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Abstract

The industrial sector dominates global energy usage, accounting for approximately 50%
of total energy demand, with process heat representing two-thirds of this consumption.
Although renewable energy technologies have become increasingly cost-competitive, indus-
trial users have been hesitant to replace fossil fuels to meet heat generation requirements.
This study presents a practical framework for industrial energy transition, proposing
a phased approach toward sustainable manufacturing practices, processes, and energy
technologies. The framework emphasises that while energy efficiency measures form the
foundation, strategic technological investment priorities should target the replacement of
fossil fuels with sustainable and renewable energy technologies. The formulation of the
three-phased energy technology advancement framework is informed by techno-economic
analyses across a range of technical interventions available to plant operators, namely
beverage manufacturers. For South African conditions, cost-benefit analyses suggest
that the industry will prioritise investments in photovoltaic and battery energy storage
systems, driven by attractive returns on investment, which are expected to improve. How-
ever, sustainability plans and efforts must extend beyond immediate financial returns,
particularly in terms of future space requirements and capital allocation. This more holis-
tic approach will ensure long-term sustainability while meeting increasingly stringent
environmental commitments.

Keywords: energy transition; sustainable manufacturing; solar photovoltaics; battery
energy storage systems; solar thermal energy; heat pumps; return on investment

1. Introduction

South Africa’s energy transition faces the formidable challenge of reducing its heavy
reliance on coal [1]. This fossil fuel has long been the backbone of the country’s energy sector,
accounting for approximately 80% of its electricity generation and a significant portion
of its industrial process heat [2]. Ongoing dependence on coal contributes substantially
to greenhouse gas emissions and poses economic and environmental risks as the world
moves towards cleaner energy sources [3].

The urgency of the energy transition is underscored by South Africa’s commitment to
the Paris Agreement and its national climate goals [2]. However, the path to decarbonisation
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is complex, particularly given the country’s unique socio-economic challenges and the
deeply entrenched role of coal in its economy [4,5]. While progress is being made in the
electricity sector, industrial decarbonisation has lagged, and insufficient action has been
taken to date [6,7].

Given the financial benefits of solar photovoltaic (PV) energy, South African industrial
and commercial energy users have begun to generate electricity from renewable sources
directly or through third parties. The deployment of PV by the private sector is expected
to accelerate in the context of sustained above-inflation electricity tariff increases. How-
ever, given space constraints, only a portion of the electricity requirements of industrial
companies are being met by embedded installations. Other priority energy investments
have included installing diesel generators to mitigate the impact of rolling blackouts [8].
However, the high costs of operating diesel generators and the adverse effect on carbon
emissions are pushing companies to consider battery energy storage systems.

This study analyses South Africa’s current state of energy transition, focusing on the
electricity and processing heat required by industry. It provides a summary of progress
made thus far, particularly in the power sector, and the significant challenges, especially
in decarbonising industrial process heat. Informed by cost-benefit analyses, this work
proposes an operational-level, three-phase technology transition framework for industrial
facilities. It provides a practical roadmap for South African industry leaders and stake-
holders to navigate the journey towards a low-carbon future. Insights and benchmarks are
derived from techno-economic analyses using South African data and the energy demand
of typical South African beverage facilities. While explicitly based on South Africa, the
outcomes of this work are relevant to industrial sectors such as pulp and paper, chemicals,
textiles, and food, which utilise low- to medium-temperature process heat of 200 °C or less,
typically supplied from fossil fuels, in regions with high solar irradiation.

2. Materials and Methods

Since the 1960s, the South African national power grid has been managed by Eskom, a
single state-owned, vertically integrated utility, responsible for power generation, transmis-
sion, and distribution. Before 2010, Eskom generated and transmitted nearly 100% of the
country’s electricity [6]. Distribution was and continues to be shared with municipalities [2].
The Independent Power Producer Office was introduced in 2010 to broaden generation
capacity, and the South African power network is now evolving towards a traded power
sector market, under the oversight of the National Energy Regulator of South Africa [9].
These reforms are occurring alongside increasing electricity costs in South Africa, where
tariffs have grown steadily ahead of inflation, as illustrated in Figure 1 by the industrial
user electricity tariff compounded annual growth rate (CAGR). Average South African
electricity tariffs for industrial users were USD 80/MWh in 2024 or USD 67 /MWh in 2020
real terms, which is nearly seven times higher than in 2002 [10]. In addition to the cost of
energy, other risks include access to energy, inequalities in society, environmental concerns,
and market failure [5].

