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Steel producers in the Global South face increasing pressure from trade and required emissions cuts.
Renewable-rich regions could become key suppliers of low-carbon steel, but this vision remains
conceptual and risks perpetuating extractivist patterns. Using the Global Energy System Model
(GENeSYS-MOD), we assess technological, spatial and employment implications of South Africa’s
steel transition. We find that an early push for hydrogen-based capacities is beneficial — but needs to be

embedded in a broader just transition framework.

Amidst geopolitical tensions and an increasing urgency to fight climate
change, it has become more and more complex for steel-producing regions
in the Global South to navigate the global supply chain landscape and
strategise about the future of domestic steelmaking capacities'”. Historically,
production sites have been located close to coal as a cost-effective energy
carrier and reducing agent for primary steel production. Those fossil path
dependencies have placed steel facilities at the industrial heart of emerging
economies, including the build-up of supply chain infrastructures such as
mines, rail, and ports, as well as the provision of stable and relatively well-
paid jobs’.

However, in the Global South in particular, domestic fossil-based steel
strategies have come under threat for two main reasons. First, protectionist
policies in key steel-producing nations - tariffs in the US, innovation support
in the EU, overcapacities in China - impede other countries’ participation in
global commodity markets, essentially pushing already small players
entirely out of steel supply chains. Second, the EU’s introduction of a Carbon
Border Adjustment Mechanism (CBAM) has institutionalised a global trade
order in which predominantly wealthier regions with more ambitious cli-
mate policies form a “coalition of the willing”, de facto hindering countries
with strong fossil path dependencies from trade with any coalition member".
This development could have more severe consequences for developing and
emerging economies than initially thought™.

On the other hand, due to abundant solar and wind energy potentials
in some regions of the Global South, the international dash for green steel
provides a big opportunity to profit from a re-structuring of global supply
chains. There is increasing urgency to strategise for this opportunity,
though, as the majority of global blast furnace capacities have been added in
the early 2000s and consequently require re-investment in the coming
decade’. While hydrogen (H,) exports have shown to be a less promising
option than initially thought’, a renewables pull towards exporting

hydrogen-based direct reduced iron (DRI) could become a major business
case for producers in the Global South'""%. This opportunity is amplified by
geopolitical interests from the Global North, the EU in particular, aiming to
form economic relations in times of uncertainty on international supply
chains. The Global North’s involvement in hydrogen projects has conse-
quently raised doubts with regard to its underlying intentions, which have
been characterised as being between green extractivism and green devel-
opmentalism, including the risk of perpetuating neocolonial and racist
patterns'*™".

South Africa serves as prime example for those global dynamics as
its steel industry finds itself at a critical juncture. On the one hand, long
steel operations are increasingly reliant on government support, revealing
competitive weaknesses in the face of global overcapacities'®"". At the
same time, the country’s production factors present a unique opportunity
to profit from growing international green steel markets. This is not only
due to its renewable energy potentials, but also because facilities to
produce DRI already exist in the country, and could partly be operated
with hydrogen at relatively little additional CAPEX investment. Recent
research has consequently outlined a compelling vision in which South
Africa becomes a global supplier of renewable hydrogen-based DRI"*’.
Furthermore, the Global North’s interests in South Africa have mani-
fested in coordinated support initiatives such as the Just Energy Tran-
sition Partnership (JETP), which has been criticised for its insufficient
attention to social justice concerns’*”. Within the JETP, considerable
emphasis has been placed on attracting foreign private investment for the
power sector transition, which holds promising implications for water
and land resources™ and would be conducive to low-carbon steelmaking
in the future. This focus, however, also underscores the Global North’s
primary interest in securing access to resources from South Africa’s
emerging hydrogen economy".
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Although the vision of low-carbon steel economies in the Global South
is already the subject of fierce debate, it remains largely conceptual, with
several critical questions still unanswered. Given the uncertainties around
global protectionist policies and CBAM, how should governments strategise
for their steel industries’ futures? Which regions are best suited for low-
carbon steel production, and how does existing infrastructure influence this
potential? Speaking to debates on energy justice and aiming to improve
initiatives like the JETP, what are the implications for job creation, and what
are the risks if such a vision fails to materialise?

