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A B S T R A C T

Ammonia is a cornerstone of global agricultural productivity, yet its traditional production and distribution 
systems remain highly centralised, carbon-intensive, and often inaccessible in under-resourced regions. An 
integration of ESG factors into a decentralised ammonia supply chain model, using Africa as a case study to 
highlight broader global relevance and overcoming a research gap in financial engineering and business stra
tegies. The research investigates the feasibility of deploying small-scale, locally distributed production facilities 
as an alternative to conventional large-scale models, particularly in regions facing high transport costs and 
limited infrastructure. Innovative, low-emission technologies, such as high thermal plasma, mini-Haber-Bosch 
systems and others are evaluated for their techno-economic potential, including the application of environ
mental credits and future carbon tax scenarios. A comprehensive supply chain simulation demonstrates that 
decentralised ammonia production can achieve competitive costs of USD 232 per tonne when ESG-aligned 
strategies are applied. Beyond cost-efficiency, the study offers a strategic framework to operationalise ESG 
integration in global fertiliser supply chains, with implications for climate resilience, local economic develop
ment, and long-term food security in emerging markets.

1. Introduction

Ammonia is one of the world’s most essential platform chemicals 
with major use as a nutrient to provide the necessary nitrogen levels to 
promote agricultural productivity for human food production. Ammonia 
can be added directly to soils or as ammonia-based fertilisers in various 
shapes, including urea, to provide essential nutrients for plants [1–3]. In 
recent years, there’s been a proposal for small-scale ammonia plants 
utilizing renewable materials and energy, aiming for distributed pro
duction at local sites with optimal renewable energy sources [4–7]. 
However, these concepts remain largely theoretical. This study aims to 
bridge this gap by assessing the feasibility of such plants through cost 

internalization of carbon credits and considering social factors [8–10]. 
The African continent, with its significant capacity for fertilizer pro
duction yet high dependency on imports, serves as a case study. With 
Africa’s anticipated agricultural growth, its fertilizer consumption is 
expected to rise dramatically, highlighting the need for local production 
to reduce dependency on imports [11–13].

Fertilizer usage in Africa remains low due to its high cost and limited 
accessibility, especially for rural farmers in Sub-Saharan Africa (SSA). 
Farmers in SSA typically use only 8 kg/ha of fertilizer per year, 
compared to the global average of 93 kg/ha and 200 kg/ha in East Asia 
[14–16]. The current ammonia supply chain in Africa is restricted to a 
few centralised production plants on the continent and the remainder is 
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imported from other areas and transported, via ship and truck, to local 
markets [17–19]. Current ammonia production in Africa relies heavily 
on the conventional Haber-Bosch (HB) process, benefiting from econo
mies of scale but facing limitations due to the long distances to rural 
markets and poor infrastructure [14,15,20–22]. This results in high 
transport costs and significant environmental impacts from fossil fuel 
usage during transportation as shown in Fig. 1. This results in very high 
market prices for smallholder farmers in rural areas, limiting the uptake 
and regular use of fertiliser. Consequently, many agricultural regions in 
Africa achieve poor crop yields and suffer from very high food insecurity 
[20,23,24]. The Covid-19 pandemic has also had a significant impact on 
transportation costs and lead times, exposing the vulnerability of global 
trade under current supply models and has raised concerns for food 
security, particularly in developing countries [1,25,26].

In order to achieve a self-sustaining food supply, Africa aims to raise 
nitrogen consumption from 35 kg N/ha/year to 181 kg N/ha/year to 
support its growing population [17,27–29]. Increasing the availability 
of affordable ammonia-based fertilizer in rural areas is crucial for 
reaching this target. While subsidy programs have been implemented in 
many Sub-Saharan African countries to promote fertilizer use, they are 
unsustainable due to financial limitations and implementation chal
lenges faced by African governments [15,30–35]. Alternative long-term 
solutions should be investigated to improve the uptake of 
ammonia-based fertilisers in Africa.

This paper proposes the implementation of decentralised ammonia 
production plants to serve local African markets, aiming to reduce both 
production and supply costs. Emerging processes utilizing sustainable 
technologies for hydrogen and ammonia production offer promising 
opportunities to transform the supply chain to regional scales. These 
include water electrolysis and high thermal plasma (HTP) methane 
pyrolysis for hydrogen production, which can feed mini-Haber-Bosch 
(HB) processes [1,36–39]. Another option is nonthermal plasma (NTP) 
for ammonia production. A study completed by Tran et al. 2021 suggests 
that decentralised production of ammonia through renewable technol
ogy could compete with conventional processes, provided benefits such 
as reduced environmental impact and lead time are considered [1].

This study also proposes integrating ESG factors into a decentralised 
ammonia supply chain concept aforementioned particular for 

developing and underdeveloped region like Africa, aiming to enhance its 
economic potential. A preliminary framework for selecting plant loca
tions based on ESG criteria has been developed. Leveraging existing 
Regional Economic Communities (RECs) in Africa, ammonia supply will 
benefit from tariff reductions within the same alliance, enhancing fer
tilizer affordability. Cost simulations will compare decentralised and 
centralized models using different technologies. ESG factors will be 
quantified, and corresponding indexes established to measure the 
model’s impact. Future work will include cost internalizations based on 
ESG indexes to determine ammonia supply costs when considering 
credits for ESG-aligned solutions.

2. Literature review & problem identification

2.1. Current fertiliser situation in Africa

Food security is a pressing issue in Africa, particularly in SSA, where 
rural communities face severe poverty, with approximately one in four 
people estimated to be malnourished [40,41]. Rural households in Af
rica obtain approximately three-quarters of their income from agricul
ture [42], which shows the dependence of regional communities, 
particularly in SSA, on agriculture as their primary income source [41,
43]. Thus, agricultural growth will be fundamental in alleviating 
poverty and food insecurity in SSA. Countries that have seen improve
ments in food security are those that have increased agricultural pro
ductivity which has also demonstrated indirect positive effects in 
stimulating the overall economy [40]. A combination of factors has 
restricted the agricultural potential of rural areas in Africa. Poor soil 
fertility and land degradation have significantly impacted the suitability 
of agricultural land [42,43]. Nutrient-deficient soils along with expen
sive fertiliser prices has contributed to low attainable crop yields [20]. 
The high cost and limited accessibility of fertilisers, especially in rural 
areas, hinder their widespread use in Africa. Supply chain constraints, 
such as irregular deliveries and high transportation costs due to inade
quate infrastructure, further compound these challenges [15]. Africa’s 
transportation costs are significantly higher than the global average and 
136 % higher than in other developing countries [21,44]. Inadequate 
road and railway networks, along with high handling costs at ports and 

Fig. 1. A global comparison of average transportation costs (reproduced with permission of SAGE Publications) [21].
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distribution centres, drive up market prices. The infrastructure limita
tions have been further exacerbated by the COVID-19 pandemic [1].