South Africa has relatively high irradiation, with global horizontal irradiation ranging
from 4.4 to 6.4 kWh/m? day and an average of 5.6 kWh/m? day, making investments in
solar energy technology attractive [11]. For the most important economic nodes of the
country, PV outputs range between 4.5 to 5.5 kWh/kWpeak. It also has a 3000 km coastline
favourable for wind energy generation [12]. Recognising this potential, the government
has formalised a renewable energy procurement programme enabling the establishment
of large-scale project capabilities for electricity generation. Furthermore, the removal of
regulatory constraints and ongoing cost reductions in renewable energy solutions have
stimulated investment by the private sector [13]. Despite these advancements and the
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relatively high penetration of solar thermal geysers for domestic use [14], little progress
has been made in decarbonising industrial thermal energy systems, with coal continuing to
be the primary source of process heat.
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Figure 1. Evolution of the South African electricity tariff for industrial users.

This work employs cost-benefit analyses to quantitatively compare investment options
that support decarbonisation in industrial sectors utilising low- to medium-temperature
process heat. The cost-benefit analyses are derived from energy cost forecasts, the energy
requirements of the South African beverage sector (which serves as a case study), and
techno-economic analyses on renewable and sustainable energy technologies to compare
investment returns.

While PV power plants and battery energy storage system (BESS) capital expenditure
and levelised cost of energy (LCOE) are tracked and reported annually, solar thermal energy
technologies and heat pump energy costs are less transparent. This study utilises published
South African LCOEs for PV and BESS, which are calculated using standard methodology
as per the International Renewable Energy Agency recommendation [11,15,16]. Levelised
cost of heat (LCOH) is a commonly used cost metric for solar thermal energy and heat
pump installations [16,17]. LCOH of solar thermal energy technologies are determined
from international benchmark capital costs [3,16] and South African solar irradiation
data [18] as described and provided by Saini et al. [19]. The heat pump baseline LCOH is
determined using published capital costs [19] and Eskom’s, South Africa’s state-owned
power utility, Megaflex variable tariffs (averaged for a 24 h, 7-day operation, which includes
ancillary service charges) for a 66-132 kVA direct connection [20]. The historical cost of
coal and heavy fuel oil in South Africa was obtained from the IndexMundi data portal [21].
The historical cost of diesel was obtained from the South African Petroleum Industry
Association database [22].

Cost projections for all technologies are obtained from a best-fit quadratic regression of
generation capacity, coupled with technological learning rates [23], to provide a consistent
methodology across solar PV, BESS, solar thermal energy, and heat pumps. Real-term 2020
United States Dollar (2020 USD) values provide a uniform basis of comparison across time
frames and publications. The forward-looking range of fossil fuel prices and associated
costs of heat is based on the IEA’s pricing scenarios [24,25] and informed by the historical
variability of coal and Brent crude oil prices in 2020 US dollars. During the preparation of
this manuscript, the authors have used Perplexity Al to help synthesise and simplify the
dissertation and conference proceedings materials produced by the authors.

2.1. Renewable Energy Independent Power Producer Procurement Programme (REIPPPP)

The REIPPPP has been a cornerstone of South Africa’s efforts to diversify its energy
mix and reduce its reliance on coal. Launched in 2011, the program has faced various
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challenges, including policy uncertainty and implementation delays [13]. However, it has
gained significant momentum in recent years, establishing a thriving local independent
power producer sector majority owned by South Africans, demonstrating the country’s
commitment to increasing its renewable energy capacity and transformation [26].

As of 2024, the REIPPPP has achieved notable milestones, including the procurement
of over 13,422 MW of renewable energy generation capacity, with more than 7335 MW
connected to the national grid [13]. The program has attracted over USD 15 billion in invest-
ment (ZAR 277 billion), with 25% coming from foreign sources [13]. These achievements
highlight the program’s success in stimulating the renewable energy sector despite grid
constraints, strict local ownership requirements, and regulatory hurdles.

The REIPPPP has contributed to increasing the share of renewables in South Africa’s
energy mix, introducing utility-scale facilities, and has also played a crucial role in reducing
the cost of renewable energy technologies in the country. The transparent, managed,
and competitive bidding process, overseen by the Independent Power Producer Office
of the Department of Electricity and Energy, has driven down prices, with the 2021 bid
window 5 of the program achieving the lowest tariffs to date for renewable energy at USD
29/MWh [27]. These costs have made renewable energy increasingly competitive with coal-
fired power generation, challenging the traditional economic argument for coal dependence.

In 2011, a power wheeling framework was introduced, paving the way for decentral-
isation in electricity generation [28]. The lifting of the 1 MW cap on unlicensed power
generation in 2021 has since enabled power purchase agreements between commercial and
industrial users and large third-party electricity generation companies [29,30]. The national
utility, Eskom, and the national regulator continue to provide active oversight over these
third-party contracts, though electricity transmission agreements [28].

2.2. Industrial and Commercial PV Deployment

Complementing the utility-scale developments under the REIPPPP, the private sector
has played a crucial role in expanding South Africa’s solar capacity following the relaxation
of generation regulations. The rapid growth in industrial and commercial PV installations
has been driven by several factors, including declining technology costs, the need for energy
security amid ongoing power supply challenges, and corporate sustainability goals [26].

