The International Journal of Life Cycle Assessment
https://doi.org/10.1007/s11367-023-02187-5

LCA FOR ENERGY SYSTEMS AND FOOD PRODUCTS q

Check for
updates

Internalisation of environmental costs of decentralised nitrogen
fertilisers production

Jose Luis Osorio-Tejada'>® - Evgeny Rebrov' - Volker Hessel'2

Received: 30 December 2022 / Accepted: 18 May 2023
© The Author(s) 2023

Abstract

Purpose Ammonia (NH;) production is an energy-intensive process that is concentrated in a few countries at large-scale
plants, mainly using the Haber—Bosch (HB) process. Local plants next to farmers can reduce environmental impacts, as
well as reduce storage, shortage risks, and price volatility of fertilisers. Since local NH; production is not cost-effective, we
analyse how internalisation of environmental impacts into economic analyses could help to promote novel technologies for
NHj; synthesis when supplied with renewable energy.

Methods Mini-HB plants working at high pressure and temperature, as well as novel alternatives based on plasma reactors
working at ambient conditions and using electricity from renewable sources, have been recently proposed for decentralised
NH; production. To evaluate the environmental performances of these alternative and traditional NH, pathways, a life cycle
assessment was performed to quantify the reduced emissions in each production process and the impacts of by-product
utilisation, such as steam, oxygen, or carbon black. Different scales of storage and transportation, fuelled by traditional
energy sources, were modelled to quantify the impacts of the simplified NH; supply chains. A review of monetary valuation
coefficients was performed to internalise the life cycle environmental impacts into the techno-economic analyses of NH;
production in Australia.

Results and discussion Most of the estimated environmental costs were due to the carbon emissions of conventional plants
and thermal plasma plants because of the use of fossil-based electricity. However, the high external costs associated with
the photochemical oxidant formation and particulate matter affected the thermal plasma and non-thermal plasma (NTP)
plants, costing in total 9,500 and 4,200 $/t NH; respectively, due to the impacts of solar panels manufacturing. In contrast,
electrolyser-HB plants obtained rates of 114 $/t NH; because of the high energy efficiency and oxygen sales. In the future
scenario for NTP-based plants, this alternative could also be competitive with rates of 222 $/t NH,. Additionally, the estimated
total external costs for the conventional NH; industry in Australia amounted to about US$5 billion per year.

Conclusions Electrolyser-HB plants could be cost-effective in the short term due to the energy efficiency of HB processes.
However, the HB process has reached its efficiency limits, while the NTP process still has room for improvement, as well as
its production costs are lower at smaller scales. In addition, if monetised environmental costs are analysed for a whole indus-
try, public administrations could be prompted to invest the expected savings in the promotion of these novel technologies.
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EMEP European Monitoring and Evaluation
Programme

EVR Eco-costs-Value Ratio

HB Haber-Bosch

HBEFA  Handbook Emission Factors for Road
Transport

HTP High-temperature plasma

H, Hydrogen

LCA Life cycle assessment

LCIA Life cycle impacts assessment

MMBTU Metric million British thermal units

MMG Milieugerelateerde Materiaalprestatie van
Gebouwelementen

MVC Monetary valuation coefficients

NG Natural gas

NG Natural gas

NH; Ammonia

N, Nitrogen

NO, Nitrogen oxides

NMVOC Non-methane volatile organic compounds

NTP Non-thermal plasma

Opex Operating costs

0o, Oxygen

PEF Product environmental footprint

PEM Proton exchange membrane

PM,, Particulate matter with a diameter of 10
microns or less

PSA Pressure swing adsorption

SMR Steam methane reforming

TEA Techno-economic analysis

UCOP Unitary cost of production

1 Introduction

Ammonia (NH;) is an indispensable fertiliser feedstock to
sustain global food production. Over 90% of NH; is pro-
duced from hydrogen (H,) and nitrogen (N,) through the
Haber-Bosch (HB) process (Finez-Guerra et al. 2020)),
mainly using natural gas (NG) via the steam methane
reforming (SMR) process (Parkinson et al. 2018). This
energy-intensive process has a carbon footprint of about 1.6
t CO,/t NH;, contributing to 1.8% of global carbon emis-
sions (The Royal Society 2020).

Dependency on energy feedstock has led to the concentra-
tion of NH; production in a few countries where non-expensive
NG is available, such as Trinidad and Tobago, Russia, Saudi
Arabia, and the United States, or in countries with abundant
coal reserves, such as China (IEA 2021; Indexbox 2023).
This centralisation of NH; production increases the carbon
footprint of fertilisers when exported to different continents.
Moreover, the volatility of NG prices has revealed the unsus-
tainability of conventional fertilisers production. The rise in
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NG prices by the end of 2021 increased the cost of each
NHj; tonne in Europe from US$ 300 up to US$ 810 (Durisin
2021). The recent trade disruptions related to the pandemic
lockdowns have also increased international shipping costs
and time. Additionally, the NH; offer curtailment due to the
Russia-Ukraine conflict has escalated NH; prices in March
2022 reaching peaks of US$ 1,625 in Tampa (Agroberichten
Buitenland 2022). Food security in countries with a high
dependency on imported fertilisers has been affected to a
greater extent. For example, in Peru, 68.5%, 97.4%, and
50.9% of NHj;-derived fertilisers such as urea, ammonium
nitrate, and ammonium sulphate, were imported from Russia
in 2021, respectively (Government of Peru 2022). These
factors have generated a local shortage of fertilisers and tri-
pled their prices, triggering protests of farmers and infla-
tion because fertilisers usually share about 27% of the total
production costs of basic food products such as rice (Agencia
Agraria de Noticias 2022; Adepia 2022). Furthermore, chal-
lenges encountered in inland transportation significantly
increase the cost of fertilisers for end-users, particularly in
landlocked countries and regions with rough topography
and limited rail transport. In these areas, the distribution of
fertilisers heavily relies on expensive road transport, espe-
cially in South America and Sub-Saharan Africa (Roberts
and Vilakazi 2014; Vilakazi 2018; IFDC 2019; Takele and
Tolcha 2021). Similarly, countries with geographically dis-
persed agricultural areas away from cities and ports, such
as Australia, encounter high costs for inland distribution of
fertilisers due to the limited railway network connections near
end-users (Tran et al. 2021).