Several approaches have been employed to promote fertiliser uptake 
in SSA, including input subsidy programs (ISPs). Malawi’s Agricultural 
Inputs Subsidy Programme was among the first successful imple
mentations, leading to improved food security and making the country a 
grain exporter. Following this success, by 2010 another 10 countries had 
implemented similar ISPs [15,32]. While these ISPs have encouraged 
increased fertiliser uptake initially, evidence suggests that these will not 
be sustainable long-term solutions due to the significant costs and reli
ance on government and external funding. For instance, Nigeria estab
lished a fertiliser voucher program through public-private partnership 
funding, offering fertiliser at a 40 % discount to 300,000 farmers [31]. 
Despite initial success, challenges such as political differences and 
funding withdrawals undermined the program’s long-term feasibility. 
These examples highlight the limitations of subsidy programs, which 
rely heavily on external funding and fail to address the inefficiencies in 
the fertiliser supply chain. This program exposes the limitations of 
subsidy programs due to the reliance on external funding rather than 
focusing on the failure of the fertiliser supply chain in reaching remote 
areas. While these programs can increase fertiliser use, African gov
ernments cannot sustain them due to financial constraints and imple
mentation complexities [30]. Thus, suggesting that alternative 
long-term solutions should be investigated to improve the uptake of 
ammonia-based fertilisers.

The centralised nature of fertiliser production in Africa results in 
high shipping and transportation costs due to poor infrastructure, 
leading to expensive retail prices in rural areas [17]. Farmers closer to 
markets have higher fertiliser use due to reduced transportation costs, 
while those in remote areas have lower uptake [14,15]. Therefore, 
localised production plants offer a long-term solution to reduce trans
portation costs across large distances, making fertiliser accessible and 
affordable in regional areas. Regional production would allow for the 
implementation of small-scale plants supported by renewable hydrogen 
and ammonia technologies, offering environmental benefits [17].

2.2. Regional economic communities (RECs)

The ammonia supply chain in Africa is affected by the existing 
Regional Economic Communities (RECs) between countries. Africa has 
small and isolated markets which increases the complexity of trade, so 
RECs have potential to overcome these associated challenges. There are 
eight RECs that are considered the foundation of the African Economic 
Communities which are shown in Fig. 2 [45]. Many RECs have over
lapping memberships which can complicate trade relationships rather 
than simplifying them and often significantly influences market prices 
[45]. These include the East African Community (EAC), the Common 
Market for Eastern and Southern Africa (COMESA), the Economic 
Community of West African States (ECOWAS), the Intergovernmental 
Authority on Development (IGAD), the Economic Community of Central 
African States (ECCAS), the Arab Maghreb Union (AMU), the Southern 
African Development Community (SADC), and the Community of 
Sahel-Saharan States (CEN-SAD). African countries are working towards 
integrating trade under the Continental Free Trade Area (CFTA) 
framework and reduce the negative impacts of overlapping trade 
agreements. Unified trade will encourage goods and services to come 
from within the continent which will reduce costs and thus increase 
accessibility to local communities [45]. RECs are vital considerations, as 
established trade agreements affect market prices through factors like 
tariffs, transport corridors, and political and social relationships be
tween member states [46]. Exporting within a shared alliance may lead 
to lower market prices due to reduced or disregarded tariffs [45]. These 
RECs work towards economic integration, free trade, infrastructure 
development, and regional peace, and their efforts have had a significant 
impact on rural Sub-Saharan Africa. Through the adoption of innovative 
technologies like biogas-fuelled aqua-ammonia absorption refrigeration, 
solar-powered irrigation systems, wind energy for rural electrification, 
and biogas digesters, they have enabled off-grid solutions that reduce 
post-harvest losses and improve energy access in remote areas [47]. 
Additionally, advancements in precision agriculture, mobile farming 
apps, and low-cost cold storage systems have empowered farmers to 
preserve their produce, boost yields, and minimize waste [46,48]. These 
sustainable solutions not only support net-zero and climate goals but 
also enhance agricultural productivity, food security, and rural 

Fig. 2. Overview of the eight RECs in Africa and the member states in each alliance [45]. (EAC - East African Community; AMU - Arab Maghreb Union; ECCAS - 
Economic Community of Central African States; SADC -Southern African Development Community; CEN-SAD - Community of Sahel-Saharan States; COMESA - 
Common Market for Eastern and Southern Africa; IGAD - Intergovernmental Authority on Development; ECOWAS - Economic Community of West African States).
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economic development, driving Africa’s regional integration, economic 
resilience, and long-term growth while contributing to global climate 
targets [45,49,50]. However, further work is required on ammonia as a 
key fertilizer source to meet food security targets, given its crucial role in 
agricultural productivity. These efforts align with several United Na
tions Sustainable Development Goals (SDGs), particularly SDG 2 (Zero 
Hunger), SDG 7 (Affordable and Clean Energy), SDG 12 (Responsible 
Consumption and Production), and SDG 13 (Climate Action), promoting 
sustainable agricultural practices, clean energy, and climate resilience 
[15,51–53].

The EAC is considered the most advanced as tariff rates have been 
disregarded between members. Fig. 3 shows how the current tariff lib
eralisation differs between REC’s. It compares two critical aspects of 
intra-REC tariff rates on imports and the share of fully liberalized tariff 
lines. Intra-REC tariff rates reflect the level of trade barriers between 
member countries within each REC. CEN-SAD has the highest intra-REC 
tariff rate, indicating relatively higher trade barriers, followed by 
ECOWAS, suggesting some restrictions on internal trade. SADC and 
AMU show moderate tariff rates, indicating partial trade liberalization, 
while COMESA, ECCAS, and IGAD present similar tariff rates. EAC 
stands out with the lowest intra-REC tariff rate, reflecting a highly 
liberalized trade environment. On the other hand, the share of fully 
liberalized tariff lines shows the extent to which tariff barriers have been 
removed within each REC. EAC leads with the highest share of fully 
liberalized tariff lines, signalling strong economic integration. COMESA 
and AMU also show considerable liberalization, while SADC and ECCAS 
have moderate levels of tariff line liberalization. IGAD and ECOWAS lag 
behind, with ECOWAS having the lowest share of liberalized tariff lines, 
suggesting that, despite low intra-REC tariffs, trade liberalization is still 
limited within the region. The varying levels of economic integration 
across Africa’s RECs, with some regions like EAC making significant 
strides toward deeper integration, while others like ECOWAS and CEN- 
SAD still face substantial trade barriers. Future work could focus on 
examining the impact of these barriers on regional trade flows and 
economic development, as well as the alignment of these efforts with the 
CFTA, which aims to further integrate the continent’s economies. The 
other RECs show various reductions in tariffs for member states but are 
yet to completely eliminate tariffs [44] as many countries are fearful of 
economic loss by removing tariff revenues [45]. However, eliminating 
tariffs across all RECs could stimulate economic growth, provide 
affordable products, and help achieve the SDGs across the continent 

[45]. RECs have the potential to significantly improve trade networks, 
uniting member states for economic and social benefits [54]. These 
factors are carefully integrated into the analysis of localized ammonia 
production plants, as African RECs will play a pivotal role in providing 
affordable ammonia-based fertilizers and strengthening food security 
across the continent.

