the schematic diagram of the process
modeled with the Aspen Plus software package together
with the software package HSC Chemistry 7.0 for process
flowsheet simulation of the thermal plasma unit. The
energetic performance of the proposed process shown in
Figure 3 was assessed for the local feedstock available at
five different locations in Australia including Mandurah

and Pilbara in Western Australia (WA), Streaky Bay in
South Australia (SA), Moree in New South Wales (NSW),
Katherine in Northern Territory (NT). For each location,
the local biomass was identified and used both as a
source of energy and feedstock for biogas production:
grape marc for SA, mustard seeds for WA, bagasse for
NT, piggery for NSW, and poultry for Pilbara, WA; with
different approximate and ultimate analysis of the com-
position of the biomass and various lower heating values
(LHV).[48] Yet, we scoped our technology not only from
the regional resource-pull side but also from the local
market pull: using statistical data for land and fertilizers
in Australia,[49] the local ammonia-based fertilizer
requirement of each location was estimated and the per-
formance of our proposed integrated technology was
assessed for each location considering all these local con-
straints and opportunities. The ammonia-based fertilizers
include ammonia itself, urea, ammonium nitrate, ammo-
nium phosphate, and similar derivatives.

Biomass is loaded into the anaerobic digestion and
biogas is produced within an exothermic spontaneous
reaction (ΔH < 0, ΔG < 0) at a temperature of <70�C
using microorganisms. The produced biogas contains
hydrogen and CO2 thereby creating the need to separate
the CH4 to be fed into the thermal plasma plant. Notably,
the proposed process is CO2-neutral and the green CO2

produced in the anaerobic digestion unit can be captured
and sequestrated; however, this is beyond the scope of
the present research. The produced methane is fed into

FIGURE 3 Process flow

diagram of the proposed process

for the production of ammonia

from biomass using combined

high- and low-temperature

plasma technology
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the thermal plasma reactor to be decomposed into hydro-
gen and carbon. The thermal plasma reactor has two
reacting zones.[50] Methane is fed into zone 2 to be disso-
ciated into solid carbon and hydrogen via the main reac-
tion of CH4 ! C + 2H2. The outlet from the biogas
reactor is fed first into zone 1, where a heat exchanger
preheats the inlet stream of methane and thereby
improves the energetic performance of the unit. By doing
so, the temperature of the methane gas increases from
�60�C to 600�C. This reduces the thermal load of the
reactor. Notably, the upper threshold for the preheating
temperature of methane is 700�C to avoid cracking meth-
ane in the pipes. Hence a buffer temperature of 100�C
with a pinch point of 10�C was considered for the
preheating heat exchanger. A heat recovery rate of 77%
was obtained for the heat exchanger by the Aspen model-
ing, meaning that the stream preheating stage can avoid
a large heat loss by returning the heat to the reactor.
Then the cold product stream is fed into a separator, in
which solid carbon is separated from the product stream
and a fraction of hydrogen is fed into zone 2 to produce
hydrogen radicals through the reaction H2 < = > 2H via
electrical energy. The split into two serial reaction zones
increases the chemical yield of the thermal plasma
reactor.[44,50]

The fed hydrogen to the nonthermal plasma reacts
with the nitrogen brought by air to the reactor to produce
ammonia, and the chemical reaction is the same as for
the Haber–Bosch process, yet the latter is a purely cata-
lytic process without plasma and needs instead high tem-
perature and high pressure. The nonthermal reactor has
a temperature of �130�C and operates at atmospheric
pressure, thus would not be competitive under equilib-
rium conditions. Such plasma acts in a nonequilibrium
way, and the opportunities of that are theoretically
hardly unknown; alone for the reason of the many hun-
dreds of reactions happening and that each different
plasma type influences them differently. Yet one seems
to be clear: the enhancement of surface reactions of acti-
vated species on the catalyst is likely a key to intensify.
The relatively large volumes of low-temperature plasma
reactors, as compared to diffusion distances and the
short-living times of plasma-reactive species, allow only
for low conversion, as those species do not reach the cata-
lyst, and the literature is full of studies documenting this
fact.[51,52] To address this challenge, one potential option
is to use a series of reactors to produce ammonia at the
desired level, which stepwise may increase the conver-
sion and thus productivity. Hence, in the present simula-
tion, the nonthermal plasma is considered as one
operational unit, which is a modular system with a series
of nonthermal plasma reactors. The outlet from the non-
thermal plasma reactor is fed into a separator to split the

produced ammonia from unreacted hydrogen and air.
Also, a design specification was defined to regulate the
inlet gas stream of the process such that the outlet hydro-
gen from the nonthermal plasma is minimized. Notably,
the LHV of hydrogen is 119 MJ/kg, thereby showing that
the unreacted hydrogen can carry a large amount of
energy from the system. Hence, the optimization of the
operating conditions was carried out to avoid chemical
and energetic losses. Using two heat exchangers, the out-
let streams from the thermal plasma reactor were cooled
and the recovered heat was employed to produce steam
at 410�C and 30 bar. A steam turbine was used to pro-
duce electricity and return a fraction of waste heat to the
process plant. This was done to improve the energetic
performance of the system and to supply the reactor
energy demands partially. The produced electricity was
dedicated to the nonthermal plasma reactor(s).