These drawbacks have made us aware of the need to move
towards an economic model based on a resilient and self-
sufficient decentralised production. Small-scale NH; distrib-
uted plants next to farmers, besides mitigating the global
supply chain issues, can create additional benefits such as
local employment, the utilization of local resources, tech-
nological and knowledge transfer, crop intensification by a
tailored fertiliser production, and environmental benefits due
to the use of cleaner energy sources.

Different plant configurations have been proposed to pro-
duce cleaner NH; than the conventional NG-based plants
which produce “grey NH;”, such as the “turquoise NH;”
plants that also use NG but through high-temperature plasma
(HTP) pyrolysis for the H, production which does not release
CO, (Long et al. 2021; Sarafraz et al. 2021; Osorio-Tejada
et al. 2022c), or “green NH;” plants that use electricity from
renewable sources to produce H, through water electrolysis
to be used in all-electric HB (eHB) plants (Morgan 2013;
Fasihi et al. 2021) or in novel non-thermal plasma (NTP)
reactors (Anastasopoulou et al. 2020b; Osorio-Tejada et al.
2022b). NTP systems have been recently proposed as prom-
issory alternative because they can be turned off and on
quickly due to low thermal inertia (Snoeckx and Bogaerts
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2017), in contrast to the HB systems, which ideally run con-
tinuously, that is, they take many hours to reach a steady
state process (Muelaner 2020), which does not interface with
the intermittency of renewable energies.

The feasibility of these emerging technologies can be pro-
moted by the internalisation of the environmental benefits.
Fasihi et al. (2021) analysed NH; production costs at factory
gate of electrolyser-eHB plants in different locations sup-
plied by photovoltaic and wind electricity. They concluded
that these plants would be cost-effective by 2040 if a carbon
tax of 75 €/t CO, were charged. However, they assumed that
renewable-based electricity was zero emissions, omitting
the life cycle emissions of these resources and other envi-
ronmental impacts. In a recent study (Osorio-Tejada et al.
2022b), we performed life cycle assessments (LCA) for con-
ventional and alternative NH; production pathways consid-
ering relevant environmental impact categories in chemicals
production (Maranghi and Brondi 2020; Osorio-Tejada et al.
2022a), concluding that the electrolyser-HB plants fed with
solar energy can generate only 0.12 t CO,/t NH; in compari-
son to 2.10 t CO,/t NH; of conventional plants, in a cradle-
to-site (farm) assessment. These alternatives for distributed
production also reduced ozone formation impacts caused
by NOx emitted by diesel trucks, as well as reduced water
eutrophication impacts caused by the fossil-based electric-
ity from the national grid, especially from the hard coal and
lignite power plants. However, these small-scale plants for
distributed NH; production cannot reach the economics of
the large-scale centralised NH; plants, costing around three
times higher than the average (Tran et al. 2021). For this
reason, despite the benefits of local production, alternative
plants have not been widely deployed. Even if taxes on car-
bon emission are imposed, alternative plants would not be
competitive during periods of low NG prices.

In that regard, to enhance the competitiveness of cleaner
production processes, there have been proposals to internal-
ize emissions other than CO, through various methods aimed
at monetising environmental impacts based on LCA impact
categories. Monetisation represents the weight of an impact
category in monetary value based on the costs of preventing
or repairing damages, as well as how much society is willing
to pay to prevent these impacts (Durdo et al. 2019). However,
hitherto there is no consensus in the scientific community on
the most suitable monetisation method (Thi et al. 2016; Canaj
et al. 2021). This is because of the high uncertainty in esti-
mating monetary valuation coefficients (MVC) due to diverse
factors involved, including: (i) the monetisation approach,
which can be based on abatement costs, budget constraints,
damage costs or societal willingness-to-pay (Pizzol et al.
2015; Arendt et al. 2020); (ii) the geography, as methods
developed in Europe might not be applicable to other conti-
nents due to different market prices and budget constraints,
resulting in very different MVC (Amadei et al. 2021); and

(iii) the followed life cycle impacts assessment method,
which can be based on a few impact categories (Davidson
et al. 2005; Ahlroth and Finnveden 2011; European Com-
mission et al. 2019), or several impact categories, such as
the 16 categories of the Product Environmental Footprint
method (European Commission 2018) utilised in (European
Commission et al. 2020; Amadei et al. 2021), or the 18 cat-
egories of the ReCiPe 2008 (Goedkoop et al. 2009) and 2016
(Huijbregts et al. 2017) methods utilised in (de Bruyn et al.
2018) and (Ponsioen et al. 2020).