In 2024, South Africa added 961 MW of privately owned solar PV generation capacity,
bringing the total to 6.1 GW [31]—an 18% increase from 2023, following sustained month-
on-month growth, as shown in Figure 2. Referred to as “Rooftop” PV, privately owned
embedded solar energy capacity generation has increased threefold in just over two years,
from mid-2022 to the end of 2024, with over 80% of installations being undertaken by the
industrial and commercial sectors [31]. By contrast, the policy-driven REIPPPP programme
took eight years to increase from 2 GW to 6 GW in solar and wind electricity generation [13].

Expanding industrial and commercial PV-embedded generation capacity has several
implications for South Africa’s energy transition. It reduces pressure on the national grid,
potentially alleviating some of the country’s electricity supply challenges. It provides a
model for decentralised energy generation, which could be crucial for future energy system
resilience. Furthermore, it creates opportunities for job creation and skills development in
the renewable energy sector while enhancing energy security for businesses, reducing their
vulnerability to power outages and price fluctuations [26].

However, the rapid growth of privately owned PV installations also presents chal-
lenges for grid management, grid integration, and utility business models. Integrating
these distributed energy resources into the existing grid infrastructure requires careful
planning, new capabilities and investment in smart grid technologies [26].
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Figure 2. Renewable energy evolution in South Africa—Privately owned “Rooftop” PV and REIPPP
policy-driven generation capacity [31].

2.3. The Process Heat Challenge

While progress in the power sector is encouraging, the decarbonisation of industrial
process heat remains a significant challenge globally and in South Africa [32]. Process heat
represents approximately two-thirds of industrial energy requirements and has seen little
advancement in transitioning to cleaner energy sources [33]. Addressing the process heat
challenge is crucial for South Africa’s overall decarbonisation strategy. It requires a multi-
faceted approach considering technological innovations, economic incentives, and policy
support. The transition away from coal in the industrial sector is not only an environmental
imperative but also a strategic economic necessity, as global markets increasingly demand
products with low carbon footprints.

In South Africa, industry accounts for 52% of the national total energy consumption,
with 63% coming directly from fossil fuels (when including electricity requirements),
primarily coal [34]. This reliance on coal for process heat presents a significant barrier to
the country’s overall decarbonisation efforts [4]. The reasons for this persistent dependence
are multifaceted. South Africa’s abundant coal reserves have historically provided a cheap
and reliable industrial energy source [3]. Many industrial processes are designed around
coal-based process heat systems, making transitions to alternative energy sources costly
and complex. Additionally, some high-temperature industrial processes are challenging to
electrify or transition to alternative fuels.

The perceived high costs of transitioning to cleaner technologies often deter industries
from making the switch. Real-term or inflation-adjusted export coal prices, presented in
Figure 3, show the price recovery following the 2022 European energy crisis [21]. If price
volatility had persisted, a greater impetus would have existed to find alternative energy
sources to meet process heat requirements. However, that is not the case. While the impact
of carbon taxes has been diluted through discounts and allowances, from 2026 onwards,
price pressures are expected to intensify, with the differential between European and South
African coal prices likely to reduce [35,36].

The industrial sector’s heavy reliance on gas and coal is particularly pronounced in
key industries such as iron and steel, chemicals, and cement production [34]. These sectors
consume large amounts of energy and require high-temperature heat that is challenging to
provide through renewable sources.

The Food and Beverage, Pulp and Paper, and Textile sectors are also large coal users,
with steam boiler-driven process heat used for sterilisation, pasteurisation, raw material
preparation, and drying [3]. These low- to medium-temperature process heat sectors
offer more technically and financially viable opportunities for renewable energy solutions.
Furthermore, the South African beverage sector is largely consolidated and owned by large
multinationals committed to reducing carbon emissions [37].
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Figure 3. Long-term Ex-Richards Bay coal price and resulting cost of heat [21].

2.4. Corporate Investment Decision Framework

In a comprehensive review of decision-making methods specifically focused on re-
newable energy projects, Strantzali et al. [38] summarised three main approaches: life-cycle
analysis, cost-benefit analysis, and multi-criteria decision aid. While life-cycle analysis
examines the environmental impact from cradle to grave, businesses rarely utilise it when
making investment decisions [39]. Multi-criterion decision aids allow decision-makers
and policymakers to weigh non-monetary impacts and address information uncertainty;
however, the level of complexity in the analysis is better suited to countrywide invest-
ment programmes or comprehensive investment portfolios [40—42]. Given the relatively
predictable solar energy yield for PV and solar thermal energy technologies, as well as
the relatively stable energy demand from industrial users, a more pragmatic cost-benefit
analysis approach was selected for this study. Cost-benefit assessment is, by and large,
the preferred approach to investment decision-making used by companies and indus-
trial operators [3]. Elements of irreversibility, the inability to reverse or change course,
were also considered in this study, given the 20- to 30-year life span of renewable energy
investments [43,44].