To calculate the values for enthalpy of reaction and
also the change in the Gibbs free energy of the reactions
in the process, Equation (1) was implemented:

ΔMrxn =
X
prod

ΔMf
i Tð Þ−

X
react

ΔMf
i Tð Þ: ð1Þ

Here, “M” stands for the enthalpy of reaction (H) or
change in the Gibbs free energy of the reaction (G) for
species i. Notably, the subscripts “rxn”, “react” and
“prod” are abbreviations for reaction, reactants and prod-
ucts of each reactor, respectively.

To evaluate the exergy portioning of the system,
exergy efficiency (χ) was defined with Equation (2):

χ =
_nNH3 ×LHVNH3

+ _nH2 ×LHVH2

_nfeed×LHV feed

: ð2Þ

In this equation, _n is the flow rate of each stream,
LHV is the value of the lower heating value of ammonia
and hydrogen, which are 18.6MJ/kg and 119.9MJ/kg,
respectively. Also, the total thermodynamic efficiency,
considering 3% of inlet thermal energy as a heat loss to
the environment. is defined as follows:

ηth =

Pn
i=1

ni ×ΔHi

�
out

+Wpower block−Wpump−Qloss

P
Qnet,Rz

+
Pn
i=1

ni ×ΔHi

�
in

ð3Þ

Here, Wpower block is the thermodynamic work pro-
duced by the steam turbine and the Wpump is the amount
of energy consumed by the pump to produce a high-
pressure water stream for the power block system. Like-
wise, Qloss is the heat loss to the environment calculated
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based on the equation given in the literature which is
�3% of total input. The self-sustaining energy fraction of
nonthermal plasma is also defined in Equation (4) which
is used to estimate the portion of energy to be produced
by the power plant:

�=
W elec: kWh½ �
WNTP kWh½ � ð4Þ

In this equation, W is the electrical energy, and
“NTP” and “elec.” stand for nonthermal plasma and elec-
trical energy produced by power block, respectively.

To calculate the output energy of the solar photovol-
taic system, the following equation is employed:

E=APV × rPV ×Hann: ×PR ð5Þ

Here, E is the energy produced by a solar photovoltaic
system (kWh), and we will later justify the consideration
of photovoltaic energy; with APV being the total solar
panel area required to maintain the demand, rPV is the
solar panel yield, Hann. is the annual average of radiation
received on tilted solar panels and PR is the performance
ratio that accounts for any losses from the solar panel sys-
tem, which is 0.5 (worst case scenario and 0.9 for the
best-case scenario). Otherwise, a value of 0.75 is consid-
ered. There are different losses associated with the use of
solar panels, including inverter losses (6–15%), tempera-
ture losses (5–15%), cables and connector losses (1–3%),
AC cable losses (1–3%), shadings up to 40% depending on
the location, and losses due to the dust and debris (2%).
In the present study, an inverter loss of 8%, temperature
loss of 8%, DC and AC losses of 2%, and shading loss of

3% and loss due to the dust of 2% were considered in the
model.

To conduct the simulations, the following boundary
conditions and assumptions are taken as seen in Data S3.

4 | CHEMICAL REACTIONS AND
PLASMA CHEMISTRY

The equation for the reaction for converting biomass into
methane via the anaerobic digestion process is given in
Table 1. As can be seen, the reaction is slightly exother-
mic and due to the activity of the microorganisms, the
temperature is limited to <70�C, although there are cases
in which the anaerobic digestion process can be done at
higher temperatures but at higher risks of thermally
decomposing the microorganisms.

Table 2 expresses the main elemental reactions occur-
ring in the thermal plasma reactor in reaction zones
1 and 2. As can be seen, some of the reactions such as
2, 3, and 6 have a temperature barrier and likely may not
run or only slowly at the low temperature of the plasma.
For example, the homolytic splitting into radicals via the
elemental reaction 2, the temperature of the reactor
should be higher than 3000�C. However, the other ele-
mental reactions may be effective at a temperature
<2000�C. Therefore, for reasons of energy efficiency, it is
mandatory to divide the thermal plasma reactor into two
reacting zones, one with a minimum temperature of
3000�C referred to as “zone 1” and the other one with a
minimum temperature of 1500�C referred to as “zone 2.”
Also, some of the reactions in Table 2 are endothermic,
while some are exothermic. Thus, the co-existence of

TABLE 1 The reaction occurring in the anaerobic digestion reactor for the biogas production from biomass

No. Reaction ΔHrxn, kJ/mol ΔGrxn, kJ/mol Temperature,�C

1 CxHyOz sð Þ! x
2CO2 gð Þ+ x

2CH4 gð Þ < 0 Exothermic (ΔH < 0) <150

Note: The values for x, y, and z strongly depend on the structure and composition of the biomass.