In a recent review on monetisation methods in LCA,
Amadei et al. (2021) analysed 18 methods that presented
MVC for diverse impact categories. Many of these methods
considered different lists of impact categories and some had
similar impact categories but with different units (e.g., ion-
izing radiation can be expressed in either kg U-235 eq. or
kg Co-60 eq.), making them incomparable. Only six impact
categories were common across diverse methods by using
the same units and monetisation approach (e.g., damage
cost), These categories were climate change, ozone deple-
tion, particulate matter, ionizing radiation, photochemical
ozone formation, and acidification. Although the moneti-
sation methods utilise a similar approach, the uncertainty
surrounding the choice of a specific method is exemplified
by the fact that the MVC for these six impact categories
can vary by up to three orders of magnitude (Amadei et al.
2021). This level of uncertainty would suggest the need for
sensitivity analysis or comparison of different monetisation
methods when no specific method is identified as appropri-
ate for a given study.

In brief, we perform a techno-economic analysis (TEA)
and a LCA of different NH; production pathways to esti-
mate the cost and environmental impacts of NH; at farm
in Australia. In this country, most of the nitrogen fertilisers
are imported and the domestic production is concentrated
in large-scale plants located near ports, resulting in long-
distance transport of fertilisers to inner agriculture areas
(Fertilizers Australia 2019; Tran et al. 2021). In this sense,
the TEA and LCA consider credits of by-products utilisa-
tion and reduced emissions in the production stage by using
novel technologies, as well as the impacts of storage and
transport. Moreover, LCA results are monetised and inter-
nalised using MVC for five impact categories to identify
the most cost-effective configuration when environmental
aspects other than carbon credits are considered.

2 Methods

The environmental profiles of the different NH; produc-
tion pathways were estimated according to the standard
ISO 14044 (ISO 2006) for LCA studies. The TEA was
performed by estimating the unitary cost of production
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(UCOP) of NH;, as well as the cost of its storage and
transport to provide insights into the economic perfor-
mance of the conventional and alternative pathways. We
estimated the external costs of NH; production, that is, the
costs that society would pay to mitigate the damages to
human health, ecosystems and material resources caused
by the emissions in the NH; supply chain, which are not
generally assumed by producers. Finally, we internalise
the estimated external costs in the economic analysis of
each NH; supply chain.

The UCOP of NH; was obtained after estimating the
annual operating costs (Opex) and the annualized capital cost
(ACC) (Towler and Sinnott 2013). The ACC was calculated
by considering an annual capital charge ratio (ACCR) with
a 10% interest rate (i) and a 15-year lifespan (n), as shown
in Egs. (1-3). Opex comprises both annual variable operat-
ing costs, which correspond to the actual cost of feedstocks
and energy inputs and outputs (by-products), and annual
fixed operating costs, such as labour, maintenance, insur-
ance, property taxes, and other related expenses. The fixed
operating costs were estimated using a factorial approach
linked to the total capital costs (Capex), which represent the
actual non-installed equipment cost plus the cost of installa-
tion (Peters et al. 2003).

Opex + ACC

2.1 Goal and scope definition

This study aims to analyse the extent to which cleaner
alternative NH; production pathways can be cost-effective
when environmental benefits are internalised in the eco-
nomics of the supply chain in a cradle-to-site evaluation in
Australia, in comparison to the supply chain of NH; pro-
duced at conventional large-scale HB plants based on SMR
process, Fig. 1.

Pathway 1 is an SMR-HB national-scale plant to supply
an annual demand of 1.6 million tonnes (t) NH; (Tran et al.
2021) up to 4,800 km away. For regional supply to farms
up to 800 km away, plants with a capacity of 320,000 t NH,
were considered. For these regional-scale plants, two plau-
sible options for this production volume were compared:
pathway 2 using conventional SMR-HB plants and pathway
3 using HTP-HB plants. Pathway 4 is for electrolyser-eHB
county-scale plants with a capacity of 106,500 t NH; per
year, up to 300 km away from farms. And for the local-
scale production, the feasible options are electrolyser-eHB
plants (pathway 5) and electrolyser-NTP plants (pathway
6) at farmers’ cooperatives with capacity of 10,650 t NH;
per year, around 30 km away from farms. Given the high
energy demand of the national- and regional-scale plants,
fossil NG and electricity from the Australian grid were used

UCOP = ol - (1)  in pathways 1, 2, and 3. Despite the potential use of solar
annuat piant capacity photovoltaic electricity or methane from biomass residues in
Australia, these energy sources were not considered for the
ACC = ACCR X Capex (2)  national and regional pathways because they would require
large extensions of land (in the case of solar energy) and
(T +1)™] large quantities of biomass, which are not always available
ACCR= —— ?3) .
[(1+D)"=1] due to its seasonal nature. In the case of the county- and
cooperative-scale plants, due to the lower energy demand of
Hz and Nz NH3
production synthesis
] u \: F"f_jl )
: 1,600,000 t/yr
| e D 2w =5
3 Regional HTP — |:> =) |!| 500 km
IPS_AI HB 320,000 t/yr m 3
4 County Electrolysis | mmjp cHB |:>
[PSA_ |ep
= Cioctronel 106,500 t/yr 270 km
/'.'J;l — 5 Local ectrolysis Jemp| o '!@-!}E
el 7 PSA — — @
6 Local Electrolysis | s =  —
NTP 10,650 t/yr 30 km
- PSA — Farmers’ _jaa
cooperative - —N Hs Farmers
Steam  Oxygen Carbon black

Fig. 1 NH; production pathways. Note: PSA stands for Pressure Swing Absorption unit for the nitrogen production. In the conventional pathway

1, nitrogen production is included in the SMR process
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these all-electric plants, solar photovoltaic (570kWp open
ground installation, multi-Si) systems were considered.