Using South Africa as a case study, this paper addresses these gaps by
explicitly incorporating the steel sector in the Global Energy System Model
(GENeSYS-MOD). Through our integrated modelling approach, we assess
the economic, spatial, and energy implications of transitioning to a
hydrogen-based steel industry in South Africa as an exemplary economy in
the Global South that needs to navigate new steel realities. Our analysis
provides actionable insights into the feasibility, trade-offs, and potential of
green steel as a driver of sustainable industrial development - contributing
to both national policy debates and the broader discourse on green growth
in emerging economies.

Our analysis contributes to a growing literature on energy systems
modelling for an emerging economy context™ ™, but sets itself apart in two
ways. First, we include a detailed representation of the steel sector and its
distribution across South Africa’s nine provinces. The sector is calibrated to
current capacities, with largest production facilities in Vanderbijlpark
(Gauteng region), Newcastle (KwaZulu Natal), and Saldanha (Western
Cape)*. Company announcements for capacity additions or closures are
taken into account until 2035. We implement the following technologies:
conventional blast-furnace blast-oxygen-furnace (BF-BOF), DRI with coal,
natural gas (NG), and hydrogen, as well as electric arc furnaces (EAF) for
steel recycling and DRI processing. Additionally, DRI capacities in Gauteng
can be equipped with CCS technology assuming potential storage in the
Durban Basin®.

Our second main methodological contribution is the consideration of
direct and indirect employment effects from steel sector development over
time. To do so, we use an ex-post employment factor approach, capturing
employment numbers for multiple job types (manufacturing, construction
and installation, operation and maintenance, and supply jobs) both in the
steel sector directly, as well as for indirect jobs in mining and the power
sector.

Results

We approach the research questions outlined above from three angles. First,
we investigate both production volumes and capacities to analyse how steel
production technologies develop over time. In doing so, we ask which
technology routes firms and governments can focus on to build a future-
proof steel sector. Second, we analyse how future steelmaking capacities
could be distributed regionally. This should give decision makers an indi-
cation of where strategic capacity build-up is preferable - e.g. whether, in the
future, low-carbon steel plants should be placed close to iron ore or coal
mines, renewable electricity and hydrogen infrastructure, or trade infra-
structure like ports. Third, we delve into implications for employment in
steel and indirectly affected sectors of mining and power generation.
Acknowledging the “dual challenge" of eradicating poverty and unem-
ployment while transitioning to low-carbon economies', with this final
angle we aim to make the synergies and trade-offs in employment between
sectors explicit. We structure the results across four scenarios, which are
constructed along two dimensions: national climate targets and demand for
low-carbon DRI and steel (see Methods). Two High Demand Scenarios
(HDSs) represent increases in both domestic crude steel production and
exports of hydrogen-based DRI. Out of the two, one is aligned with a 2
degree emission reduction target, aiming for a net-zero energy system by
2050, the other follows a business as usual (BAU) climate trajectory. Simi-
larly, we employ two respective Low Demand Scenarios (LDSs), repre-
senting a decline in crude steel demand and no exports of hydrogen-based
DRI until 2050.

Technologies over time: structural shift to hydrogen-based
steelmaking

Across all scenarios, the long-term trajectory for South Africa’s steel pro-
duction volumes points towards a decline of coal-based steelmaking and the
rise of EAFs and H,-DRI over time (Fig. 1). The steel sector’s development
goes hand in hand with a transition of the power sector, for which solar and
wind become the dominating generation technologies from 2040 onwards
in all scenarios (see Supplementary Fig. 2).

In both high-demand scenarios, the steel transition is rapidly driven by
export opportunities for low-carbon DRI. We observe H,-DRI cost below
300 EUR/t from 2040 onwards, reaching 250 EUR/t in 2050, which is
competitive with current DRI commodity prices (see Supplementary Fig. 4).
Even in the low-demand-scenarios, the comparative advantages of H,-DRI
therefore drive a virtually complete phase-out of coal-based steelmaking by
mid-century - regardless of whether they align with a 2 °C climate target or
follow a BAU pathway.