The primary investment criterion for companies in free-market environments is to
create value through accurate valuation of acquisition targets or project investments using
net present value analyses [39]. A positive net present value is obtained when the invest-
ment return on capital exceeds the weighted average cost of capital, ensuring that risks
and uncertain outcomes are factored into future cash flows [45]. This research presents a
simplified Year-1 return on investment to analyse the relative cost-benefits of alternative
options. While the insights were obtained from modelling returns at a representative
South African beverage facility, using hourly heat demand and irradiation profiles for
representative plants located in Johannesburg and Cape Town, decisions were framed
more generally to allow a broader group of industrial users to assess renewable energy
investment priorities. The decisions were then ranked and ordered to deliver a logical set of
choices and associated outcomes, as presented in a decision tree in the discussion section.

2.5. Solar PV and BESS Levelised Cost of Energy

Thanks to substantial reductions in capital costs, the LCOE for PV electricity genera-
tion has seen remarkable improvements and is anticipated to continue decreasing [46,47].
For major renewable technologies such as solar PV, cost forecasts obtained from applying
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historical learning rates to the extrapolation of best-fit capacity regressions are summarised
in Table 1 [23]. Predominant technologies during the period analysed were bifacial crys-
talline PV modules and lithium-ion cell-based battery energy storage systems. While there
has yet to be systematic tracking and reporting of the cost of BESS, sufficient information is
available to establish a current baseline when combined with large-scale PV installation
and extrapolate costs at least to 2030 [23].

Table 1. LCOE progression and outlook for PV and BESS.

LCOE 2010 2020 2030
Capacity Projections Learning Average Average Average
Reference Rates LCOE LCOE LCOE
Year
GW o 2020 2020 2020
° USD/MWh  USD/MWh  USD/MWh
PV (Global) 5.8(t— t)2 +7 (t — o) + 53 to = 2010 39% 381 57 27

PV (RSA) 5.8(t—tg)2 +7 (£ — to) + 53 to = 2010 39% N/A 30-55 14-26
PV + BESS 5.8(t— t)2 +7 (t — o) + 53 to = 2010 25-30% N/A 65 34-43

LCOE learning rates, 2010 and 2020 global average LCOE for PV from IRENA [16]; 2020 PV RSA LCOE from
REIPPP window 5 [15,48]; 2020 PV+BESS based on 2022 NREL annual technology baseline R&D report for PV
plus 4h-BESS taking into account seasonality for moderately high irradiation regions [49]; 2030 projections using
quadratic best-fit capacity extrapolations combined with learning rates [23].

2.6. Solar Thermal Levelised Cost of Heat

Settino et al. [50] comprehensively reviewed technology solutions for producing energy
for cooling and heating. Solar thermal energy solutions were estimated to be the most cost-
efficient renewable energy technologies for providing heat, especially when combined with
thermal storage. The review considers several alternative configurations, including PV with
heat pumps and a range of phase change materials suitable for applications below 200 °C.
Regarding industrial installations, Solar Payback, in partnership with IRENA, has analysed
241 projects commissioned between 2012 and 2020, with temperatures of up to 400 °C, with
average LCOH of USD 61/MWhth, and a mean heat generating capacity of 371 kWth [51].
Since 2019, larger projects (with an average of 1 MWth) have benefited from installed costs of
USD 500/kWth or less, generating heat for less than USD40/MWhth [51]. These values corre-
spond with IRENA's analysis of large Danish and Mexican projects [16]. Furthermore, IRENA
highlights that solar thermal energy technology has achieved learning rates of 14-19% on
installed costs through the formalisation of project developers and technology suppliers [16].

While flat plate collectors and hybrid PV thermal modules can provide hot water cost-
effectively, many industrial systems utilise steam as a process heat transfer medium. The
generation of steam from solar irradiation generally requires concentrating collectors, such
as linear Fresnel, parabolic troughs, or concentrating dishes. While concentrating collectors
are typically more expensive, technical and manufacturing innovations have helped reduce
costs in the last five years. For larger projects (greater than 500 kWth), parabolic trough
collectors can now be integrated into existing operations for USD 350-400/m?, with an
additional USD 50-100/m? for heat storage [52]. For South Africa, such Capex would
result in an LCOH of USD 38-70/MWhth [7]. These capital costs and LCOH are used as
the reference in this study for 2020. By combining the expected growth in global capacity
over the next three decades with published learning rates for solar thermal heat-generating
technologies, costs are expected to decrease by 15-25% by 2030 [37].