TABLE 2 Main elemental reactions occurring in the thermal plasma reactor for the hydrogen production through biogas cracking

No. Reactions Zone ΔHrxn, kJ/mol ΔGrxn, kJ/mol Temperature,�C

2 2CH4(g) ! 2CH3(g) + H2(g) 2 155.2 −9.2 1500–6000

3 2CH3(g) ! C2H6(g) 2 −382 −250 500–6000

4 CH3(g) + C2H6(g) ! CH4(g) + C2H5(g) 2 −29.9 −34.1 100–6000

5 2C2H5(g) ! 2C2H4(g) + H2(g) 2 −103 −150.4 300–6000

6 CH4(g) ! C(s) + 2H2(g) 2 87.4 −5.5 700–6000

7 H2(g) ! 2H(g) 1 123.5 −2.5 3000–4000
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generating temperature in the reactor with the consump-
tion of energy leads to a complex energetic performance
of the thermal plasma, by superposition of simple energy
balances. Hence, a thermochemical equilibrium analysis
was used to understand the energy flow of the system.

Having that background at first principles, it is possible
to make a gross prediction of the integrated reactor perfor-
mance using the distinct local factors. In this sense,
Table 3 expresses the detailed approximate and ultimate
analysis of the biomass feedstock identified for each of the
chosen five locations in Australia together with the lower
heating value (LHV), composition and quantity of mois-
ture available in the biomass. It is worth mentioning that
the LHV of the feedstock affects the performance of the
process due to the change in the input chemical exergy
value to the chemical plant. As mentioned in the list of
boundary conditions and assumptions, it is assumed that
the sulfur and other impurities are accumulated in the res-
idue and are returned to the biomass storage. Hence, the
analysis here considers no SOx is formed in the system.

5 | RESULTS AND DISCUSSION

5.1 | Project feasibility

5.1.1 | Thermochemical equilibrium
analysis

As previously discussed, the thermal plasma reactor
requires a high temperature to proceed with the reaction
toward the equilibrium state. We propose a two-zone
reactor over one equilibrium unit to decrease the energy

demand and also the efficiency of the process. Figure 4
presents the calculated variation on the temperature of
the change in the Gibbs free energy of the reactions in a
one-zone thermal plasma reactor. As perceived from the
Figure, at a point above 2000�C, the Gibbs free energy
turns to ΔG < 0 for all reactions, meaning that the chain
of the reactions given in Table 2 is thermodynamically
feasible to occur in the reactor. However, for a region
between 100�C and 1500�C, most of the reactions have
ΔG > 0, which means that the reactions are not sponta-
neous and require an external driving force to proceed,
which could be pressure or any passive technique such as
electromagnetic forces. This would increase the energy

TABLE 3 Proximate and elemental analysis of the biomass used in the present research[53]

Grape marc
(SA region)

Mustard seed
(WA region)

Bagasse (NT
region)

Piggery
(NSW region)

Poultry
(WA region)

Proximate analysis (%)

Moisturewb 10 11.8 12.8 12.7 39.7

Fixed carbondb 31.1 17.14 11.88 19.12 –

Volatile matterdb 55.6 70.1 84.51 54.91 –

Ashdb 13.3 15.4 3.61 13.27 10.58

LHVdb 18.02 16.25 17.27 14.47 15.77

Elemental analysisdb (%)

C 42.2 41.82 48.19 38.12 24.83

H 3.5 8.35 5.65 3.65 3.77

O 37.7 40.01 42.33 29.25 17

N 3 0.36 0.14 2.16 3.67

S 0.3 0.18 0.08 0.42 0.3

Abbreviations: db, dry basis; LHV, lower heating value; wb, wet basis.

FIGURE 4 Variation of the calculated Gibbs free energy of the

reactions with temperature for the one-zone thermal plasma

reactor
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demand of the thermal plasma reactor to operate at the
equilibrium point.

To avoid that, as discussed in the previous section,
the operation of the reactor was amended such that the
two reactive zones are formed in the thermal plasma
plant. In the related thermal plasma reactor, one reactor
with a high temperature is responsible for ionizing the
hydrogen and exciting the species to bombard the meth-
ane (CH4) in zone 2. By doing so, the thermal efficiency
of the system is enhanced from 40 to 13.3 kWh/kg H2.
Also, the minimum operating temperature of the reactor
(temperature of the gas bulk) decreases from 2450�C to
�1500�C, which lowers the sensible heat required for the
operation of the reactor.

5.1.2 | Thermal energy

Figure 5 presents the variation of the thermal energy of
the thermal plasma reactor with the temperature of zone
1 (Figure 5A) and zone 2 (Figure 5B). For better under-
standing, a parameter is defined as the ratio of the differ-
ence in the thermal energy of reacting zones to the
thermal energy of a given reacting zone. As can be seen,
for zone 1, with an increase in the temperature, the ratio
(thermal energy deviation) decreases, which is associated
with the decrease in the enthalpy of reaction (exothermic
dissociation of H2 ! 2H) in zone 1. However, in zone
2, with increasing the temperature, the ratio approaches
1 showing that the reactors reach isothermal conditions.
Such an operating condition is more plausible, as the
exergy annihilation between the zones of the reactor
decreases and the ratio equals 0.99 at T > 3000�C. Hence,
the best-operating conditions can be obtained at
T = 3000�C, in which the ratio approaches 1 and the
exergy annihilation between reactors is minimized. Also
in this condition, the specific enthalpy of the hydrogen
production reaches 13.3 kWh/kg H2, which is 33.2% of
the total specific enthalpy obtained for a one-zone ther-
mal plasma reactor (40 kWh/kg H2).