CCS does not play a role in any of the considered scenarios,
underlining its inability to compete with renewables-based routes in
the South African context. The results imply that, while policy inter-
ventions could influence the transition’s pace, its direction is robust: by
2050, coal-based steelmaking is no longer part of South Africa’s
industrial landscape. Instead, the sector is structurally reshaped
around hydrogen-based processes, with implications for energy system
planning, export infrastructure, and labour markets.

Moving on to steelmaking capacities, the equipment deployed mostly
reflects the production patterns above, although utilisation varies between
technologies in some instances (Fig. 2). Most striking is the required ramp-
up of H,-DRI capacities between 2030 and 2050 in both high-demand
scenarios. This expansion is driven by the need to meet demand for low-
carbon DRI exports, regardless of emissions constraints. In practice, such a
rapid build-out is likely to face bottlenecks in equipment supply, and it
implies considerable demand for sources of finance — which could drive up
capital costs in the future™.

Capacity results also confirm the risk of coal-based steel facilities
becoming stranded assets in the long run. In the BAU low-demand
pathway, the model does not decommission BF-BOF capacity entirely
by 2050, but barely operates those units after 2040. Similarly, existing
coal-based DRI facilities, currently located in Gauteng, are retained
until 2040 in all scenarios but contribute little to total production (cf.
Fig. 1).

Regional capacity distribution: industrial base remains, but
increasing role for provinces with renewable potentials

The regional distribution of steelmaking capacities in our scenarios
mirrors the broader structural transformation of the sector: a gradual
but pronounced shift towards provinces with abundant renewable
energy resources (Fig. 3). In this sense, we observe a domestic renew-
ables pull between provinces'”"'. Some capacities remain at production
locations historically anchored to coal supply chains even in the long-
run, but their relative importance decreases over time. While access to
low-cost solar and wind potential is the primary driver of this redis-
tribution, proximity to iron ore deposits and the availability of efficient
transport links to export ports also shape the geography of future steel
production.

The Northern Cape emerges as the clear beneficiary of this shift. Its
unique combination of vast renewable generation potential, proximity to
major iron ore mines, and direct connection to Saldanha port via the Sishen
Ore Corridor railway positions it as the natural hub for hydrogen-based DRI
and EAF deployment. Moreover, Saldanha in the Western Cape serves as a
nucleus for alow-carbon steel economy, because its already existing facilities
- the Saldanha Steel works, and infrastructure lead to an early adoption of
H,-DRI production in all scenarios.

The industrial base in Gauteng and KwaZulu-Natal is upheld in a sense
that we observe a transformation rather than a shutdown of steel operations
in these provinces. However, particularly in the high-demand scenarios,
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Fig. 1 | Sankey diagramme of steel production volumes per technology in South
Africa up until 2050 for the four considered scenarios - high and low demand,
2°C compliant or BAU, respectively. Stage 1 either represents the initial reduction
step in a DRI plant, or steelmaking in an integrated BF-BOF plant directly. Stage 2
comprises EAF steelmaking, both for secondary (scrap) and primary (DRI) steel.
The demand stage consists of domestic steel use and low-carbon DRI exports as
reflected by our demand assumptions (see SI for further information). In both HDS,
H,-DRI steel capacities enter the mix by 2030. When the whole economy is
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decarbonising and there is competition for H, with other sectors (2° HDS), the final
bits of demand are met with existing DRI-coal kilns (2030) or DRI-NG (2040). The
following decade sees an accelerated phase-out of the integrated BF-BOF route, with
coal-based steelmaking disappearing from the national steel mix by 2040. In con-
trast, both LDS retain a key role for BF-BOF until around 2030, but still start to
phase-out coal-based steel production thereafter. Only in the BAU LDS, a small
fraction of BF-BOF production remains in 2050.