2.7. Heat Pump Levelised Cost of Heat

Heat pumps can be used as an alternative or complementary technology to meet
thermal energy demand, especially in areas where renewable energy technologies dominate
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electricity generation. In Europe, policy support for heat pumps has promoted the more
efficient utilisation of electricity, thereby reducing carbon emissions. Global installed
capacity has increased steadily to reach 1000 GWy, (nearly 200 million units) in 2021 [53,54].
High-temperature heat pumps have also become viable options for providing process
heat and steam in industry, especially when a waste heat stream is available [55,56]. Saini
et al. [19] calculated the LCOH of a typical industrial high-temperature heat pump with
a coefficient of performance of 2.5, delivering steam at 140 °C. The estimates used are
for heat pumps with a high-capacity factor (>6000 h per annum), considering different
utilisation levels (24 h a day, seven days a week, as well as 24 h a day, five days a week) and
variable electricity tariffs [19]. The lower Capex value of USD 500/kWy, was selected in
these analyses, as it represents the cost of larger heat pump systems with a resulting LCOH
of USD 45-49/MWh, using 2020 South African electricity tariffs [57]. Using published
learning rates of 10-15% [58,59], the resulting heat pump LCOH is expected to decrease by
10-20% by 2030.

2.8. Fossil Fuel Thermal Energy Costs

Due to market disruptions in the fossil fuel industry from 2020 to 2023, the cost of
process heat has been volatile. For South Africa, fossil fuel prices and the associated cost of
heat for 2017 and 2024 are presented in Table 2, together with the peak values experienced
in 2022. The reference Richards Bay export coal prices are in line with reported supply
contracts for Gauteng province, given the similar logistical transport costs. Indicatively,
long-term coal supply contracts in 2024 for Cape Town were reported to be around USD
150/tonne with a resultant LCOH of USD 28/MWhth, assuming a steam boiler energy
conversion efficiency of 70%.

Table 2. Cost of heat from traditional sources in nominal USD unless specified.

Unit 2017Q2 2022H2 2024H2 2024H2 2024H2 2024H2
(ver) Cost Cost Cost Eneray Cost Heat Cost Heat Cost
per osts osts osts ergy Cos @70% 2020USD
Steam Boiler Fuel (USD) (USD) (USD) (USD/MWh) (USD/MWhy,) (USD/MWhy,)
Coal-Gauteng tonne 68 323 106 14 20 17
Coal-Western Cape tonne 114 423 150 20 28 24
Pipeline gas
Gauteng/KZN GJ 94 12.6 45 16 23 19
Heavy Fuel Oil (HFO) litre 0.39 091 0.55 48 68 57
Diesel 0.05 % litre 0.88 1.41 1.04 98 140 117
Electricity—Average
Megaflex variable for MWh 60 80 120 120 101

electro-boilers

Mid-year data for 2017 from the Solar Payback project [3] were converted back to US dollars at the 2017 exchange
rate of ZAR 13.20/USD [60], except for electricity tariffs, which were based on Eskom’s historical data for
comparison with the Megaflex average variable rate [10]. 2022H2 and 2024H2 data from the following sources:
Coal: RSA coal export monthly price [21]; Coal Western Cape with transport adjustment at ZAR1.18/tonne-
km [61]; HFO—United States heating oil reference price [21]; South African diesel price [22]; 2024 /25 Megaflex
variable electricity tariffs [10]; Sasol gas as reported (linked to coal, diesel and electricity prices); Average exchange
rate of 2024H2:ZAR17.93/USD and 2022H2:ZAR 17.32/USD [60]; Heat cost estimates assume boiler efficiencies of
70% but for electro-boilers at 100%. A USD deflator of 19% between 2024 and 2020 has been used [62].

3. Results

For sectors requiring process heat at temperatures of 200 °C or less, where steam
boilers are the dominant technology, renewable and sustainable solutions have become
viable alternatives to fossil fuels [63,64]. Compared to electro-boilers, heavy fuel oil, or
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diesel boilers, solar thermal energy systems can provide a more cost-effective alternative
across most of South Africa [3]. Where electricity from solar and wind installations can be
secured at less than USD 70/MWh via third-party power purchase agreements or even
lower from own generation, heat pumps are also viable alternatives [19].

3.1. Solar Thermal Energy (STE)

Solar thermal energy systems offer the potential to reduce fossil fuel usage in industrial
processes, particularly for low- to medium-temperature applications. These systems can
provide heat for processes up to 400 °C, making them suitable for food and beverage,
textiles, and specific chemical processes [64].

However, the economics of STE compared to coal remain challenging in South Africa.
In 2020, solar thermal energy systems had a Year-1 return on capital of only 5%, compared to
coal at USD 300/tonne. Even with projected improvements by 2030, the return is expected
to reach only 10%. This slow progression suggests that STE technology economics may not
improve quickly enough to compete with coal without additional incentives, such as those
provided by the Austrian Development Agency-funded SOLTRAIN programme, which
has offered training to local installers and partly funded the installation of demonstration
systems since 2007 [65].