5.1.3 | The temperature of the thermal
plasma reactor

In Figure 6, the variation of the mole fraction of the prod-
ucts with the temperature of the thermal plasma at iso-
thermal conditions is shown. As can be seen, at
T > 2500�C, the evolution of the mole fraction of hydro-
gen H(g) decreases, which in turn decreases the thermal
demand of the reactor. For example, at T = 1500�C, the
mole fraction of H(g) is zero, while reaching 0.3 at
T = 3000�C. for the same temperature range, the mole

fraction of H2(g) decreases from 0.7 to �0.42. Notably,
once H(g) is formed, it is transported to the reacting zone
2, which promotes the conversion of the methane toward
the equilibrium point, and lowers the thermal energy in
zone 1 by transporting it to zone 2. Thus, the operating
temperature of the plasma reactor in zone 1 should be
controlled between 3000�C and 4000�C to maximize the
evolution of H(g), and the temperature of zone 2 should
be regulated between 1500�C and 2500�C.

5.1.4 | Exergy portioning in the system

Figure 7 presents the variation of the exergy efficiency
with the temperature of reacting zones of the thermal

FIGURE 5 Calculated variation of thermal energy of the two-

zone thermal plasma reactor with temperature
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plasma reactor. As can be seen from Figure 6A, the tem-
perature of zone 1 does not affect the total efficiency and
the exergy partitioning in ammonia, while it slightly
increases the self-sustaining energy fraction and exergy
destruction of the system. This is because by increasing
the temperature in zone 1, the temperature difference
between the two zones increases and results in an
increase in the unit's exergy annihilation. However, with
increasing the temperature of zone 2, the total efficiency
of the system increases, which is attributed to the
increase of the enthalpy of the endothermic reaction
CH4 ! C + 2H2. As shown in Figure 11B, the self-sus-
taining energy fraction is �0.7 at T = 3000 C, which can
reach 1.0 by increasing the temperature of the reaction
zone 1 from 1500�C to 1300�C (see Figure 8).

5.1.5 | The pressure of the thermal
plasma reactor

Figure 8 shows the calculated dependence of the mole
fractions of the products in the thermal plasma reactor
on the pressure of the system. As perceived, the mole
fraction of hydrogen is slightly enhanced with the
increase in the pressure of the reactor. However, by pres-
surizing the system, the operation of the process becomes
more complex, which also adds to the cost and mainte-
nance expenditures associated with the operational units.
It is worth mentioning that the pressure of the reactor
does not affect the rate of production of solid carbon,
thereby maintaining a constant rate of solid carbon pro-
duction in the system. As can be seen, the mole fraction
of H2 (g) is very slightly enhanced from �0.62 to �0.66
by increasing the operating pressure from 1 to 30 bar. At

P > 30, pressure does not affect the mole fraction of the
species.

5.1.6 | Mechanical work production

Figure 9 shows the variation of the self-sustaining energy
fraction of the nonthermal plasma reactor with the tem-
perature of the thermal plasma reactor at a varying inlet
pressure of water to the steam generator. As can be seen,
with an increase in the temperature of the thermal
plasma reactor, the quantity of the work produced by the
power plant increases such that the self-sustaining energy
fraction reaches �1 at T = 3000�C. This means that the
electricity required for the Nonthermal plasma plant can
be fully supplied by the electricity produced in the power

FIGURE 6 Variation of the mole fraction of the components

with temperature in the thermal plasma reactor (TPR)

FIGURE 7 (A) Variation of the exergy partitioned in the

system versus the temperature of a thermal plasma reactor in zone

1 and (B) variation of the exergy partitioned in the system versus

the temperature of a thermal plasma reactor in zone 2

SARAFRAZ ET AL. 11 of 21



block. For example, at T = 1500�C, at P = 60 bar, the
self-sustaining energy fraction is �0.54, reaching 1 at
T > 2600�C. For the same temperature range, at
P = 20 bar, the self-sustaining fraction increases from
0.44 to 0.85. Hence, there is a need for an external energy
resource to provide the rest of the required energy. Nota-
bly, a linear trend is observed between the temperature
of the thermal plasma and the self-sustaining energy frac-
tion. Hence, a large thermal plasma plant can be advan-
tageous not only to provide more hydrogen but also to
promote the self-sustaining energy fraction of the non-
thermal plasma plant.

5.2 | Suitability to local, resilient, and
self-sufficient production

In the following sections, it is aimed to answer if the sys-
tem can show the desired features of industry transfor-
mation, which are local adaptability, self-sufficiency, and
resiliency. It is considered that resiliency is not a quantity
on its own, but rather developing and interpreting the
system's capability as related to local adaptability and
self-sufficiency toward a holistic concept with reference
to a specific supply-chain and business model; as given in
the introduction.