their relative long-term role for South African steel is smaller compared to
capacities in the Northern Cape. In Gauteng, the early phase-out of blast
furnaces — combined with the long-term idling of existing coal-based DRI
plants — diminishes the province’s role as the central steelmaking hub it
holds today. In high-demand scenarios, EAF capacities are added in line
with ArcelorMittal’s announced decarbonisation roadmap. KwaZulu-
Natal’s Newcastle plant holds the last blast furnace in the BAU low-demand
scenario, but even here, high demand prompts an early replacement with
H,-DRI and EAF facilities. In addition, despite Gauteng’s relative proximity
to the Durban Basin - alocation technically suitable for CCS deployment™ -
the model finds no cost-optimal role for CCS-based steelmaking in any
scenario.

Implications for employment: more jobs from renewable than
from fossil iron- and steelmaking

Results on employment robustly indicate that, in the mid- and long-term,
the emerging renewable-based steelmaking sector will be a more significant
source of employment than conventional fossil steelmaking, regardless of
demand or national climate policy (Fig. 4). While higher demand for South
African steel obviously results in substantially higher employment numbers,
national climate targets only play a minor role in the overall picture.

Both for the steel sector directly and for indirect jobs, employment is
mainly driven by the development of a South African hydrogen economy. In
the high-demand scenarios in particular (cf. High Demand Scenario (HDS)
in Fig. 4), most direct jobs come from the build-up of H,-DRI capacities, and
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Fig. 2 | Development of steel production capacities per technology in South
Africa over time, up until 2050, for all four scenarios. DRI capacities are separated
from BF-BOF and EAF steelmaking to reflect the opportunity of splitting the value
chain in order to export low-carbon DRI directly. The results indicate a robust
decline of fossil steel capacities in favour of EAF and H,-DRI capacities, regardless of
demand and emissions target assumptions. For the domestic market in particular,
EAFs fully replace BF-BOFs as the dominant steelmaking technology by mid-
century. Under high demand, this is primarily driven by the synergetic ramp-up of

BAU HDS

BAU LDS

| |

wn o o
N m <
o o
N N

o
N

o o
m <
o o
N N

o
n
o
N

2050
2025

Crude Steel Capacity
u EAF
m BF-BOF

H,-DRI capacities, which are required to meet export demand in any case, but can
also be used to feed into downstream EAF steelmaking. During the transition
(2030-2040), DRI-coal and DRI-NG are used as bridging technologies until suffi-
cient cost-effective H, is available, particularly when the rest of the economy also
decarbonises swiftly and competition for low-carbon energy is high (2 °C HDS). In
low-demand scenarios, the shift is more gradual and stems from a combination of
modest DRI expansion and steady steel recycling rates over time.

most indirect jobs are created from the ramp-up of electrolyser capacity for
local H, generation. As a consequence, we observe an initial employment
spike in the mid-2030s, which is then followed by a drop as soon as initial
capacities have been installed. Only in the late 2040s, when demand for H,-
DRI exports rises steadily, the need for additional capacities leads to a
second, even higher employment spike. When demand for South African
steel is low, however, production is still mainly carried out with fossil jobs
until 2030, and jobs in low-carbon steelmaking only start to play a more
dominant role throughout the 2040s.

The drop in employment after the initial wave of capacity install-
ments in both high-demand scenarios highlights the risks of an extra-
ctivist hydrogen economy in which demand for low-skilled labour is high
in the short run, but high-skilled long-term jobs mostly remain in
countries that process the exported H,-DRI and hence keep the sub-
sequent, more value-adding parts of the supply chain'"". This highlights
the need for additional measures to ensure a just and sustainable ramp-
up of hydrogen capacities in the Global South, which guarantees
employment not only for short-term capacity build-up, but also in the
long run.