The defined functional unit was 1 tonne of anhydrous
NH; produced, stored, and transported to the site of utilisa-
tion. The pathways were analysed with the approach of the
“avoided burden” or system expansion (ISO 2006; Ayer et al.
2007) because each pathway generates co-products (carbon
black (CB) from the HTP process or oxygen (O,) from the
electrolysis process) and by-products (heat or steam from
the HB process).

2.2 Life cycle inventory analysis

Materials, energy, and emissions balances for the NH; pro-
duction and storage were elaborated based on data from lit-
erature, mostly obtained from lab experiments and process
simulation software. Then, datasets for materials and energy
flows were taken from the available data for Australia in
Ecoinvent 3.8 (ETH 2022) cut-off approach. Similarly, to
elaborate inventories of the components of transport sys-
tems, such as fuel production, vehicle and road manufac-
turing/construction, maintenance, and end-of-life activities,
we adapted the Ecoinvent datasets for road freight transport
to our specific study by replacing the average electricity,
fuel and biofuel inputs with specific inputs that reflect the
Australian mix of sources. In contrast, for the central com-
ponent of transport systems (i.e., vehicle operation), we used
the European air pollutant emission inventory EMEP/EAA
guidebook (EEA 2019) to model emissions from fuel, lube
oil, and urea consumption, as well as from brake, tyre, and
road surface abrasion.

Production and storage Inventories for NH; production in
SMR-HB plants in pathways 1 and 2 were elaborated based
on the existing model in Aspen software (Anastasopoulou
et al. 2020a). For pathway 3, the HTP section consumed 17.3
MWh/t H, and 0.19 m® NG/t H, and produced 3 t CB/t H,
(da Costa Labanca 2020). For pathways 4 and 5, we selected
proton exchange membrane (PEM) electrolysers because
they have a faster response and more flexibility than alkaline
electrolysers, being ideal for the use with renewable energy
systems (Nel ASA 2020; Ottosson 2021). PEM electrolysis
consumed 55.5 MWh/t H, and 14.3 t deionised water/t H,,
and produced 8 t O,/t H, (NREL 2019; Ottosson 2021), with
an O, purity of over 99% (Zeng and Zhang 2010), which is
suitable for medical applications.

The PSA unit consumed 0.11 MWh/t N, (Morgan et al.
2014). For the NHj; synthesis, it basically requires around
0.18 t of H, and 0.84 of N, to produce 1 t of NH;. The data
for the HB processes was based on Anastasopoulou et al.
(20204, b). The electricity consumption for the NTP reactor
was 28.0 MWh/t NH;, based on an energy yield of 35.7 g

NH;/kWh (Kim et al. 2017). The assumed NH; concentra-
tion output was 1.0 mol%, which requires a post-separation
system with a recycling loop of the unreacted Np/H, which
consumes 0.28 MWh/t NH; (Rouwenhorst and Lefferts
2020), plus 1.29 MWh/t NH; for cooling required in the
separation/purification process. The final product is stored
in pressurized cylinders at 20 °C and 10 bar with a compres-
sion cost of 82 kWh/t NH; for a total of 29.65 MWh/t NH;.
This storage type was used only for the cooperative-scale
plants because pressurized cylinders have maximum capaci-
ties of around 270 t (Bartels 2008), therefore, refrigerated
tanks at -33 °C and 1 bar were used for the other bigger
plants. The annual cost of refrigeration in these tanks is
about 64.15 kWh per tonne of NH; capacity (Bartels 2008).
We estimated storages capacities of 155,294 t, 31,059 t,
5,168 t, and 514 t for the national, regional, county, and at
cooperative plants, considering the storage of 30 days of pro-
duction for the national and regional plants and 15 days for
the county and at cooperative plants (IFDC/UNIDO 1998;
Morgan 2013).

Transport The best supply chain scenario for the central-
ised plant was considered. The initial 4000-km journey from
the national-scale plant to the regional storage was carried
out by diesel-electric train, and for the rest of the journeys,
tanker trucks of different sizes were used. Given the rel-
evance that transport would play in the cost and environ-
mental profile of long-distance distribution of fertilisers, we
modelled the vehicle operation emissions using a detailed
approach instead of the generic Ecoinvent inventory data-
sets for road freight transport (Osorio-Tejada et al. 2022d).
This specific modelling considered the characteristics of
the Australian fleet and roads, such as control emissions
standards, truck sizes, load factor, axles number, speed, and
road slopes. Inventories were created for each kind of truck
with specific Euro emissions standard technology to elabo-
rate single inventories for both rigid and articulated trucks
representing the mix of vehicles with different pre-Euro and
Euro equivalent control emissions technologies and specific
operating conditions in Australia. These detailed inventories
are presented in supplementary material SM1.

Techno-economic analysis Capex for the SMR-HB plants,
as well as the HB section in pathway 3 were based on the
data presented in Anastasopoulou et al. (2020a). Costs for
the HTP section were based on data from da Costa Labanca,
(2020); for the PEM electrolyser on NREL, (2019); for the
NTP reactor on Dobslaw et al. (2017); and for the PSA unit
on Kohl and Nielsen, (1997). The equipment for the NH;
separation and compression was based on Anastasopoulou
et al. (2020a). All these costs were adapted for each plant size
using a scaling factor of 0.8 for electrolysers (Demirhan et al.
2019; Squadrito et al. 2021) and 0.6 for the other equipment
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(Whitesides 2012), then the estimated costs were updated
to US$2020 based on the chemical engineering plant cost
indexes (CEPCI) (Jenkins 2021).