5.2.1 | Local adaptability

Resource flexibility using local feedstock
In Figure 10, the variation of the exergy efficiency with
the production scale is depicted for the five chosen loca-
tions in Australia, when using local biomass as a feed-
stock. As perceived from the Figure, the efficiency of the
system decreases with an increase in the production scale
of the plant. This is because the production of ammonia
is limited by the capacity and yield of the nonthermal
plasma reactor. Hence, for the large production scale,
there is a need to develop high-yield reactors by finding a
proper catalyst to increase the yield aiming at removing
this chemical barrier. As can also be seen, the NSW site
with piggery as biomass shows the largest exergy effi-
ciency in comparison with the other locations, followed
by Pilbara (WA) and Mandurah (WA). This is because,
for a similar yield, piggery has a relatively low LHV value
and plausible hydrogasification conversion, resulting in
larger exergy efficiency. However, with an increase in the
production scale, for example, 588.2 t/day, plausible loca-
tions are Moree (NSW), followed by Streaky Bay
(SA) with a production scale of 260 t/day. It is worth
mentioning that the lower heating value of the biomass
also affects the efficiency of the system. For biomass such

as grape marc and bagasse, the LHV value is relatively
large, however, the conversion of biomass to biogas is
limited as the content of volatile material is relatively
lower than other biomass feedstock. Apart from that, the
ash content, which limits the mass transfer, is relatively
high for this type of biomass feedstock, thereby reducing
the efficiency of the plant. For the real-life data collected
from Peats Soil Company in SA, with a production scale
of 0.2 t/day, the exergy efficiency of 0.58 was calculated
which is competitive to large-scale productions, for exam-
ple, 409.9 t/day. This shows that plasma technology is
flexible to the scale of production. Table 4 represents the
production scale, solar area and number of wind turbines

FIGURE 8 Variation of the mole fraction of the components

with pressure in the thermal plasma reactor (TPR)

FIGURE 9 Variation of the self-sustaining energy fraction to

with the temperature of the thermal plasma unit for supplying the

energy consumption of the nonthermal plasma reactor
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required to hybridize the system with renewable energy
resources.

Production capacity, defined by exergy efficiency
We like to add two plausibility checks for the economic
validity of our integrated process concept. The first one
given here is based on thermodynamics (exergy), mean-
ing the efficiency of using energy to make the product.
The second one given below is based on process plant
footprint (area) and the number of process plant units;
assuming a pure numbering-up from a size that is consid-
ered to be reasonable or even already industrially proven.

As can also be seen from Figure 10, the exergy effi-
ciency decreases with the increase in the production
scale, which is due to the increase in the input energy of
the system while the yield of the anaerobic digestion
system is constant. To address that, there is a need to
develop reactor technologies, which can offer higher
yield at a larger production scale. Considering the
exergy efficiency of 0.21 as a “threshold for useful exergy
efficiency” defined in the literature,[54] for all geographi-
cal locations and production scales, the system is still
economically viable as the exergy of the process is well
above 0.3.

FIGURE 10 Variation of the exergy efficiency of the system with the temperature calculated based on real-life data at the five chosen

agricultural locations for the production of ammonium-based fertilizers based on the local needs

TABLE 4 Summary of the required fertilizers at the five chosen agricultural locations, considering the type of the biomass, and

renewable energy share typical for each location

Location Annual demand of NH3 (tonnes/a) Production capacitya (tonnes/day) Solar field, (km2)b Wind turbinec

1 122 970 409.9 4.04 237

2 78 037 260.1233 2.6 179

3 201 0.67 0.03 1

4 176 471 588.2367 5.8 321

5 121 859 406.1967 4 236

aBased on the capacity factor of 0.85, and statistical data for ammonia consumption in the locations.
bEstimated for January.
cFor wind speed >6 m/s in July.
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Production capacity, defined by the number of reactor/
plant units and plant footprint
In Table 5, the ammonia equivalent is calculated, which
needs to be produced to generate all ammonia-based fer-
tilizers used in Australia (including ammonia itself).
Knowing the chemical reaction equations of the conver-
sion of ammonia to these, the total ammonia equivalent
can be calculated, using the real-life data from each geo-
graphic location. This fertilizer mix includes urea, ammo-
nium phosphate, ammonium sulfate, and ammonium
nitrate. It is assumed that the conversion of the reaction
from ammonia to the different types of fertilizers is 90%.
This information was used to obtain the footprint of the
proposed plant and the number of reaction/plant units.
This projection needs several assumptions.

For the biomass plant, a 60% gas share of biomethane
in the biogas is assumed. A factor of 3 in plant capacity is
assumed, as the technology has intrinsic limits and only
limited process optimization can be applied. Literature
review shows that a biomass plant of 500 kW will require
an area of 8000 m2 approximately.[55] Fortunately, there
is a chance to upgrade the capacity of the biomass plant

if a central collection site is designed and constructed.
One of the largest biomass plants in Australia, the
Uleybury landfill site, could produce up to 650 m3 bio-
gas/h.[56] Recent reports about an industrial plant in
New Zealand give hope for a reduction of the land use of
biomass plants;[57] which now is prohibitively large and
Table 6 shows this clearly outpaces the two other plants.