Lastly, the regional distribution of direct steel jobs follows the
capacity build-up patterns described above (cf. Fig. 2). That is, in high
demand scenarios most direct employment opportunities will be
located in the Northern Cape. For a more detailed perspective, we
provide direct employment figures at the province-level in Supple-
mentary Fig. 1. Indirect mining jobs obviously continue to occur at the
existing locations, however with a declining relevance in coal mining

and, at least in the high-demand scenarios, an increase in iron ore
mining activities to meet H,-DRI exports. For indirect power sector
jobs, regional employment depends on the level of system integration -
specifically whether power demand from electrolysers is met directly at
the plant or more distributed through the grid — which goes beyond the
scope of our study.

Discussion

For steel economies in the Global South, we have shown that the dual
challenge - de-coupling from fossil path-dependencies without compro-
mising on reducing unemployment and eradicating poverty"* - is best
addressed with a push for renewable-based DRI and EAF capacities in
regions with abundant renewable potentials. Three key findings have direct
implications for policymakers.

First, in countries with favourable conditions for low-carbon steel from
renewable energy, the steel sector’s transition will be driven from global
demand for green steel rather than national climate policy. As soon as H,-
DRI commodity markets have formed, capturing even a small share pro-
vides sufficient incentives to phase-out fossil steel and deploy low-carbon
steelmaking technologies in these countries — with or without additional
national climate policies in place. While one might argue that fossil capa-
cities should be kept in place to meet domestic steel demands, our results
clearly indicate that, in countries with vast renewable potentials like South
Africa, renewable-based steel is going to be more cost-effective in the long
run. In addition, being an early mover at this transition — also for domestic
markets — secures countries a strategic advantage, opening opportunities to

npj Clean Energy| (2026)2:5


www.nature.com/npjcleanenergy

https://doi.org/10.1038/s44406-026-00020-0

Article

2025
C %
2°C HDS : / i
ij Rupub\‘\\’:

e
BAUHDS 7 ?
blik

2030

Republik
4 "*}'ﬁ)\m

Ropu b Republik
i E <gmn @ >~
o
2°C LDS / @j
W\r Republik
“piapika Pl
BAULDS / @7 '
Republik Republik
M;ks Zarpika
2025 Mapbox © OpenStreetMap
Technologies
B BF-BOF B DRI Gas B EAF
B DRI Coal DRI H2

Fig. 3 | Regional steel capacity distribution in South Africa’s provinces over time,
up until 2050, for considered demand and emissions scenarios. Volume pie charts
are representative for each province and do not stand for actual production locations
on the map. Results consistently show that, for a cost-effective transition, capacities

o «® o

RepubliB

'

Republik
4 '\'P‘mm

Capacity [Mt]
1,03 6,00 10,00
4,00 8,00 12,40

“follow the energy”. That is, conventional fossil capacity close to coal mines is
retained to a certain degree, but loses in relative importance compared to regions
with abundant renewable potentials — here the Northern Cape specifically.

capture larger market shares over time. At the same time, early-stage
hydrogen projects come with considerable risks, which need to be accounted
for. This is particularly the case at a time where the implementation gap for
hydrogen has widened’'. Megaprojects in the South African context speci-
fically do not only need to factor in business and technology risks, but
arguably even more so risks in relation to market and supply chains, project
execution, as well as political risk””. Support instruments from the Global
North could add real value in safeguarding and insuring against these
uncertainties, in turn improving project bankability and lowering cost of
finance.

Second, against the widespread perception that climate policy costs
jobs and causes unemployment, our results show that embracing the low-
carbon transition can stimulate direct employment in the steel sector, but
also in indirect jobs — mainly from the build-up of electrolyser capacity and
power capacity to generate H,. When global demand for low-carbon steel is
high, we observe substantial employment opportunities from DRI-H,
exports. In this case, the model finds almost 10,000 direct steel jobs in the
2030s already, and an even larger potentials for indirect jobs in the power
sector. Those potentials would remain untapped if strategic decisions are
made to stick to coal-based steelmaking and CCS. When demand is low,
however, climate targets do not lead to additional unemployment as coal-
based steelmaking is already in decline. At the same time, a just transfer of
the workers at risk is essential and re-training takes time. This gives addi-
tional reasons to start with the ramp-up of renewable-based iron and steel
rather sooner than later.