2.3. Technologies for hydrogen and ammonia production

2.3.1. Conventional Haber-Bosch
The Haber-Bosch (HB) process, developed in the early 20th century, 

enables large-scale ammonia production for fertiliser manufacturing, 
boosting global agricultural productivity [1,55]. Over 90 % of the 170 
million metric tonnes of global ammonia is produced using HB [36,55,
56]. This process catalytically reacts hydrogen and nitrogen under high 
temperatures and pressures, with hydrogen primarily derived from fossil 
fuels like methane or coal via steam reforming [1,36,55,56]. Natural gas 
is primarily used as steam methane reforming (SMR) systems are more 
energy efficient and have lower carbon emissions. Ammonia production 
emits approximately 1.8 % of global emissions, primarily due to its 
reliance on fossil fuels [56].

The conventional HB process, reliant on natural gas or coal, has led 
to centralized ammonia production in countries with abundant fossil 
fuel resources, increasing carbon emissions and transportation costs [1,
36]. The Covid-19 pandemic has further disrupted global connectivity, 
impacting shipping costs and lead times, exacerbating the challenge of 
accessing affordable ammonia-based fertilisers. In many SSA countries, 
limited natural gas resources make local HB-based production imprac
tical [52]. Encouraging the uptake of ammonia-based fertilisers in SSA 
could significantly enhance agricultural productivity and food security 
[20,30]. Adopting state-of-the-art, sustainable production technologies 
at smaller scales offers a feasible solution to improve the affordability 
and accessibility of ammonia in Africa.

2.3.2. New small-scale technology
New technologies for cleaner ammonia production are viable for 

small-scale plants, strategically located near farming areas to reduce 
transportation costs and enhance sustainability, making them competi
tive alternatives to the conventional HB process. Multiple studies have 
evaluated alternative processes as potential replacements for existing 
HB plants. Advance technologies for cleaner ammonia production are 

Fig. 3. Tariff rates applied for members within each REC show the percent of tariff liberalisation [44] (reproduced with permission of World Bank).
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viable for small-scale plants, strategically located near farming areas to 
reduce transportation costs and enhance sustainability, making them 
competitive alternatives to the conventional Haber-Bosch (HB) process. 
Numerous studies have evaluated alternative processes as potential re
placements for existing HB plants. Among many alternatives, water 
electrolysis has emerged as a promising pathway for hydrogen produc
tion to fuel mini-HB systems. When powered by renewable sources, such 
as wind or solar energy, the resulting hydrogen is considered green. Lin 
et al. (2020) investigated this approach and determined that the 
resulting facility could be significantly smaller than a large-scale HB 
process hile still being economically viable [36]. For instance, Mono
lith’s pilot plant at Redwood City Seaport, California, operational since 
2014, showcased successful performance. Expanding on this achieve
ment, Monolith inaugurated a commercial plant with a capacity of 
580–660 kg H2/h in Olive Creek, Nebraska, in 2020. This facility is 
expected to co-produce 200,000 tons of carbon black, bolstering its 
economic viability [1].

3. Methodology

In current study, the methodology applies an integrated 
ESG–Techno-Economic Analysis (TEA) framework to assess the feasi
bility of a decentralised ammonia supply chain, using Africa as a case 
study due to its growing agricultural demand and limited local fertilizer 
production. The process aligns an investigation of the possibilities of 
these renewable technologies using a decentralised supply chain model 
for local ammonia production. Conventional and renewable production 
technologies, including steam methane reforming, water electrolysis, 
and high thermal plasma, are evaluated through cost-optimized simu
lations using real-world data on infrastructure, demand, and pricing. 
These simulations are conducted on the Agile supply chain optimization 
platform developed by the Tele-traffic Research Centre at the University 
of Adelaide. ESG metrics are developed and incorporated into a multi- 
criteria location assessment. This will offer a scalable, data-driven 
approach to identifying decentralised ammonia production strategies 
that are both economically viable and aligned with broader sustain
ability goals. The study discovered that a decentralised renewable sup
ply chain could compete with existing networks if benefits like 
environmental effect and lead time were considered [1,57]. As a result, 
the purpose of the current study is to expand on previous research by 
proposing an ESG strategy that may help add value to the decentralised 
renewable supply chain in order to compensate for economic shortfalls 
caused by greater investment and operation expenses when compared to 
traditional procedures.

3.1. Optimisation software

Based on the location assessment, several scenarios were developed 
and run through the supply chain optimisation software on the Agile 
platform developed by the Tele-traffic Research Centre (TRC) at the 
University of Adelaide. This section describes the mathematical model 
developed, process assumptions and calculation of input parameters for 
the different scenarios investigated.

3.1.1. The mathematical model
Ammonia supply costs in Africa are calculated using a modified 

version of the cost minimisation model developed by author previous 
work as Tran et al. (2021) [1], implemented within the Agile optimi
sation platform by the Tele-traffic Research Centre (TRC) at the Uni
versity of Adelaide. This model adopts a mixed-integer linear 
programming (MILP) framework to minimise total ammonia supply 
costs by optimising capital investment (CAPEX), operational expendi
ture (OPEX), transportation (including tariffs and carbon taxes), and 
warehousing. Decision variables include facility locations, technology 
options (e.g., SMR+HB, HTP + Mini-HB), supplier-market linkages, and 
logistics flows. The current study enhances the original model by 

integrating ESG-based site selection, decentralised production struc
tures, intra-REC tariff mechanisms, and environmental credit internal
isations. Constraints ensure demand satisfaction, production and storage 
limits, and trade compliance. Fig. 4 illustrates the complete cost struc
ture, comprising fixed investment costs for plants and warehouses, 
transportation costs across the supply chain (from suppliers to plants, 
plants to warehouses, warehouses to markets, and plants to markets), 
and operating costs at each facility. This enhanced MILP framework 
supports scenario testing across multiple technologies and policy in
terventions, serving as the computational backbone for evaluating the 
ESG-aligned, decentralised ammonia supply chain’s techno-economic 
feasibility as the novel work for ammonia new business strategy and 
financial engineering combination in Africa. Further information and 
calculations are available in the appendix 1,2,3.