Limitations of STE include high upfront capital costs, intermittency and storage
challenges, limited applicability for high-temperature processes, and space requirements.
Despite these challenges, STE remains a promising technology for specific industrial and
commercial applications, particularly in clinics, hospitals, and hotels where space is limited.
The potential for cost reductions through economies of scale and technological improve-
ments could make STE more competitive. Additionally, hybrid systems that combine STE
with other renewable technologies or thermal energy storage solutions could address some
intermittency and competitiveness issues [66,67].

3.2. Heat Pumps

Heat pumps offer an alternative solution for process heat decarbonisation, providing
the potential for significant energy efficiency improvements for both hot water and steam.
Recent improvements in High-Temperature Heat Pumps (HTHPS) enable them to meet the
heat requirements of industrial processes up to 200 °C [19].

The advantages of HTHPS include high energy efficiency, with coefficients of perfor-
mance (COP) ranging from 2 to 5, the potential for electrifying heat production, enabling
the use of renewable electricity, and flexibility in heat sources, including the ability to
upgrade waste heat [68].

However, the viability of HTHPS in South Africa faces several challenges. The viability
of heat pumps depends on access to cheap power, which is challenging given South
Africa’s high and increasing electricity tariffs [10]. Furthermore, the stubbornly high carbon
footprint of the South African power grid, with a CO2e emission rate of approximately
1 tonne per MWh, can be a deterrent for using heat pumps [69]. The economic benefits of
HTHPS can be significantly enhanced when waste heat is available, but not all industrial
processes produce suitable waste heat streams [70]. Some industrial facilities may lack the
space required for HTHP installations and heat storage. The availability of a low-carbon
electricity supply is therefore crucial for the operation of HTHPS.

Despite these challenges, HTHPS represent a promising technology for decarbonising
specific industrial processes, particularly in conjunction with the increasing availability
of renewable electricity from third parties and new developments in thermal storage
systems [19]. As renewable and sustainable electricity markets mature and costs continue
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to decrease, solar- and wind-powered HTHPS could play a significant role in South Africa’s
industrial energy transition.

3.3. Year-1 Return on Capital Favouring Photovoltaics and Battery Energy Storage Systems

While opportunities exist for solar thermal systems and HTHP to be readily adopted,
Year-1 return on capital estimates presented in Table 3 suggest that corporate capital will
first be utilised for PV electricity generation and battery energy storage systems [71]. During
the 2020-2025 period, this was further supported by power security and cost concerns
when South African operators suffered frequent load-shedding events and high electricity
tariff increases. Battery energy storage systems offer an added benefit for time-of-use tariff
users, allowing them to avoid the weekday five-hour-a-day peak tariff premium window,
which is particularly punitive during the winter months in South Africa from June to
August when the cost of electricity more than doubles [20]. Thermal energy systems offer
attractive returns when replacing liquid fossil fuel burners; however, against coal, returns
are expected to remain unattractive. For a high-temperature heat pump to be attractive
against coal, electricity costs would have to be lower than indicative wheeling contract
rates of USD 0.07/kWh. An indicative range is provided for 2030 based on expected Capex
and energy cost outlooks presented in the Materials and Methods section.

Table 3. Comparative Year-1 return on capital for renewable electricity and sub-200 °C process heat
generation—expanded and adapted table [71].

Capex Year-1 Year-1 Year-1
P Cost Avoided Cost Avoided Return on Capex
(USD) (USD/m?) (USD/KW) (%)
2020
PV vs. electricity 883 o
std tariffs per kW, 33 152 17%
BESS only 430 o
vs. peak tariffs + diesel gen per kWh n/a 1 26%
Solar thermal energy o
vs. coal @ USD165/ ¢ 24 40 5%
Solar thermal energy 460 o
vs. coal @ USD300/t per m2 5 73 10%
Solar thermal energy o
vs. oil @ USD70/barrel 77 126 27%
Heat Pump @ USD0.07/kWh 500 o
vs. coal @ USD300/t per kWy, n/a 20 4%
2030 (2020 USD real term)
PV vs. electricity 490 o
std tariffs per kW, 4 223 45-50%
BESS only 250 o
vs. peak tariffs per kWh n/a 107 40-45%
Solar thermal energy o
vs. coal @ USD300/t 345 47 73 10-15%
2
Solar thermal energy perm o
vs. oil @ USD100/barrel 17 181 45-55%
Heat Pump @ USD0.07/kWh 375 o
vs. coal @ USD300/t per kWy, n/a 57 10-15%

PV collector production of 5.29 kWh/kWp a day for a 670 Wpeak module representative values for Cape Town [11];
Capex values are for large projects > 1 MW [16,52], including setup costs and forecasts [23]; 2020 electricity based
on Eskom Megaflex variable tariffs @ ZAR16.50/USD [20] and increasing at 3% above inflation (or from currency
devaluation); heat pump LCOH of USD 45/MWh is the lowest cost based on 24/7 operation as modelled by Saini
etal. [19]; 2020 BESS benefit based on 1240 h of peak tariff avoidance and 1000 h of diesel generator avoidance with
the oil price at US$70/barrel; 2030 BESS benefit based on 1240 h peak tariff avoidance and no rolling blackouts.
Year-1 cost avoided by surface area only relevant for collector area and not for BESS, hencen/a.
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4. Discussion