Third, while our results might make policies for a low-carbon steel
transition seem like a no-regret, they also highlight the challenges of a

structural capacity shift between regions, as well as the need to secure long-
term and high-skilled jobs. Since distributional implications of a transition
come on top of compounding injustices, decision makers need to take a
people-centred approach and engage with local communities to consider
procedural and recognition justice, as well**. Concerning the Global
North’s role in this transition, initiatives like the JETP need to get better at
ensuring that support schemes serve vulnerable groups on the ground™'. For
the CBAM specifically, collaboration and support from the EU should be
granted to implement the instrument in the Global South, and to ensure the
levy’s impact on local businesses and jobs is minimised”.

While our results are generalisable beyond the South African context to
some extent, in practice strategies will depend on regional and local con-
straints. This raises two important limitations of our work. First, we analyse
the steel sector from an integrated and long-term systems perspective,
thereby abstracting from short-term political challenges such as previous
abuse of market power in the South African steel market”, or ongoing
negotiations in an attempt by the South African government and the
Industrial Development Corporation to secure domestic long steel
operations'®. Our modelling approach also requires us to omit details on
transport infrastructure for energy inputs, raw materials, iron, and steel. For
power demand from electrolysers specifically, in practice, renewable capa-
city is likely to be often built independent of the grid, which we are not able to
capture in GENeSYS-MOD. Second, for our employment calculations we
did not take stock of required skills or labour market equilibrium effects,
hence neglecting the training needed to meet the requirements of a rapid
low-carbon transition, as well as resulting wage developments. As both of
these aspects pose central bottlenecks to the sector’s development, future
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Fig. 4 | Direct and indirect steel sector jobs over time for each scenario. We
provide a regional estimate per province in Supplementary Fig. 1 and direct jobs in
the power sector in Supplementary Fig. 3. Indirect jobs include power sector jobs to
meet energy demand from steel, as well as jobs associated with iron ore and coal
mining. The model’s job module captures employment in manufacturing, con-
struction and installation, operation and maintenance, and supply (see SI for
detailed information). In all four scenarios, indirect jobs gain in importance for
overall employment over time. In the high-demand scenarios, low-carbon steel starts

to crowd out fossil steelmaking jobs from 2030 onwards. When competition for H,
with other sectors is high, jobs for the DRI-NG buildup bridge the gap before this
capacity is converted to H,-DRI, as well. Even in a scenario with lower demand and
without ambitious emissions targets (BAU LDS), both direct and indirect low-
carbon steel jobs play a larger role than fossil steel jobs from 2040 onwards. In both
high-demand scenarios, we observe two spikes associated with the ramp-up of
hydrogen and H,-DRI equipment.

work is needed to investigate both specific production locations with
required transport infrastructures for energy and material, as well as the
skillsets and labour market developments implied by our employment
results.

Last but not least, by the modelling-focused nature of this study, we put
techno-economic considerations at the centre of our analysis, thereby
neglecting to a substantial degree how the transition is experienced by
affected workers and their communities'. Further research should ensure in
close cooperation with civil society that low-carbon steelmaking projects are
embedded into the greater context of a just energy transition. Initiatives
should hence move away from green extractivism and towards emancipa-
tory hydrogen futures that include international support for additional
macroeconomic policies, fair trade agreements, and knowledge and tech-
nology transfers'**.

Methods
Scenario design
We centre our study around the effects of national climate targets and
demand for low-carbon DRI and steel. To measure the impact of both
factors, we consequently employ four scenarios. Two HDSs depict increases
in both domestic crude steel production and exports of hydrogen-based DRI
until 2050. Out of the two, one is aligned with a 2 degree emission reduction
target, aiming for a net-zero energy system by 2050, the other follows a
business as usual (BAU) climate trajectory. Similarly, we employ two
respective Low Demand Scenarios (LDSs), representing a decline in crude
steel demand and no exports of hydrogen-based DRI until 2050.