3.1.2. Process assumptions and data required
The optimization software determined the supply cost of ammonia 

based on the decentralised ammonia supply chain developed from ESG 
factors and compared the cost with the centralized conventional supply 
chain. The decentralised model considers renewable technologies 
including HTP and electrolysis for hydrogen production and NTP and 
mini-HB for ammonia production, alongside the conventional SMR and 
HB process for comparison. The centralized model was simulated using 
only conventional SMR and HB. Carbon tax and environmental credits 
were introduced into the simulation, and a future scenario was consid
ered by incorporating a carbon tax at a rate of US $8/tonne CO2, based 
on anticipated rates in South Africa, the first country in Africa to 
implement carbon tax [53]. Carbon tax was included into the SMR and 
HB technology to assess its impact on supply costs. Environmental 
credits were introduced for the renewable technologies, utilizing con
servative estimates. Carbon credits were applied for the production of 
carbon black in HTP at a rate of US $1/kg, and oxygen credits for the 
coproduction of oxygen in water electrolysis were applied at a rate of US 
$0.7/kg [1]. Table 1 presents the variables considered in the optimiza
tion software to calculate the ammonia supply cost. It was assumed that 
hydrogen production was integrated with the ammonia production 
plant, locating the supplier at the same site as the plant. Table 1 presents 
the core decision variables embedded in the MILP framework of the 
optimisation model, each playing a critical role in determining the 
minimum total supply cost of ammonia within the decentralised and 
centralised system configurations. The variable X1 governs the selection 
of hydrogen and ammonia production technologies, incorporating five 
distinct technological pathways: (i) conventional Steam Methane 
Reforming coupled with Haber-Bosch (SMR + HB), (ii) High Thermal 
Plasma with Mini-Haber-Bosch (HTP + Mini-HB), (iii) HTP with 
Non-Thermal Plasma (HTP + NTP), (iv) Water Electrolysis with 
Mini-HB, and (v) Water Electrolysis with NTP. These combinations 
allow the model to compare conventional and renewable routes under 
varying investment, operational, and environmental cost assumptions. 
The variable X2 defines supplier allocation, where hydrogen production 
is assumed to be co-located with ammonia plants to eliminate inter-site 
transportation costs and reflect modular plant configurations. The var
iable X3 specifies candidate plant locations across five high-demand 
African regions, Egypt, Algeria, Nigeria, Kenya, and South Africa, 
identified through a geospatial ESG-informed location assessment. X4 
denotes the presence and location of warehouses, which are essential in 
smoothing seasonal demand variations and maintaining supply reli
ability during off-peak production periods. Lastly, X5 accounts for 
operating expenditure (OPEX), which is endogenously linked to the 
selected production technology and plant configuration. These variables 
form the structural input space for the MILP solver, enabling robust 
scenario testing and cost optimisation under constraints such as pro
duction capacities, warehouse limits, market demand satisfaction, 
REC-based tariff regimes, and environmental credit internalisation. 
Further information and calculations are available in the appendix 1.

Several assumptions were made regarding warehouse and market 
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locations in the simulation. A 100 km radius was assumed for the dis
tance from the plant to the warehouse and from the warehouse to the 
market, while a 200 km radius was assumed for the distance from the 
plant to the market. Additionally, a distance matrix was created to input 
into the optimization software, considering straight-line distances from 
each plant location to various suppliers and markets across Africa. 
Warehouse capacities were estimated based on fertiliser use throughout 
the year, determined by the growing season of crops in each market 
location [48,58].

It was assumed all fertiliser demand would be throughout the 
growing season. Thus, the proportion of the year where fertiliser was not 
used could be calculated to determine the storage capacity required for 
the warehouses to store fertiliser in low-demand periods. Real-world 
production data was used to calculate capital costs and operating costs 
of the plants under each technology which were scaled-up to the 
required plant capacities. Transportation rates in Africa were obtained 
through literature review and analysis, determining the cost for shipping 
to be US $0.005/tkm, rail to be US $0.05/tkm and truck to be US $0.14/ 

tkm. Using all the collected data, the scenarios were run through the cost 
optimisation simulation to determine the corresponding ammonia sup
ply costs.

3.2. Development of ESG metrics and assessment

Four primary ESG factors were developed to assess the feasibility of 
the selected plant locations after determining the ammonia supply costs, 
with the possibility of incorporating additional factors in future itera
tions. The selection of these ESG metrics was informed by globally 
recognized frameworks, including the Global Reporting Initiative (GRI), 
Sustainability Accounting Standards Board (SASB), and Corruption 
Perceptions Index (CPI). These frameworks were chosen for their well- 
established, reliable methodologies in assessing key sustainability, so
cial, and governance factors [7,59,60]. The MSCI ESG Ratings were also 
considered, providing a comprehensive evaluation of a company’s 
exposure to long-term ESG risks and opportunities, with ratings ranging 
from AAA (highest) to CCC (lowest), helping to quantify and compare 
the sustainability performance of various locations [61,62]. Further
more, Refinitiv ESG Ratings were integrated into the analysis, offering 
insights into a company’s sustainability performance across environ
mental, social, and governance dimensions, with a scale of 0 to 100 
indicating overall ESG performance [63–66]. The use of these estab
lished metrics and rating systems ensures a thorough, consistent, and 
globally recognized evaluation process. The inclusion of ratings such as 
MSCI and Refinitiv provides additional layers of insight, helping to 
assess risks and opportunities, while enabling comparison across 
different regions and sectors, ultimately contributing to a more 
comprehensive and sustainable approach to ammonia production. 
However, available frameworks and standards are not duly applicable 
due to complex nature of existing case studies comprising of supply 
chain, location and financial engineering. Modified novel metrics are 
adopted and factors are introduced.

The environmental factor focused on evaluating the proportion of 
renewable energy used in ammonia production, providing a clear gauge 

Fig. 4. Mathematical model developed by Tran et al. 2021 that was coded and built into the Agile platform provided by the Tele-traffic Research Centre at the 
University of Adelaide [1].

Table 1 
Variables considered in the optimisation software to minimise supply cost of 
ammonia.

Variable Coded 
Variables

Possible Values Considered

Hydrogen and ammonia 
production technologies

X1 SMR + HB 
HTP + Mini HB 
HTP + NTP 
Electrolysis + Mini HB 
Electrolysis + NTP

Supplier Location X2 Hydrogen production near ammonia 
plants i.e., suppliers in same location as 
plants

Plant Location X3 5 plant locations; Egypt; Algeria; 
Nigeria; Kenya; South Africa

Warehouse X4 Yes
Operating Cost X5 Dependent on technology
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of sustainability. Social considerations included the availability of skil
led labor, crucial for plant implementation, as well as the potential of 
localized plants to improve food security by supplying affordable fer
tilizers locally, which could alleviate malnutrition in high-risk areas. 
Governance was assessed by evaluating national stability, especially its 
impact on intra-REC trade for ammonia distribution and the potential 
for transport delays along shared routes [47] (Table 2).