Regarding Opex, we assumed a cost of $50/MWh for grid
electricity and a conservative cost of $40/MWh for onsite
photovoltaic electricity generation based on Fasihi et al.
(2021), who stated that the cost of fixed tilted solar photo-
voltaic in Australia was between 20 and 30 €/MWh in 2020,
and potentially halving the cost by 2050. Other utilities cost
were estimated according to the Ulrich 2006 method (Ulrich
and Vasudevan 2006) based on the NG cost during aver-
age conditions of 4 $/MMBTU. About catalysts, the NTP
and HB reactors consumed Fe surface catalysts with rates of
1.4 kg and 0.056 kg per t of NH;, respectively with an aver-
age cost of $15.5/kg (Anastasopoulou et al. 2020a). Labour
costs were calculated using a scaling factor of 0.25 (Peters
et al. 2003) based on two technicians required for a 340 t
NH,/year NTP-based plant as reported by Anastasopoulou
et al. (2020a). Regarding co-products, the sale price for CB
from the HTP section was assumed 1,000 $/t CB (ChemAna-
lyst 2021). For the price of pure O, from electrolysers, given
the high demand for pure O, in hospitals during Covid-19,
the analysis of the profitability of electrolyser plants using
O, revenues has become relevant. These O, sale credits
also require additional investment and energy for the O2
compression and storage system. Recent studies have found
profitable electrolyser plants by considering sale prices for
compressed high purity O, of 2 €/kg O, (Nicita et al. 2020),
3 €/kg O, (Maggio et al. 2022), or a range from 1 to 7 €/kg
O, (Squadrito et al. 2021). Howeyver, since the medical grade
market is small and limited, and even more in rural areas
where NH; plants would be located, the O, production might
eventually have to be sold at other markets where not high
purity is required, such as wastewater treatment, aquacul-
ture, or industrial processes. The O, sales revenues might be
lower, even obtaining minimum revenues of 0.1 AUS$/kg O,
(Gurieff et al. 2021). Hence, we have assumed a conserva-
tive average sale price of 0.55 $/kg O,.

For storage, an investment cost for refrigerated storage
of about 950 $ per tonne of NH; capacity was based on data
from Boom (2020). For the pressurized tanks required in the
cooperative-scale plant, the investment cost was about 3,000 $
per tonne of NH; capacity (Leighty 2021; Nayak-Luke et al.
2021). We assumed a 30-year lifespan and a scaling factor
of 0.75 based on Morgan (2013). We considered fixed operat-
ing costs (e.g., parcel rent, labour costs, etc.), as a fraction
of the total capital investment. For refrigerated storage, this
fraction was set at 3% along with the cost of refrigeration
(64.15 kWh/t NH;), while for pressurized storage, the frac-
tion was 2% (Nayak-Luke et al. 2021). After these consid-
erations, we estimated costs of 8.6, 12.7, 9.9, and 19.1 $/t
NH; stored for the national, regional, county, and cooperative
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storage, respectively, at plant gate. That is, the actual storage
costs are 50.3, 41.7, 29.0, and 19.1 $/t NH; for the respec-
tive pathways, considering the required intermediate storage
before the NHj; arrives to farm as shown in Fig. 1.

For transportation, we estimated rates of 0.12, 0.21, and
0.30 $/tkm for NHj transport by articulated tanker truck, bob-
tail 3 axle, and bobtail 2 axle, respectively, based on data from
the Western Australia Department of Transport (Australian
Government 2021), and incremental costs for the tanker of
80% and maintenance of 13% (Miedvietzky 2008). These
figures are in line with the average cost of 0.33 AUS$/tkm
estimated in 2018 for NH; truck transport (Bruce et al. 2018).
In the case of rail transport, the assumed cost was 0.03 $/tkm,
based on the average cost of 0.04 AU$/tkm in 2018 for NH,
transport in diesel-electric train (Bruce et al. 2018). Trans-
portation is assumed to be carried out by third-party compa-
nies, that is, these rates per tkm already include corporate tax
and revenue for these companies. The NH; sale prices deliv-
ered at farms were calculated based on an expected net profit
margin of 5%, after a corporate tax of 30% for large compa-
nies and 25% for small and medium companies (Australian
Government 2022).

2.3 Life cycle impacts assessment
and monetisation methods

Initially, a pre-selection of relevant environmental impact
categories in chemical industry was performed according
to Morales-Gonzalez et al. (2019) Maranghi and Brondi,
(2020), Osorio-Tejada et al. (2022a), namely climate change,
acidification, terrestrial ecotoxicity, freshwater eutrophica-
tion, freshwater ecotoxicity, photochemical oxidant forma-
tion, human toxicity, ozone depletion, particulate matter, and
fossil resource scarcity. However, the selection of impact
categories and life cycle impacts assessment (LCIA) method
was constrained by the selection of monetisation methods.
Given the regionalized nature of the economic variables
in monetisation approaches, it is explicitly stated in sev-
eral methods such as Ecovalue08 (Ahlroth and Finnveden
2011), the Environmental Prices Handbook (de Bruyn et al.
2018), MMG (Allacker et al. 2018), and EVR (Vogtldnder
et al. 2001), that their MVC are only representative for emis-
sion sources in Europe, as countries with different techno-
logical development levels have varying abatement costs
(Arendt et al. 2020). For this reason, choosing a specific
geography can limit the implementation of MVC as the
results may vary significantly across regions depending on
the adopted monetisation approaches (Amadei et al. 2021).
To the best of our knowledge, no specific LCA monetisa-
tion method has been developed for the analysed region.
Hence, to avoid the high uncertainty of the use of any of
the available methods, we have defined a range of different
MVC for each impact category. This assessment had to be
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restricted to the six midpoint impact categories identified
by Amadei et al. (2021) and the relevant pre-selected cat-
egories. Therefore, we utilized the maximum and minimum
MVC for five impact categories (i.e., climate change, ozone
depletion, particulate matter, photochemical ozone forma-
tion, and acidification) presented by de Bruyn et al. (2010),
Schneider-Marin and Lang, (2020), Alberici et al. (2014),
and de Bruyn et al. (2018), as well as the MVC presented in
the recent approach “Monetisation of sustainability impacts
of food production and consumption” (Ponsioen et al. 2020).
Most of these impact categories are included in ReCiPe
2016 (Huijbregts et al. 2017), one of the most updated and
accepted LCIA methods by scientific community due to its
representativeness at global scale (Kobayashi et al. 2022).
Accordingly, we obtained the LCIA characterization results
using SimaPro 9.3 (PRé Consultants 2022), based on the
ReCiPe hierarchical (100 years) perspective. For the impact
categories of particulate matter and photochemical oxidant
formation, ReCiPe 2008 was utilized because most of the
available MVC for these categories are presented in the units
used in this version of the LCIA method.