To address the complex challenge of transitioning from coal, the South African Presi-
dential Climate Commission has proposed the Just Energy Transition roadmap in 2022 [5].
The roadmap builds on international work on just transitions and proposes policies and
principles to democratise, decentralise, and diversify the energy markets in South Africa.
The implementation plan includes a breakdown of the investment requirements and sources
of funding [72]. Other works on just transitions have modelled scenarios and proposed
pathways at a national level [73,74]. The International Energy Agency has also provided
a toolbox for the decarbonisation of heavy industries, which provides a range of policies,
financing mechanisms, targeted actions, and enabling conditions [75].

4.1. Proposed Three-Phase Technology Advancement Framework

In contrast to focusing on the national transition agenda or energy-intensive sectors,
this work proposes a practical, three-phase approach to technology advancement that
guides South Africa’s industrial companies and facilities in navigating and planning their
energy transition, balancing immediate actions with long-term, transformative changes.
The three-phase framework is presented in Figure 4 [37]. While this framework was
developed through analyses focusing on the beverage sector, it has broader applications
for industries with low- to medium-process heat. The analyses included techno-economic
modelling of solar PV, solar thermal systems, and related technologies, as well as more
efficient technologies such as heat pumps. Cost-benefit considerations thus informed
intervention priorities.

DOD &x {,\\

STAGE 1 STAGE3
Energy Energy Technological Energy Technological
Efficiency Transition Leadership
* Deployment of PV — own and

« Efficient use of energy

¢+ Optimisation of
production processes

* Recovery of waste heat

* Fuel substitution

3rd party supply

* Adoption of battery energy
storage systems

* Demonstration of solar
thermal and storage system

¢ Introduction of high-
temperature heat pumps

* Integration with the power
sector (excess energy)

* Creation of heating and
cooling netw orks

* Leverage green hydrogen
infrastructure

* Implement carbon capture

Figure 4. Proposed technology advancement three-stage holistic approach to reducing industrial
carbon emissions in low- to medium-process heat industrial sectors.

4.1.1. Phase 1: Immediate Energy Efficiency Actions

This phase focuses on laying the groundwork for the transition through energy effi-
ciency improvements, production process optimisation, and fuel switching to lower-carbon
alternatives, supported by policy and regulatory reforms. Key actions include implement-
ing energy management systems, conducting energy audits, optimising existing processes,
and using energy-efficient technologies. Promoting natural gas as a transitional fuel and
encouraging biomass co-firing in existing coal boilers are other important steps [76].

Policy and regulatory reforms during this phase should focus on strengthening the
carbon tax and reducing exemptions, introducing incentives or mandatory energy efficiency
targets for industries, and developing clear guidelines for power purchase agreements
(PPAs) and wheeling. During this phase, focusing on opportunities that can deliver and
minimise the energy footprint is a priority while building the foundation and momentum
for more fundamental and extensive changes.
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4.1.2. Phase 2: Medium-Term Energy Technological Transition

The medium-term phase, spanning the 2020-2040 time horizon, emphasises scaling
up renewable energy integration and advancing heat pump technologies. Industry has
embraced PV systems for self-generation of electricity to reduce costs and started to adopt
BESS to mitigate load shedding and high peak tariff windows. The expectation is for
investment to continue and possibly intensify. Solar thermal energy demonstration systems
have also been commissioned, although primarily for hot water applications.

Expanding REIPPPP to include dedicated allocations for industrial users, support-
ing third-party renewable energy generation capacity investments at or lower than USD
70/MWh, and implementing smart-grid technologies to manage the integration of variable
renewable energy into the national grid are key steps in scaling up the transition going
forward [77,78]. Encouraging the development of energy storage solutions, both electrical
and thermal, will also be crucial.

Advancing heat pump technologies involves investing in research and development
for high-temperature heat pumps, piloting large-scale HTHP projects in key industrial
sectors, creating financial mechanisms to support the adoption of HTHP, and expanding
local manufacturing capabilities for heat pump technologies. Specifically, where meaningful
streams of waste heat are available, further analyses have shown that heat pumps can
provide financially viable solutions even against coal.

This phase focuses on accelerating the deployment of proven technologies while invest-
ing in the development and demonstration of emerging solutions. Creating a supportive
ecosystem for innovation and technology adoption, including research partnerships, skills
development programs, and financial incentives, will be crucial.