More specifically, in the HDS, long steel operations in Newcastle (SA-
KW) remain active beyond 2025 and demand for crude steel used

domestically is assumed to increase 1% each year. The additional demand of
1% each year is not tied to a specific region but can be satisfied by any region,
allowing for flexibility when it comes to additional demand in the high
scenario. Exports of hydrogen based DRI increase significantly by 2050,
representing a best-case scenario for South Africa’s export potential of H,-
DRI, capturing 1% of expected global demand™. The LDS, on the other hand,
represents a decline in both domestic and export production, with no share of
the global renewable-based DRI market being captured. The resulting exo-
genous demand assumptions are summarised in Supplementary Table 1.

The two emission scenarios that are deployed in combination with the
two demand scenarios are constructed as follows: The BAU scenario reflects
South Africa’s energy trajectory under current policies and trends as outlined
in the Integrated Resource Plan 2023 (IRP 2023)". The scenario follows the
older peak, plateau, and decline emissions reduction trajectory from South
Africa’s 2020 Low Emission Development Strategy, which does not target
net-zero by 2050*. This scenario serves as a baseline against which more
ambitious pathways can be compared. The Steel sector is assumed to make up
3% of emissions and it assessed separately in the model set-up allowing for
control over the sector-specific emissions. The 2 °C scenario aligns South
Africa’s energy transition with the international objective of limiting the
global temperature rise to no more than 2 “C above pre-industrial levels. This
pathway entails ambitious carbon emissions reductions”, introducing yearly
emission caps to gradually reach net-zero by 2050. The resulting emissions
constraints are reported in Supplementary Table 2.

Modelling South Africa’s steel transition with GENeSYS-MOD
The scenarios are implemented in the latest Julia-based version 4.0 of
GENeSYS-MOD, which has been extended and adapted to the South
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Fig. 5 | Stylized graph of GENeSYS-MOD. The model uses key inputs (baseline
demand, renewable potentials, weather, existing capacities, political targets, and fuel
prices) to optimize a least-cost, constrained energy system by minimizing the net
present value of total system costs. It balances supply and demand across regions,

years, and time steps while considering sector-coupling options, and outputs key
parameters including primary energy demand, sectoral demands, technology
investments, renewable generation, fossil-fuel phase-outs, and emissions.

African context”***". Our research questions outlined above require a
method that couples low-carbon iron and steel technology pathways with
the energy system as a whole, as well as captures the spatial distribution of
capacities and production. To date, other optimisation models for South
Africa, such as PyPSA, OseMOSYS, or Plexos are focused on power systems
modelling only. SATIM-GE, a TIMES energy model linked to a Computable
General Equilibrium, is the only optimisation model for South Africa that
includes power and demand sectors, like industry, but is single node and
does not represent sub-regions of the country*. Accordingly, GENeSYS-
MOD currently constitutes the only modelling framework with the neces-
sary spatial and sectoral resolution to adequately address the research
questions formulated in this study.

GENeSYS-MOD minimizes the net present value of total system costs,
constructing an energy system that meets demand while adhering to con-
straints for a least-cost solution. The baseline year is 2018. The time frame
extends to 2050, with investment steps starting in 2025 and progressing in
five-year intervals. The framework incorporates sector coupling decisions
that consider energy needs in multiple sectors, including electricity, trans-
port, residential heating, and industrial processes (Fig. 5). Further infor-
mation on the model can be found on the GENeSYS-MOD GitHub page.