2.4 Interpretation

Given that the current maximum energy efficiency of the
NTP reactors for NH; synthesis is still low to be commer-
cially feasible, a sensitivity analysis was performed by
considering that it is expected that the energy efficiency
could increase about 25 times in the near future. These NTP
reactors would reduce the energy consumption to 4 GJ/t
NH; (Rouwenhorst and Lefferts 2020), i.e., the electricity
expenditure would be reduced from 28 to 1.11 MWh/t NH;.
In this sense, a new plant with this highest NTP energy yield
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Fig.2 Ammonia supply chain costs and sale price in different pathways.
Note: only the most relevant co-product in each pathway is shown as
credit, i.e., steam, carbon black, and oxygen for the SMR-HB, HTP-HB,
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was entitled Pathway 6’. Moreover, the results after internal-
ising the environmental costs into the producers’ NH; sale
price are discussed and compared to another way of using
the monetized environmental costs in the decision-making
of public administrations.

3 Results and discussion

The estimated cost for each delivered tonne of NH; at farms,
i.e., the sale prices for the different pathways, are presented
in Fig. 2.

For the conventional NH; pathways, the cost of inland
transport can represent up to 41.7% of the NH; whole-
sale price when. In contrast, transport cost can represent
only 1.1% of the NH; wholesale price when it is pro-
duced at farm cooperatives. Regarding the contribution
of storage in the NHj; price, it is only about 8.5% when
it is produced in SMR-HB plants at national scale and is
slightly reduced in the alternative routes. Among the differ-
ent alternatives, the conventional pathways 1 and 2 gener-
ated the lowest NH; price around 590 $/t NH;. Production
costs of the conventional plant at regional scale are higher,
but these costs are compensated by the lower storage and
transportation costs (in grey and yellow in Fig. 2). Despite
the lower transport costs and the revenue of credits sales of
the alternative pathways, they produce NH; at more than
twice the cost of the conventional pathways. The alterna-
tive plant with the lowest production costs was the HTP-
NG plant of about 1,168 $/t NH;, which considering the CB
credits, the sale price is 837 $/t NH;. However, due to the
high quantity of O, credits,_ the electrolyser-eHB plant at
county-scale had the lowest sale price of 766 $/t NH;. Yet,

W Production

2,404 Storage

Transportation
m Corporate tax and profit
M Credits

@ Sale price

Cooperative Cooperative Cooperative
Elect-eHB Elect-NTP Elect-NTPx
5 6 6'

and electrolyser-based plants, respectively. Other less relevant credits,
such as heat, CO,, hydrogen sulphide, N,, H,, and NG are already dis-
counted in the production cost
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given the use of the HB process, this pathway is highly
affected when the production scale is reduced, being less
competitive in pathway 5. Nevertheless, these alternative
pathways presented environmental benefits when supplied
by solar photovoltaic energy, as shown in Fig. 3.

It has been found that steam credits in SMR-based plants
generate a much higher reduction in environmental impacts
than production costs, as shown in the orange bars in Figs. 2
and 3. However, despite the benefits of steam credits, they
are not sufficient to compensate for the high environmental
impacts of NH; production in SMR-based plants. In fact,
the conventional pathways had worse environmental per-
formance than alternative plants, except for the HTP-based
plant. SMR-HB plants generated 2.35-2.60 t CO, eq./t NH;,
while regional plants using HTP technology had the worst
performance by generating 9 t CO, eq./t NH; because these
plants consume more electricity and NG than SMR-based
plants. In these HTP plants, the most relevant source of
emissions was the electricity input because it mostly comes
from coal and lignite power plants in Australia. For this rea-
son, when solar energy is used, the environmental impacts
are highly reduced, especially in the climate change impact
category, where electrolyser-based plants have arate of up to-1.22
t CO, eq./t NH;. NTP-based plants can release 1.28 t CO,
eq./t NH; and, in the future, these plants could have emis-
sions of about -0,83 t CO, eq./t NH; The inversion of the emis-
sions balance is mainly promoted by the O, sales because the
traditional methods for O, production consume a lot of grid
electricity, reducing in this way the market for this pollutant
traditional-made O,.