The performance of the thermal plasma plant was
taken as received from literature reports. It is assumed to
be on a high and final technology readiness level. The
performance of the nonthermal plasma (NTP) plant is far
from that. We refer to the statement of Evonik Industries
that a 2% yield-performance can deliver 1 kt/a in their
NTP container plant, and our experiments are not far
from this. As in literature higher yields have been
reported and plasma catalysis is considered as a prime
process intensification enabler, it is assumed reasonably
to apply a factor 10 in the assessment of Table 6.

On this background, Table 6 shows the proposed foot-
print (area) and the number of industrial production
plants for the three process stages and their total value,
satisfying the ammonia production scale needed for

TABLE 5 The calculated ammonia equivalent and amount of fertilizer required for different locations studied in this study

Parameter Ammonia equivalent Urea Ammonium phosphate Ammonium sulfate Ammonium nitrate

MW, (g/mol) 17 60.06 149.09 132.1 80.04

Ammonia ratio – 0.2831 0.114 0.1287 0.2124

Location 1, (t/a) 122 970 286 772 244 644 63 910 26 696

Location 2, (t/a) 78 037 166 419 212 778 27 739 14 582

Location 3, (t/a) 201 472 543 18 12.7

Location 4, (t/a) 176 471 470 112 299 438 33 477 23 250

Location 5, (t/a) 121 859 285 550 244 644 60 470 25 180

Abbreviation: MW, Molecular weight.

TABLE 6 The calculated land area and number of the proposed process plants at the five different Australian locations based on

production scale given in Table 4

Location
Land for bio-mass
plant (km2)

Land for TP
plant (km2)

Land for
NTP (km2) Total landa (km2)

No of biomass
plantb No of TPc,d No of NTPd,e

1 (WA) 32.1 0.21 0.0012 32.310 214 8 12

2 (SA) 20.4 0.13 0.0008 20.530 136 6 8

3 (NT) 0.15 0.0003 0.0001 0.151 1 1 1

4 (NSW) 46.2 0.31 0.0018 46.512 308 11 18

5 (WA) 31.8 0.21 0.0012 32.011 212 8 12

aConsidering 20% of the total required area as a space between plants.
bEach biomass plant requires an area of 150 000 m2 to produce 500 kg/day (approximately 1000 m3/day) of biomethane.
cEach TP plant with capacity of 16 kt/a requires 40 468 m2 of land.
drenewable energy share >0.85.
eEach NTP plant with capacity of 10 kt/a requires 100 m2 of land.
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producing the fertilizer mix. The latter were recalculated
from the data using the stoichiometric ratio and assum-
ing an average conversion of 90%.

The data shows, and not surprisingly, that while the
thermal plasma plants—rated by their mere numbers—
suits the scale of industrial fertilizer production (which is
mega-scale), whereas the two other processes—the bio-
mass and nonthermal plasma plants—are not yet ready
for that concerning a production scale of a sub-national
level. Any numbering-up of plants/reactors above 10 and
area above 0.5 km2 is questionable, and thus substantial
technology development is demanded.

Remarkably, the land use of the nonthermal plasma
plants is low and commercially competitive, as we
assumed it profits from the use of compact container
technology and process intensification; this is exactly the
scope within it has been developed. The high number of
nonthermal plasma plants is unfavorable external
numbering-up and may be reduced by internal
numbering-up of reactors and scale-up of separation
units.[30,58]

Taking all those optimistic assumptions, the predicted
number of plants would be: About 10: 1: 2 number of
plants for biomass: thermal plasma: nonthermal plasma
plants, respectively. That ratio seems reasonable, and
may give chance for further optimization.

Thus, today's process technology of all three plants
could satisfy the demand of the Northern Territory region
and any 10-times equivalent of it; it may satisfy the fertil-
izer on a regional level; for example, for a farmers collec-
tive needing a few 1000 t/a. Our proposed production
technology as of today, is ready for a collective of about
two farmers who are growing crops on a total land of
30 000 ha approximately in all of Australia's regions.
Within this region, the approach is resilient and flexible
against various production scales. Anything above that
scale, needs a reinvestigation of the laboratory technol-
ogy, to give process intensification in the lieu of above-
mentioned concrete improvements. The nonthermal
plasma technology, for example, is just at its beginning
and has been improved over the last decade. It can proba-
bly improve toward a capacity of one order of magnitude
and more.

5.2.2 | Self-sufficiency

Renewable energy: hybridization with a solar
photovoltaics
Figure 11 represents the variation of the renewable
energy share with the months of the year for the pro-
posed system at the five different geographical locations
in Australia. As can be seen, the highest renewable

energy fraction is seen from January to March in the
Australian summer, when the solar irradiation is
the highest. As shown, there is no difference between the
energetic performances of the system in all locations as
the solar radiation can provide sufficient energy demand
to supply the electricity required for the plant. However,
from April to September, the solar irradiation is reduced
due to the change in the angle of the sun, and hence the
renewable energy fraction decreases reaching from 0.91
to 0.77 for the NT site and from 0.79 to 0.6 for the other
locations. For Pilbara in WA, the energetic performance
of the system still is relatively high as the amount of irra-
diation in this geographical location is >2200 kWh/m2

per year. It is worth mentioning that there is a potential
to hybridize the system with an electrical storage unit
particularly for the period from October to March in all
locations, which would the energetic performance of the
system. However, this is beyond the scope of the present
study and might be investigated in ongoing works by our
group. Notably, the solar panel yield considered in the
simulation was 15%, thereby developing more efficient
solar panels will, in turn, improve the energetic perfor-
mance and renewable energy share of the system as well.