Indexes were subsequently devised as essential performance metrics 
within these factors to facilitate assessment and comparison of plant 
locations. Table 3 explains the factors, and their corresponding indexes 
developed. Data pertaining to each plant location was gathered to gauge 
their alignment with the identified indexes. Initially, the feasibility of 
selected plant locations was evaluated using a color-coded system, cat
egorizing them as green, yellow, or red. Green indicates locations that 
would significantly enhance the African ammonia supply chain under 
the respective ESG factor, while yellow denotes a medium impact, and 
red signifies little to no impact. It mainly includes integrating cost 
internalization of these ESG metrics to quantitatively measure the value 
added to this supply chain based on ESG factors.

3.3. Data collection

The analytical scope of this study is primarily delineated by the 
current spatial distribution of ammonia demand across the African 
continent. To quantify this demand, country-level data on ammonia- 
based fertiliser production, imports, and exports were systematically 
compiled from authoritative sources, including Key Statistics and Trends 
in Regional Trade in Africa UNCTAD-2019 [49], the Food and Agriculture 
Organisation (FAO) Global Information and Early Warning System,GIEWS 
– 2020 [40,67], and additional techno-economic analyses on decen
tralised ammonia production systems [68,69]. The net demand for each 
country was computed using a standard material balance equation: 

Demand = production + import − export (1) 

Further data were collected from a major literature review of [1,4,
36,52,55,56,59,68–96] to calculate the socio-economic parameters, 
location indices, carbon tax, life cycle costing and associated financial 
cost at different plant capacities for hydrogen production technologies 
such as SMR, HTP and water electrolysis as well as for ammonia pro
duction technologies including conventional HB, mini-HB and NTP.

3.4. Location assessment

A location assessment was developed to evaluate the most suitable 
plant locations for decentralised ammonia production. Africa was 
divided into geographic regions; North, West, Central, and South to 
develop a continental plant distribution. Various criteria exist in the 
literature; however, the modified model necessitates a specific integra
tion of financial and ESG metrics aligned with location selection 
[97–103]. The four countries with the highest ammonia demand in each 
of these regions were considered in the location assessment. Novel 
criteria were developed to rank the countries in each of the geographic 
regions to select the optimal plant locations across Africa. This was the 

first introduction of ESG factors into the decentralised supply chain. 
Table 3 presents the criteria, and a description of the metrics used to 
assess each location under the corresponding criterion.

The criteria were compared using a head-to-head comparison of 
competing criteria to determine their relative weightings when ranking 
the plant locations. Each criterion was compared against the other 
criteria to determine which would be considered most influential in 
selecting plant locations. A score was given to each criterion based on 
the number of times it was considered more important in the head-to- 
head allowing the criteria to be ranked from most to least influential. 
An arbitrary weighting was then applied to each criterion to reflect these 
rankings. Fig. 5 summarises the process and results of the head-to-head 
analysis showing the final weightings of each criterion that would be 
used to rank each location. The dark blue squares represent when the 
criterion “won” against the other criteria. A score was given to each 
criterion based on the number of times it was weighted more important. 
The criteria were then ranked based on these scores with 1 being the 
criterion with the highest score (i.e. “won” the most times) and 5 being 
the criterion with the lowest score. An arbitrary weighting was then 
given to each criterion to reflect these rankings. For example, criterion 1 
(ammonia demand) was ranked the highest so was given the greatest 
weighting of 30 %.

The weighted criteria were applied to assess the suitability of the four 
countries within each geographic region based on each criterion. This 
facilitated a comparative analysis of locations within the region to 
establish an optimal plant distribution across the continent. Each 
country received a rank from 0 to 3 for each criterion, with a score of 3 
indicating the best option, 2 representing an intermediate position, 1 
denoting the least favourable option, and 0 indicating inapplicability or 
unattainability. If countries were indistinguishable or impossible to rank 
differently for any criterion, they were assigned the same score. Subse
quently, a score was computed for each country using Eq. (2), which 
aggregated the relative weighting of each criterion, and the corre
sponding rank assigned to the country. A maximum score of 300 could 
be attained if a country ranked as the best option (i.e., received a rank of 
3) across all criteria. This quantitative scoring mechanism facilitated a 
comprehensive assessment of countries based on the weighted criteria, 
and the highest-scoring country within each geographic region was 
designated as the final plant location. 

∑n

i
(criterion weighting)i × (rank of country)i (2) 

4. Results and discussion

An ESG-based approach is implemented to identify suitable locations 
across Africa for renewable ammonia plants in a decentralised supply 
chain and an optimisation framework is utilised to simulate the potential 

Table 2 
ESG factors and corresponding metrics developed to assess the feasibility of 
plant locations.

Factor Index

Environment Renewable energy Energy provided by renewables in 
each location

Social Availability of skilled 
labour

Number of university graduates

Potential to improve food 
security

Malnutrition rates 
Agricultural land use

Governance National stability Corruption index 
Current conflict

Table 3 
Description of the unranked criteria and metrics used to measure them in the 
location assessment.

Criteria Description

1. Ammonia 
Demand

• Demand based on import, export, and production values 
averaged from 2016 to 2019

• Agriculture land use estimates as an indicator of potential 
future fertiliser use

2. Access to 
Transport

• Type of transportation available (e.g. ship, rail, truck)
• Cost of transportation

3. Feedstock 
Availability

• Water and methane availability. Measured using water 
scarcity index and methane reserves and availability in 
each country.

4. Renewable 
Energy

• Renewable energy sources available and associated 
reliability.

5. REC Membership • Number of REC memberships. Higher ranking was given to 
countries with memberships in multiple alliances as greater 
potential for reduced export tariffs to more countries
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market price of ammonia. A continental ammonia supply was developed 
based on the selected plant locations to ensure production capacities 
would meet demands of the continent. The surrounding countries that 
each plant would supply to be determined based on the existing Africa 
RECs to benefit from tariff reductions when countries receive goods from 
members of the same REC. Therefore, the total capacity of each plant 
was determined based on the ammonia demand in the plant locations 
and the countries it would supply to in the same RECs. Tariff rates for 
intra-REC trade were obtained in the literature review and were utilised 
to estimate adjusted ammonia supply costs once simulations were 
complete.