M Production Storage

kg CO; eq. kg CFC-11eq, Ozone depletion
10,000 0.008 24

Climate change

9,000 0.007

8,000

0.006 18
7,000
6,000 0.005

5,000

)}

o

O]
B O]
=

A N O
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Fig.3 Environmental impacts of ammonia production in different path-
ways. Note: only the most relevant co-product in each pathway is shown
as credit, i.e., steam, carbon black, and oxygen for the SMR-HB, HTP-
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The simplified supply chain for the decentralised plants
also played an important role by reducing the impacts of
transport, which accounted for up to 16% of the net carbon
footprint and up to 59% of the net photochemical oxidant
formation of centralised produced NH;. Besides the long
distances from the conventional NH; plants to farms, the
special characteristics of the load, trucking fleet, roads,
and energy sources in Australia contributed to the relevant
environmental impacts of NH; distribution. Only for cli-
mate change, the CO, eq. emissions per tkm were double
when using specific modelling compared to the Ecoinvent
dataset. While the generic Ecoinvent dataset shows an
emissions rate of 0.14 kg CO, eq./tkm, the modelled artic-
ulated and rigid truck emitted 0.17 and 0.30 kg CO, eq./
tkm, respectively. The increase in emissions rate was due
to higher fuel consumption and also the higher footprint of
the production of low-sulphur diesel B5. The production
of this fuel with 5% v/v content of vegetable oil methyl
ester generates about 17% more carbon emissions than the
100% fossil fuel due to the considerable carbon footprint
of palm oil crops in Southeast Asia (Grainger 2013; EFE
2015; Vijay et al. 2016). Diesel-electric trains in Australia
also use diesel B5, resulting in a rise in emissions rates
from 0.052 to 0.060 kg CO, eq./tkm. Additionally, the high
carbon intensity of the Australian electricity also contrib-
utes to the high carbon emission rates of transport because
it powers vehicle maintenance and road operations.

The obtained environmental results were internalised
in the NH; production costs by using MVC, presented in
Fig. 4.

H Credits @ Net emissions

kg NMVOC Photochem. oxidants kg PM;oeq. Particulate matter kg SO,eq. Acidification
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HB, and electrolyser-based plants, respectively. Other less relevant cred-
its, such as heat, CO,, hydrogen sulphide, N,, H,, and NG are already
discounted in the impacts of NH; production
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Fig.4 Internalisation of environmental impacts of ammonia production
of different pathways in the sale price. Note: only the most relevant co-
product in each pathway is shown as credit, i.e., steam, carbon black,
and oxygen for the SMR-HB, HTP-HB, and electrolyser-based plants,

Among the MCV per impact category, the highest exter-
nal costs per kg of emission are for CFC-11 eq. and PM,,
eq. as shown in the blue table in Fig. 4. The pathways
releasing high quantities of these emissions were affected
by the internalisation of environmental impacts, such as the
HTP-HB regional plant and the electrolyser-NTP local plant,
costing in total 9,488 and 4,195 $/t NH; The NTP-based
plant, despite being all-electric and supplied by renewable
energy, did not obtain the expected improvements because
the solar photovoltaic electricity has relevant environmental
impacts in its life cycle, mainly related to the manufactur-
ing of solar panels. Particularly, most of the high impacts
on photochemical oxidant formation and particulate matter
from plants that use solar energy are attributed to the pro-
duction of high-purity polycrystalline silicon in China. This
process requires a substantial amount of electricity, which is
primarily generated from hard coal, resulting in the emission
of high levels of NOx and particulates.

Nevertheless, despite the range of external cost per kg of
CO, eq. is the lowest among the selected emissions, climate
change costs are very relevant in the total external costs. For
pathways using fossil NG, climate change costs account
for over 80% and 60% of the total external costs when the
max and the min MVC were considered, respectively. This

T

Solar energy

respectively. Other less relevant credits, such as heat, CO,, hydrogen
sulphide, N,, H,, and NG are already discounted in the production
cost. Underlying data to create this chart is presented in supplementary
material SM2

is because, in these pathways, the net CO, eq emissions are
over 2,000 kg/t NH;, in comparison to only the PM,, eq.
and CFC-11 eq emissions which are up to 10 kg/t NH; and
0.007 kg NH;. In contrast, for the NTP-based plant (path-
way 0), the participation of climate change cost in the total
external costs was 56% and 26% when the max and the
min MVC were considered, respectively. This is because
the other impacts related to solar energy such as particulate
matter become relevant, which can share 26% and 73% of
the total external costs when the max and min MVC are con-
sidered for pathway 6, respectively. These particulate matter
emissions become more relevant when using min MVC in all
pathways, as opposed to the climate change costs, because
the defined min MVC (18.64 $/kg PM,, eq.) is only 3.7
times smaller than its max MCV (69.83 $/kg PM,, eq.),
compared to the range for climate change where the min
MVC is 23.2 times smaller than its max MVC. Detailed
contributions of environmental impacts in the total external
costs can be obtained from tables for internalisation charts
in supplementary material SM2.

For the pathways 4, 5, and 6” where the avoided emis-
sions of the O, sales offset or even inverted the emissions
balances of NH; production for climate change, ozone
depletion, and acidification impacts, the NH; sale prices
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after internalisation are below the estimated sale price in
Fig. 2. This is because it was assumed that producers would
have received a bonus due to emissions reduction. In this
sense, the pathways considering the electrolyser-eHB plant
at county scale overperformed the novel NTP-based plants,
obtaining final sale prices of about 114 $/t NH;. Neverthe-
less, at cooperative scale, the future scenario for NTP-
based plants would be more competitive (222 $/t NH;) than
electrolyser-eHB plants (409 $/t NH;) because of the over-
run of scaled-down HB plants.