Implementing the steel sector
The steel sector in our model is calibrated to current capacities in South
Africa, with largest production facilities in Vanderbijlpark (Gauteng
region), Newcastle (KwaZulu Natal), and Saldanha (Western Cape)*. In the
current model version, we have implemented multiple technologies: con-
ventional blast-furnace blast-oxygen-furnace (BF-BOF), conventional
blast-furnace blast-oxygen-furnace with CCS (BF-BOF-CCS), electric arc
furnace (EAF), steel recycling, as well as DRI with coal, natural gas or
hydrogen. Furthermore, DRI capacities in Gauteng can be equipped with
CCS technology assuming potential storage in the Durban Basin®. Input
energy, material and cost parameters are derived from Agora Energy’s study
on breakthrough technologies for energy-intensive industries* and can be
seen in Supplementary Tables 3, 4. For the DRI gas capacities, we assume
high capital costs to account for the built-up of gas infrastructure. These
technologies can switch to using hydrogen for H,-DRI production in 2050.
To account for the cost of inputs in the steel-producing processes, we specify
variable cost for scrap steel and iron ore procurement. Additionally, variable
costs representing pelletizers are added to hydrogen- and gas-based DRI
The steel capacities data for South Africa are listed in Supplementary
Table 5. Assuming that in a HDS, crude steel demand is expected to remain
stable and potentially increase, BF-BOF capacities in Newcastle are only

decomissioned by 2040 in the HDS compared to a decomission by 2030 in
the LDS). Company announcements for capacity additions are taken into
account until 2035 (see Supplementary Table 6). Furthermore, new capa-
cities for BF-BOF are restricted to the regions SA-GA (Gauteng), SA-MP
(Mpumalanga), and SA-KW (KwaZulu-Natal) to realistically reflect exist-
ing industrial infrastructure that can support the development of blast
furnaces, as well as proximity to coal resources.

Trade between provinces and transport cost are considered at three
stages of the value chain, ie. (i) upstream from iron ore mines in the
Northern Cape (mostly Sishen and Khumani) to the initial reduction step,
(il) midstream for the direct reduction route, i.e. potential transport of DRI
from location A to EAFs in location B, as well as (iii) downstream transport
of crude steel. The two main existing rail lines - ie. the Coal Line from
Mpumalanga to Richards Bay and the Iron Ore Line from Sishen to Sal-
danha Bay - are taken into account for the calculation of transport cost.
Road transport is assumed for any other internal trade options.

Multiple current capacities in South Africa could potentially be ret-
rofitted to work either with a different fuel, such as a switch from coal-based
to gas-based DRI, or the addition of CCS to reduce overall emissions. Coal-
based DRI could be retrofitted to work with natural gas. This is only allowed
by 2035 given the technological changes and uncertainty about natural gas
use as most of it would need to be imported. In total, 1.5 Mt of capacity could
be retrofitted in Vanderbijlpark (SA-GA). We assume retrofitting cost to be
30% of capital costs for gas-based DRI. The coal-based DRI in Vander-
bijlpark could also be equipped with CCS technology. A capture rate of 90%
is expected based on™. Capital cost for retrofitting are 70% of a new built
capacity. A mothballed DRI capacity 0.8 Mt in Saldanha (SA-WC) could be
brought back on as a hydrogen-based DRI by 2030. We assume 10% of
capital costs of DRI for the retrofit.

Job module
We employ a job module based on ref. 27, extended to include the Steel
sector. Using an employment factor approach, job numbers for different job
types are calculated. These include: manufacturing, construction & instal-
lation, operation & maintenance, and supply jobs. For manufacturing, a
local manufacturing factor is provided, specifying the share of actual pro-
duction of parts in the country. For South Africa, we assume a general share
of 30% for the power sector and 20% for the steel sector. The regional
adjustment factor of 2.15 is applied to all values.

An overview of assumptions for job factors in the power sector and
steel sector can be seen in Supplementary Table 7. These job factors are used
to calculate direct jobs. Indirect jobs (fuel use) from the steel sector for most
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fuels can be quantified easily via supply (mining) jobs. But for power and
hydrogen, jobs need to be calculated first. Thus, we calculate average
employment in the power sector and for Electrolyzers, leaving us with a
Jobs/P] value we can use to approximate indirect jobs.

Data availability

The model used in this research can be found at the public GitHub page of
GENeSYS-MOD (https://github.com/GENeSYS-MOD) and the data in the
open Zenodo repository for the GENeSYS-MOD dataset under https://doi.
org/10.5281/zenodo.16811216.
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