Figure 12 represents the variation of the renewable
energy fraction with the area of the solar photovoltaic
field for different locations in Australia at PR = 0.5. As
can be seen, considering all the losses in the system and
solar field area of �10 km2, the renewable energy frac-
tion approaches 1. This means that the system can self-
sustain with a renewable energy source such as solar
photovoltaics providing that electrical energy storage is
used in parallel to accumulate the extra energy and to
avoid electrical energy purged from the system. This, of
course, requires a huge storage system and infrastructure

FIGURE 11 Comparison between the solar photovoltaic share

calculated based on real-life data for the chosen five different

geographical locations in Australia
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and a robust techno-economic assessment. Also, process
intensification might be a potential solution to reduce the
area required for the development of the solar photovol-
taic farm. For the present research, the yield for the solar
panel was 0.15, however, by developing high-yield solar
photovoltaic systems including efficient panels, storage
and inverters, the required area can be reduced.

Renewable energy: Hybridization with wind energy
In Figure 13, the potential hybridization of the proposed
system with wind energy is investigated. Figure 13 repre-
sents the variation of the renewable energy fraction with
the number of wind turbines required to supply the
energy demand of the system. In Figure 13A, the perfor-
mance curve of the 1.5 MW wind turbine is shown. As
can be seen, the performance of the wind turbine is rela-
tively low at wind speeds <15 m/s. Since the wind data
for the five chosen locations are mostly <10 m/s, the tur-
bines cannot work at their maximum nominal capacity,
which in turn would require the installation of more
wind turbines to compensate for the wind speed. As can
be seen in Figure 13B, the minimum number of wind tur-
bines, which can fully cover the energy demand of the
system is 1 for the NT site, >350 for other locations and
250 for Pilbara in WA. Thus, it depends much more on
the specific location than given for the solar panel farms.
Notably, the efficiency of the turbine is also another key
parameter affecting the number of wind turbines to be
installed and also the capital investment required for the
wind turbines. For example, for Pilbara, for the low-
efficiency case (0.1) the minimum number amounts to
400 wind turbines and for the high-efficiency case (0.3)
only 250 wind turbines are required to fully cover the

energy demand of the system. As a technological
upgrade, electrical storage can be used to store the electri-
cal energy, when wind speed is above 10 m/s, and be
used when the wind speed is not high enough. Amongst
the locations assessed in Australia, Pilbara shows great
potential, since there the proposed system can be hybrid-
ized with a wind farm to produce the required energy
demand for the plasma reactors.

5.2.3 | Resiliency

Holistic view in terms of the industrial transformation
In the two previous sections, we have already assessed
indirectly the resiliency of the proposed systems, when
discussing their local adaptability and self-sufficiency, in

FIGURE 12 The calculated dependence of the photovoltaic

solar energy share value on the solar field area for different

locations based on the real-life data in Australia

FIGURE 13 (A) Performance diagram and power coefficient

for the wind turbine based energy generation considered in the

model extracted from literature[1] and (B) the calculated

dependence of the wind energy share with the number of turbines

required to supply the energy demand of the system in the five

chosen locations based on the real-life data in Australia
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terms of resource, production capacity, and energy effi-
ciency/circularity. We add here a helicopter view
mirroring those technological assessments to the chal-
lenges of the industrial transformation, as described in
the introduction and being accelerated by COVID. This
will give a holistic and business-oriented conclusion of
the resiliency opportunities. Table 7 summarizes the
insight gained on the holistic resilient opportunities pro-
vided by the new integrated technology here.

6 | CONCLUSIONS

At the example of ammonia as one of the top-3 globally
largest manufactured chemicals, we have explored the
feasibility of integrated local, resilient and self-sufficient
manufacturing of this major fertilizer product. As a
starting point, biomass anaerobic digestion to biogas was
taken and ammonia is the end-product (with an option
to make nitric acid and nitrates as well). To judge the
economic validity, we have performed an exergy assess-
ment for the triple-integrated chemical process from bio-
mass to ammonia; integrating the following real-life
industrial directives as an essential part of our theoretical
study.

• Peats Soil Company fertilizer manufacture: Point of
manufacture at the industrial site: taking data from a
commercial product and business opportunity

• South Australian No-Till Farmer Association
(SANTFA) advice: personalization of fertilizer product,
customized for individual users, with user-friendly
enhanced and environmentally benign product
functionality

• AgGrow Energy Resources Company (AER) advice:
utilization of waste to energy and renewable bioenergy
strategies relevant to Australia; and potentially
globally.

We developed a process concept leveraging a new pro-
duction technology to enable:

• quick response and just-in-time production,
• product variety at multiple scales of production,
• resource efficiency and improved environmental sus-

tainability, as they become mature,
• enhanced designer/producer/end-use opportunity.

On this background, we could demonstrate:

• Exergy, thermodynamic feasibility: Thermochemical
equilibrium analysis showed that the exergy efficiency
of the system strongly depends on the production

scale, however, it is always above the threshold of 0.21
(useful exergy efficiency threshold).