From Fig. 4, it could be concluded that even if bonuses for
the environmental benefits of the alternative plants are not
considered, and only the taxes due to pollution are charged,
the electrolyser-eHB (at county scale) and future NTP-based
plants at cooperative scale would be competitive. However,
this scenario would hardly occur because imposing such
high environmental taxes on traditionally manufactured NH,
would make this industry less competitive not only against
cleaner local NH; production but also with the international
NH; market. Since NH; is a commodity, additional taxes
on this product would significantly affect exports, which
would not be viewed favourably by the public administration
due to the significant loss of income for the country. In this
sense, instead of internalising the monetised environmen-
tal impacts into each tonne of manufactured NHj;, another
way of using these MVC would be for the estimation of the
total environmental costs of the national NH; market. In this

Fig.5 Total external costs for the

way, public administrations could be aware of the amount of
money required to mitigate or repair the damages to human
health, ecosystems and resources caused by the conventional
NH; industry, money that would be saved if cleaner NH;
is produced. These estimates for the expected money sav-
ings might be useful to take decisions about the budgets that
could be invested to promote novel technologies for local
NH; production using renewable energies.

For this case study in Australia, the national NH; demand
is approximately 2.6 million tonnes per year (Tran et al.
2021). In this sense, if we consider only the external costs
related to the CO, emissions of the conventional NH;, the
total expenditures for public administration in Australia
would be between 208 and 5,324 million US$ per year due
to the emissions of this industry. In the scenario of consider-
ing the external costs of the five impact categories evaluated
in this study, the annual expenditures would be between 266
and 6,185 million USS$, as shown in Fig. 5.

In Fig. 5, the external costs due to CO, emissions are
presented separately given the relevance and focus of the
current environmental policy towards the net zero carbon
scenarios. Moreover, we can see that when the other four
impact categories are considered, the total external costs
only increase by 16%. This means that most of these envi-
ronmental costs in this analysis are related to the carbon
emissions, even though each kg of carbon emissions costs
less than other emissions such as of CFC-11 eq. or PM, eq.

Considering the five impact categories
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manufactured NH; in Australia 6,500 6.05% 2.89%
using min and max MVC 6,185 4.98%
6,000 oo
0.01%
5,500 5,324 5,326
5,000 4,822
4,500
£ 4,000
S 3,500 86.07%
78
> 3,000
2,500
2,000 Climate change cost
1,500 M Ozone depletion cost
1,000 W Photochemical oxidation formation cost
500 Particulate matter formation cost
0 229 332 208 266
] ) B Acidification cost
National Regional
SMR-HB SMR-HB
1 2

@ Springer



The International Journal of Life Cycle Assessment

Hence, given the high amount of carbon emitted in the SMR-
HB pathway, the climate change costs correspond to 86%
of the total external costs of the conventional NH; industry.
In this sense, if the max MVC are considered, budgets of
around US$5 billion to promote cleaner technologies for
NH; synthesis could be considered an investment rather than
an expense by public administration in Australia.

4 Conclusions

Decentralised and renewable energy-based production of fer-
tilizers has been shown to emit fewer pollutants compared
to conventional production pathways. However, despite
the environmental benefits, the economic viability of these
green fertilizers remains a barrier to the adoption of alter-
native technologies. The internalisation of environmental
impacts of NH; production, as well as the inclusion of
impacts of transport, storage, and utilization of by-products,
is proposed as a tool to support the transition towards a more
sustainable fertiliser supply chain. Internalisation of environ-
mental impacts into monetary cost involves incorporating
the external costs or impacts identified in the environmental
evaluation into the decision-making process by assigning a
monetary value to these impacts. In this way, the full costs
of the NH; supply chain are accounted for, including the
environmental costs that are often externalised and borne by
society. Particularly, the LCA and TEA of novel modular and
full electric plants have been performed to determine their
competitiveness with conventional SMR-HB plants for a
more local NH; production. The 16% of the total 2.60 t CO,
eq. emitted per NH; produce at national-scale SMR-HB
plants corresponded transport, share that is reduced to 7.5%
and 1% when NHj at regional and farm-scale plants, respec-
tively. If other impact categories are analysed, such as net
photochemical oxidant formation, transport shares 59% of
the impacts of centralised produce NH;. The use of alterna-
tive technologies fuelled by solar energy and using O, by-
product from electrolyser can reduce and even invert the
emission balances, generating up to -1.22 t CO, eq./t NH;4
in electrolyser-eHB plants and -0,83 t CO, eq./t NH;4
in future NTP-based plants. This reduction is mainly promoted
by reducing the market for traditional-made O, using fossil-
based electricity mix in Australia. According to the TEA,
SMR-HB plants produce the cheapest NH;, with sale prices
around $590 per ton, while electrolyser-eHB plants have
prices ranging between $766 and $1,325 per ton, and NTP-
based plants have prices ranging between $796 and $2,404
per ton of NH; After the internalisation of environmental
impacts, the electrolyser-eHB plants showed the lowest NH;
sale prices than the novel NTP-based plants and the con-
ventional SMR-HB. These later plants would have to sell
NHj at prices over 2,636 $/t NH; while the electrolyser-eHB

plant reaches rates of 114 $/t NH;. This is due to use the opti-
mized energy usage of the HB processes, which is much
higher than the NTP process. However, is important to
know that the HB process has reached its efficiency limits,
while the NTP process still has room for improvement, as
well as its production costs are lower at local-scale plants.
In this future scenario of the best energy efficiencies for
NTP-based plants, this alternative could also be competitive
with rates of 222 $/t NH;. In addition, if monetised environ-
mental costs are estimated for a whole industry instead of
internalising them into each tonne of NHj, it is found that
the total external costs of the conventional NH; industry in
Australia could amount to about US$5 billion, which can
be invested to promote cleaner technologies for local NH;
synthesis given the expected savings for public administra-
tions of using these novel technologies.
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