A decentralised ammonia supply chain was formulated for Africa 
based on a comprehensive location assessment integrating ESG factors. 
This assessment prioritized areas with the highest demand for ammonia- 
based fertilizers, considering factors like resource availability, trans
portation infrastructure, and regional demand. Table 4 displays the 
outcomes of this assessment, indicating the total scores assigned to 
countries within the identified geographic regions. The highest-scoring 
countries in each region were designated as the final plant locations. 
Given the significantly higher demand for ammonia in the north region, 
two countries were chosen to meet this demand effectively and minimize 
transportation costs. The recommended plant locations, namely Egypt, 
Algeria, Nigeria, Kenya, and South Africa, establish a balanced conti
nental distribution network.

Another consideration was plant capacity constraints, based on the 
assumption that the maximum feasible capacity for renewable tech
nologies would be 1 million tonnes per annum. As the demand for the 
Egypt and Algeria plants was greater than this maximum capacity, these 
locations were divided into multiple plants to meet the demand and 
maintain feasible plant capacities. Table 5 shows the final plant loca
tions and the associated plant capacities that would be used in this 
ammonia supply chain model.

4.1. Ammonia supply costs

Simulations were run through the supply chain optimisation soft
ware on the Agile platform developed by the Adelaide TRC to investigate 
ammonia supply costs using different renewable technologies for a 
decentralised ammonia supply chain. This was compared to a central
ised model using conventional technology as a benchmark. Fig. 6 shows 
the supply costs of ammonia associated with the different scenarios 
investigated.

The centralised model using conventional SMR and HB, as shown in 
Fig. 7, was used as a benchmark for ammonia supply costs. In this model, 
all ammonia is produced at a single mega plant in Egypt and supplied to 
markets across Africa. In this case (scenario 1), ammonia can be pro
duced at US $181/tonne, demonstrating the benefit of economy of scale 
for this centralised supply model. A future scenario has also been 
simulated by incorporating carbon tax at a rate of US $8/tonne CO2. It is 
anticipated for the near future whereby major CO2 emitters must pay a 

Fig. 5. Head-to-head comparison of criteria, with dark blue squares indicating preference wins. Criteria were scored by frequency of selection, ranked from 1 (most 
preferred) to 5 (least), and assigned weightings accordingly.

Table 4 
Results obtained from location decision matrix, indicating the total score obtained for each country in the four geographic regions. Blue shading indicates the final 
plant locations.

North West Central/East South

Country Score Country Score Country Score Country Score

Algeria 275 Cameroon 145 Ethiopia 180 South Africa 220
Egypt 250 Côte D’Ivoire 200 Tanzania 230 Namibia 185
Libya 215 Senegal 250 Kenya 275 Zimbabwe 140
Morocco 205 Nigeria 275 The Democratic Republic of Congo 235 Zambia 170

Table 5 
Final plant locations and associated plant capacities for continental ammonia 
distribution across Africa.

Location Plant Location (city) Plant Capacity (tonnes/year)

P0 Egypt (Cairo) 950,000
P1 Egypt (Alexandria) 950,000
P2 Egypt (Port Said) 950,000
P3 Egypt (Suez) 950,000
P4 Algeria (Algiers) 850,000
P5 Algeria (Arzew) 850,000
P6 Nigeria (Abuja) 19,000
P7 Kenya (Nairobi) 43,000
P8 South Africa (Cape Town) 108,000
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price per tonne of greenhouse gases produced which will be essential, 
especially to the current ammonia industry which is one of the biggest 
contributors to global CO2 emissions, in acting against climate change. 
Many countries, such as South Africa, have made plans or have 
commenced implementation of carbon taxes and many more will likely 
follow [104]. The introduction of carbon taxes will assist in making 
renewable technologies economically viable. Incorporating carbon tax 
for conventional SMR and HB under a centralised model (scenario 3), 
increased the supply cost of ammonia to US $197/tonne.

Ammonia supply costs were assessed across various technologies for 
the decentralised ammonia supply chain, illustrated in Fig. 8. This model 
was constructed based on ESG considerations, and ammonia distribution 
across the continent was determined through existing RECs. For a 
decentralised supply chain employing conventional technology (sce
nario 2), the ammonia supply cost is estimated at US $211/tonne. With 
the inclusion of a carbon tax (scenario 4), this cost rises to US $227/ton. 
The increased cost compared to the centralized model reflects the 
presence of multiple smaller-capacity plants, resulting in higher 

Fig. 6. Supply costs of ammonia produced by different technologies. Scenario 1: Centralised production in Egypt. Scenario 2: Decentralised production in 5 locations. 
Scenario 3: Centralised production in Egypt considering carbon tax. Scenario 4: Decentralised ammonia production in 5 locations considering carbon tax. Scenario 
5–9: Decentralised ammonia production in 9 locations under the different technologies.

Fig. 7. Diagram of the centralised ammonia supply chain with a mega plant in Egypt supplying ammonia across the continent.
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investment expenses. Among renewable technologies, the integrated 
HTP and mini-HB (scenario 6) offer the most cost-effective option, 
supplying ammonia at US $232/ton. While the price for water elec
trolysis and mini-HB (scenario 8) is the next best renewable option, 
supplying ammonia at US $385/tonne, the feasibility of water elec
trolysis is limited as Africa is a water-stressed continent, with water 
scarcity increasing across many countries, as identified through litera
ture review and technology assessment. The cost is still approximately 
1.7 times higher than HTP and mini-HB with oxygen credits being 
incorporated at US $0.7/kg. This is because the plant investment costs 
are greater as well as higher energy consumption [1]. As anticipated, 
ammonia production through NTP proved to be the most costly option. 
The scenario employing HTP and NTP (scenario 7) exhibited the highest 
supply cost at US $1442/tonne, while the utilization of water electrol
ysis and NTP (scenario 9) similarly incurred a high supply cost of US 
$1249/tonne. Presently, NTP technology for ammonia production re
mains feasible only at laboratory-scale plants, unlike the other tech
nologies assessed in this study, which are all either at or near production 
scale. Further development is imperative for NTP technology to evolve 
into an economically viable option for ammonia synthesis in the future 
[1].

These findings indicate that the decentralised model utilizing HTP 
and mini-HB (scenario 6) can compete effectively with conventional 
technology. The supply cost is only 10 % higher than conventional 
technology within the decentralised supply chain, and a mere 2 % higher 
when factoring in the carbon tax. The supply cost for HTP and mini-HB 
includes environmental credits due to the co-production of carbon black, 
assuming a conservative sale price of US $1/kg. In comparison to the 
traditional approach of a centralised mega plant employing conven
tional processes, the supply cost is 28 % higher, and 18 % higher when 
factoring in the carbon tax. When both environmental credits and po
tential carbon taxes are considered, the economic competitiveness of the 
HTP and mini-HB process notably improves, presenting an appealing 
solution for transforming the ammonia supply chain in Africa. Further 
exploration into environmental credits should be contemplated; if 
higher credits can be anticipated in the future, it could enhance the 
competitiveness of this technology even further. Ultimately, these re
sults underscore the potential of HTP and mini-HB to provide ammonia 
at a highly competitive price, particularly when additional cost inter
nalisations are integrated to augment the value of the ammonia supply 
chain based on ESG factors.