• Self-sustaining: part of the energy requirement of the
nonthermal reactor can be covered by electricity pro-
duction using steam produced by heat recovery from
thermal plasma plant.

• Local manufacturing capability: the system is flexible
to the source of energy and type of feedstock
depending on the location of the plant. The process
offered the potential to be hybridized with wind and
solar energy.

• Self-sufficiency: Ammonia is utilized as fertilizer and
generates crops such as grape marc or mustard seed,
which create food waste and feed animals to create
animal waste (to generate ammonia again using the
proposed process).

• Resilience: The proposed system was resilient against
engineering, geo-economics, location, feedstock and
type of energy resources.

• Local adaptability: the capability (scale of production)
of the anaerobic digestion and the nonthermal plasm
plants are low, and do not match the upper scale of the
thermal plasma plant. Those technological current
shortcomings prevent the use on a national and state
level. The use at a regional level is potentially possible,
yet needs considerable process intensification to be
economically viable; besides fulfilling basic require-
ments of plant size. Yet within those limitations, the
proposed system can be tuned with the local needs and
end-user requirement, and thereby is not economically
dependent on a specific feedstock.

• Environmental friendliness: The solid carbon and also
the CO2 produced in the system is sourced from bio-
mass, hence the process is carbon-neutral and does not
contribute to the emission of greenhouse gases. Also,
hybridization with renewable energy such as solar and
wind can promote economic viability and the final
leveled cost of energy.

7 | OUTLOOK

A changing world economy asking for new ways of
manufacturing and emerging disruptive technologies
converge these days. The research reported in this manu-
script tries to open a new chapter in this large stream.
The COVID pandemic has accelerated this transforma-
tion. The creation of new markets by underwriting a
bookbuild is the key. Translational technologies as pres-
ented here help to support the reskilling of lateral and
intransigent researchers and to build an ecosystem that
supports high-value skills, which engages Australia's raw
materials and agriculture. The future will mirror how the
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presented concept can contribute to improving the resil-
ience of the Australian economy by diversification.

Developing Northern Australia initiatives are at the
forefront of many innovative sustainability initiatives
and maybe the consummate test case for local, inte-
grated, and circular technologies such as the biomass-
to-fertilizer process proposed here. This technology can
fill a missing link for those initiatives, and, in turn, be
fine-tuned and put on the scales by serving a real-life
business case.

In the North West of Western Australia, in the remote
Pilbara and Kimberleys there is a specific opportunity to
utilize mine dewatering resources to create valuable irri-
gation food, fiber, fodder and forestry crops.[59] In the last
2 years alone over 80 new irrigation projects have started
in these remote country locations. However, fertilizer
nutrients and especially nitrogen for grasses and high
protein crops have to be trucked in from over 1000 km
away. Regionally produced sustainable and preferably
organic nutrients that substitute costly imported fertil-
izers would be a welcome and highly cost-effective alter-
native. Technical challenges of this proposed process are
foreseen yet there are some suggestions to direct future
research as follows:

1. Higher energy demand The electric energy required
for the nonthermal plasma process to NOx and
ammonia is several times larger than for current cen-
tralized processes. Thus, there are two essential ways
to make that gap smaller, resulting in the commercial
applicability of the plasma plants. First, the energy
must be taken from a renewable one such as solar or
wind energy. Second, heat recovery and power cycle
are needed to recycle a portion of the energy back into
the system, and we have defined a self-sustaining
parameter.

2. Storage capacity In Australia, solar energy is available
in most of the locations with reasonable efficiency.
Adiurnal and global solar profiles with sufficient
exergy can be received from 7 am to 8 pm excluding
cloudy sky or shadow effect. Hence 10–12 h of storage
capacity via a battery storage system can plausibly
provide sufficient energy for driving the process at
night. However, such a large capacity of storage will
affect the techno-economic viability and final
levelized cost of energy (LCOE) of the system. In the
present study, a techno-economic view and energy
price analysis were not the goals of the present study.
However, this is being investigated in another
research, which we do currently leveraging the real-
life system of a solar farm and its large-scale battery
units at our Roseworthy campus, which is an agricul-
tural research ecosystem with cattle and other study

foci, outside of Adelaide in the rural area. The goal is
to show if our plasma reactors can be run with inter-
mittent energy alone without the need for expensive
storage units; meaning with varying degrees of con-
version and changes between those within minutes.
That promise has always been assigned to plasma pro-
cess technology, yet the proof is outstanding.

3. LCA emissions of renewables Commensurate with this,
the proposed system offers a green approach by mini-
mizing the emission of greenhouse gases by introducing
a plasma reactor using renewable resources. Also, car-
bon dioxide is only formed in the biomass anaerobic
digestion reaction, which is a green CO2 and is sourced
from biomass. Hence, it does not contribute to global
warming. We admit that LCA emissions arise in the full
life cycle of renewable energy systems such as con-
cerning the construction, maintenance, and operations
of such systems; yet at a level much lower than for fos-
sil fuels. Common databases such as EcoInvent include
such small emissions. Even if such emissions would
make a difference, a change from a solar to a hydro-
thermal system could be an option.
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