4.2. Centralised conventional model vs decentralised renewable model

The impact of the REC-based approach, as utilized in the decentral
ised model, underwent scrutiny to assess potential reductions in tax 
barriers affecting ammonia supply costs. This investigation involved 
determining adjusted ammonia supply costs based on estimated tariff 
rates for both the centralised and decentralised models. In the central
ised supply chain, a single mega plant in Egypt serves as the export hub 
to the five primary markets dispersed across Africa. Consequently, Egypt 
exports to countries that may not necessarily belong to the same REC, 
potentially subjecting them to higher tariff rates compared to if they 
received goods from a fellow REC member. An average tariff rate was 
computed considering the REC memberships of both importing and 
exporting countries. Table 6 provides a glimpse into the adjusted 
ammonia supply costs calculated to account for the impact of export 
tariffs. For the decentralised renewable model, the supply cost for the 
HTP and mini-HB technology was used as the basis. The decentralised 
model utilised intra-REC trade to develop a continental ammonia sup
ply. Lower tariff rates can be achieved through intra-REC trade [45].

In the centralised model, when tariff rates on exports are factored in, 
the average ammonia cost across Africa rises to US $195/tonne, and 

Fig. 8. Diagram of the decentralised ammonia supply chain showing the distributed ammonia plants based on the selected locations across Africa. Egypt and Algeria 
locations have been magnified to show that multiple plants have been implemented to meet the market demands and ensure plant capacities are within current 
feasible limits. The countries each plant would supply to have also been grouped by colour.

Table 6 
Adjusted ammonia supply costs incorporating the average tariff rate for export 
from the mega plant in Egypt to the five main markets considered across Africa. 
The base cost for conventional technology without carbon tax is US $181/tonne 
and for the case with carbon tax US $197/tonne. Tariff rates were obtained from 
UNCTAD 2019 [45].

Plant 
Location

Market 
Location

REC Average 
Tariff Rate ( 
%)

Adjusted Ammonia 
Supply Cost (US 
$/tonne)

No 
Carbon 
Tax

With 
Carbon 
Tax

Egypt Egypt COMESA 
CEN-SAD

- 181 197

Algeria AMU/UMA 15 208 227
Nigeria ECOWAS 

CEN-SAD
12 204 222

Kenya IGAD 
CENSAD 
COMESA 
EAC

4 189 206

South 
Africa

SADC 7 194 211

N.N. Tran et al.                                                                                                                                                                                                                                 Sustainable Futures 10 (2025) 100893 

10 



when including carbon tax, it reaches US $212/tonne. This represents 
approximately a 7.8 % increase compared to the base cost where tariffs 
were not considered. For the decentralised model incorporating 
renewable technology, the cost of ammonia, accounting for tariff rates, 
stands at US $245/tonne, marking roughly a 5.5 % increase from the 
base cost. This suggests that the decentralised model holds potential for 
reducing the supply cost of ammonia through intra-REC trade. While 
this simplifies trade relationships and associated tariffs, it provides an 
indication that intra-REC trade can indeed mitigate supply costs. The 
value added to the supply chain through intra-REC trade could be in
tegrated into the subsequent ESG assessment. It’s worth noting that 
ammonia supply through the traditional centralised model could incur 
additional tariffs if countries receive fertilisers through indirect path
ways, especially for landlocked countries lacking sea-port facilities [45]. 
Table 7 outlines the adjusted ammonia supply cost with tariff rates 
incorporated when the plants supply ammonia to surrounding countries 
within the same REC.

A key advantage of the decentralised model is that with multiple 
exporters of ammonia-based fertiliser, countries can opt to import from 
those with the lowest tax rates, thus reducing fertiliser costs. Further 
exploration into tariff rates and trade agreements between countries 
would be necessary to fully assess the potential of the intra-REC trade 
approach in alleviating tariff barriers. Beyond its cost implications, the 
decentralised ammonia supply model presents a strategically superior 
alternative to conventional centralised systems, offering enhanced 
operational flexibility, regional adaptability, and long-term resilience, 
particularly within the African context. Centralised models are inher
ently susceptible to systemic disruptions such as port congestion, 
infrastructure failures, political instability, and global trade shocks, 
which can significantly hinder fertiliser accessibility. In contrast, 
decentralised systems distribute production capacity across multiple 
nodes, thereby reducing reliance on singular export hubs and increasing 
the robustness of the supply chain. This distributed structure allows for 
better alignment with local agricultural calendars, climatic variations, 
and fertiliser usage practices, improving responsiveness to regional de
mand. The decentralised systems reduce both logistical distances and 
costs by situating production closer to demand centres, yielding esti
mated transport savings of 20–30 % in comparison with centralised 
systems [69,84,105].

Moreover, decentralised facilities can be optimally sized and timed 
to align with regional planting cycles and fertiliser application windows, 
enhancing the efficiency of input delivery. Furthermore, decentralised 
plants benefit from preferential intra-REC trade arrangements, effec
tively minimising tariff-related costs and streamlining cross-border lo
gistics, particularly in landlocked and infrastructure-constrained 
regions. The model also enables seamless integration with decentralised 
renewable energy systems, such as solar, hydro, and wind power, sup
porting a transition toward low-carbon and locally powered fertiliser 
production. From a socio-economic perspective, decentralised 

production facilitates local job creation, skills development, and the 
establishment of green industrial clusters, contributing to broader 
development goals and strengthening national food sovereignty. Socio- 
economically, the localisation of fertiliser production through decen
tralised plants is projected to support the creation of 5–8 full-time jobs 
per 10,000 tonnes of ammonia produced annually, spanning operations, 
maintenance, logistics, and agronomic support as compared by Davide 
et al. [71]. In addition, the development of regional decentralised supply 
chains fosters technological capacity, knowledge transfer, and rural 
industrialisation. The attributes collectively highlight the decentralised 
model as not only a viable alternative but also a crucial element of a 
future-oriented, climate-resilient, and socially inclusive ammonia sup
ply framework duly when compared with as centralised major planetary 
boundary work [90]. Current decentralised model approach has proved 
to be capable of promoting regional self-sufficiency and advancing 
global sustainability objectives [55], particularly from an ESG and 
financial perspective.

4.3. ESG assessment and cost internalisation

A preliminary methodology has been created to assess the additional 
value generated by including ESG aspects in the implementation of a 
decentralised ammonia supply chain in Africa. These indicators were 
used to assess the practicality of the selected plant locations and their 
contribution to the supply chain in terms of ESG factors. Appendix 1 
displays the results of the ESG evaluation, where each plant site is 
assigned, a score using a system that uses different colours. For example, 
in Kenya, where 77 % of the energy is presently obtained from renew
able sources, there are ample resources available to sustain an ammonia 
manufacturing facility. In contrast, the present use of renewable energy 
in Algeria is far lower, indicating that obtaining electricity from 
renewable sources in this area may be less viable. As a result, Kenya is 
categorized as green and Algeria as red for this particular aspect. In 
terms of food security, Nigeria experiences elevated levels of malnutri
tion and utilizes a significant amount of agricultural land. These findings 
indicate that implementing a decentralised supply chain that produces 
ammonia-based fertilizer locally and on-demand might enhance agri
cultural production. This, in turn, would lead to increased nitrogen 
consumption and improvements in food security and malnutrition rates 
within the country. Consequently, Nigeria was classified as "green" 
based on this criterion. According to this evaluation, it is noted that 
every factory location would contribute to the supply chain, while 
certain locations would have a greater impact than others. In the future, 
this framework will incorporate more ESG indices as the project pro
gresses. A thorough analysis of literature produced critical performance 
indicators that may be effectively measured. These indicators are 
included in Appendix 2. These factors will be included in the ESG 
evaluation to initially evaluate the suitability of the plant sites based on 
a binary assessment for each criterion, as done for the existing indices. 
They will subsequently be utilised to establish the overall feasibility. The 
primary objective is to convert these ESG measures into a factor that can 
be employed to modify the ammonia supply cost in order to accurately 
reflect the value that can be contributed to the ammonia supply chain by 
utilizing decentralised renewable technology. An evaluation of ESG as
pects is now in progress, and the associated costs will be incorporated 
into future articles. The inclusion of ESG elements in the ammonia 
supply prices for the decentralised model utilizing HTP and mini-HB 
technologies is expected to enhance its economic competitiveness 
compared to traditional routes employing conventional methods.

5. Conclusions

This study emphatically underscores the transformative potential of 
incorporating Environmental, Social, and Governance concerns into the 
ammonia supply chain, particularly in Africa. Through the application 
of an ESG-driven framework, this research confronts the persistent 

Table 7 
Adjusted ammonia supply costs incorporating the average tariff rate for export 
based on the decentralised supply chain exporting to surrounding countries. The 
base cost for the thermal plasma and mini-HB technology was US $232/tonne. 
Tariff rates were obtained from UNCTAD 2019 [45].

Plant 
Location

REC REC Tariff Rate 
( %)

Adjusted Ammonia Supply Cost 
(US$/tonne)

Egypt COMESA 2.6 238
Algeria AMU/ 

UMA
16.6 271

Nigeria ECOWAS 5 244
CEN-SAD 9.0 253

Kenya EAC 0.1 232
IGAD 1.3 235
COMESA 2.6 238
CENSAD 9.0 253

South Africa SADC 2.7 238
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inefficiencies of traditional, centralised ammonia production systems, 
which have long hindered access to affordable fertilizers, particularly in 
remote and underdeveloped regions. By strategically evaluating plant 
locations based on weighted ESG criteria, the study identifies Egypt, 
Algeria, Nigeria, Kenya, and South Africa as optimal sites for decen
tralised ammonia production. The economic analysis further reveals 
those innovative technologies, such as high thermal plasma (HTP) and 
mini-Haber-Bosch (mini-HB), hold the potential to effectively compete 
with conventional ammonia production methods, especially when 
paired with renewable energy sources and environmental credits. This 
approach offers a critical challenge to traditional systems, which remain 
entrenched in carbon-intensive processes. ESG based supply chain 
integration and computational optimisation provide systematic results 
that intra-Regional Economic Community trade presents an invaluable 
opportunity for reducing fertilizer costs via tariff reductions, making 
localized production models more feasible and sustainable. While 
centralized systems may still offer lower base prices for ammonia, their 
inherent inefficiencies, marked by high transport costs, poor infra
structure, and extended lead times, continue to hinder accessibility, 
particularly for small-scale farmers in remote areas. In light of these 
challenges, the study advocates for the strategic incorporation of ESG 
factors into global ammonia supply chains. This shift ensures that 
environmental sustainability, social equity, and economic consider
ations are not merely complementary but central to the operationali
zation of ammonia production systems. The development of ESG indexes 
tailored to assess plant locations and their potential contributions to the 
supply chain establishes a robust framework for future research. The 
critical next step lies in quantifying these ESG indexes, enabling cost 
internalizations that better reflect the value added through sustainable 
practices. This approach paves the way for further exploration into 
scalable, decentralised systems that align with global sustainability 
targets. By adopting this comprehensive, ESG-aligned model, ammonia 
production can be redefined as a more resilient, equitable, and sus
tainable process. This study asserts that decentralised ammonia pro
duction is not only an economically viable alternative but also a crucial 
solution to pressing environmental and social challenges. It calls for a 
paradigm shift in the way ammonia is produced, distributed, and 
consumed globally, particularly in Africa. The incorporation of ESG 
factors elucidates strategies to develop a more resilient and sustainable 
ammonia supply chain that fortifies local economies, promotes envi
ronmental sustainability, and guarantees enduring solutions for hunger 
and malnutrition. Ultimately, this strategy will facilitate create a fair 
global food system, promote a future resilient to climate change, and 
greatly aid in the accomplishment of the UN SDG’s.

6. Implication, limitations and future directions

The innovative, advanced, and multidisciplinary paradigm study has 
incorporated ESG factors into techno-economic analyses of decentral
ised ammonia production in Africa. The findings have provided a sig
nificant advancement towards achieving more sustainable and inclusive 
supply chains. The viability of renewable technologies like high thermal 
plasma and mini-Haber-Bosch can be effectively demonstrated, espe
cially when considering carbon pricing and environmental credits. 
However, the methodology would gain from more thorough critical 
enhancement. The application of ESG metrics in site selection is signif
icant, however, they have not been completely integrated into the cost 
optimisation model, which restricts their strategic impact on economic 
decision-making. Furthermore, the dependence on fixed assumptions 
and the nascent development of specific technologies imposes limita
tions on evaluating their scalability over the long term. Variations in 
infrastructure, governance, and data accessibility across regions pose 
significant obstacles to consistent implementation. On the other hand, 
our study established a significant foundation for subsequent multidis
ciplinary investigations. Another approach, like enhancing this model 
through dynamic systems analysis, quantitative risk ESG valuation, and 

pilot-scale deployment is crucial for unlocking the full potential of a 
decentralised, low-carbon, and socially responsive ammonia supply 
chain designed to meet the varied development needs across the globe.
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