4.1.3. Phase 3: Long-Term Energy Technological Leadership

The final phase involves fully deploying renewables in the power and industrial
process heat sectors, developing a green hydrogen economy, and implementing carbon
capture [79]. This includes developing and deploying a mix of solar and wind electricity
generation capacity wheeled over an improved power transmission network supported
by market trading mechanisms, creating industrial and commercial symbiosis networks
to maximise waste heat utilisation, integrating renewable heat and cooling solutions with
smart-energy management systems (as is being done in European advanced district heating
and cooling networks) and retrofitting existing industrial processes to use hydrogen as a
fuel and feedstock [56,79,80].

Developing green hydrogen infrastructure involves establishing pilot projects for green
hydrogen production, developing hydrogen storage and transportation infrastructure,
creating a regulatory framework for hydrogen use in industry, and fostering international
partnerships for the transfer of hydrogen technology [79].

Carbon capture and utilisation efforts should focus on implementing carbon capture
technologies in remaining hard-to-abate sectors, developing markets and applications for
captured carbon, integrating carbon capture with green hydrogen production for synthetic
fuels, and exploring negative emissions technologies such as direct air capture [24].

This long-term phase focuses on achieving deep decarbonisation across all industrial
sectors. It requires sustained investment in the research, development, and deployment
of advanced technologies, as well as the creation of new markets and business models for
low-carbon industrial products [24].

4.2. Critical Metrics and Enablers

To assist industry decision-makers, critical metrics are presented in Figure 5 as part
of a logical decision tree. These key decision points and triggers were developed for the
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beverage sector and are suitable for other sectors that use low- to medium-temperature
process heat. Critical enablers to decarbonising the industrial sector would be the avail-
ability of electricity at rates of less than USD 70/MWh with carbon emissions of less than
0.4 tCO2e/MWh, enabling greater adoption of heat pumps. Consideration should also be
given to restricting the combustion of liquid fossil fuels for steam and hot water generation,
as well as constraining or taxing the installation of new coal boilers.

Are electricity costs < US$70/MWh

and electricity carbon emissions

< 0.4tCO,./MWh?

Optimise waste
heat recovery and
leverage heat

pumps

vest in PVIBESS
first

Is process heat from diesel, fuel oil,
and electricity, or are subsidies for
ST available?

Invest in PV, BESS Secure third-party
and solar thermal electricity wheeling
energy (Farge.t >50% agreements
solar fraction) (target < US$70/MWh)

Figure 5. Simplified decision tree with power grid and process parameters.

4.3. Policy and Financial Mechanisms

Robust policy and financial mechanisms are crucial to supporting this transition
framework. These include strengthening carbon pricing through an enhanced carbon tax
and cap-and-trade system, developing green finance mechanisms such as green bonds or
investment subsidy mechanisms, investing in skills development programs, leveraging
international cooperation and climate finance, implementing regulatory reforms, and
increasing support for research and development in clean energy technologies.

In South Africa, carbon taxes have had a minimal impact, given the large allowances
and discounts [36]. With the European Union strengthening the carbon tax mechanism
and associated reporting from 2026, South Africa’s most important trading market will
intensify the impetus to move away from fossil fuels.

The REIPPP has provided a platform for investment funds, both local and international,
to support the implementation of projects, especially those involving large-scale generation
(tens to hundreds of megawatts). With over a decade of experience, international firms and
local ventures have acquired the competence to plan, execute, and operationalise projects
across solar and wind energy generation.

Regarding solar heat generation, incentive schemes and building regulations have
established a baseline of capabilities, specifically around hot water domestic applications,
namely with the Eskom Solar Water Heating programme in 2008-2015 or the existing SANS
10400:XA new building hot water requirement stipulating that at least 50% of water heating
needs come from non-grid electricity [81].

However, changing the coal-dominated, human resource-intensive South African
power generation system has also raised important socio-economic challenges, as expe-
rienced around shut-down power stations such as Komati [82]. Much work is, therefore,
being done on the just energy transition, which is critical to ensuring livelihoods and
social stability.
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4.4. Limitations

The analyses and insights shared in this work were derived from the beverage sector
in South Africa, and efforts were made to broaden their applicability to other industrial
sectors, specifically those where hot water and steam are used as process heat fluids. These
industrial sectors would use process heat temperatures of less than 200 °C. For the sake
of simplicity, comparative cost-benefit analyses were performed on steam systems and
average costs, and operating parameters were used. Detailed variation and sensitivity
analyses can be found in the cited materials [7,19,68]. Energy-intensive and industrial facil-
ities operating at high conversion temperatures face distinct challenges, and the proposed
framework and decision parameters are likely to vary significantly.

The South African energy sector, market dynamics, and policies are evolving under a
set of specific regulations overseen by the national energy regulator. Other countries would
have different regulations, incentives, environmental priorities, and market dynamics,
which would influence the national, provincial, and corporate agendas. Despite global
trade and global pressures to reduce carbon emissions, industry investment priorities may
differ by country. This would be further influenced by existing and required capabilities
and human capital challenges.

While comparative cost-benefit analysis results were presented as simplified Year-1
return on investment, detailed techno-economic analyses and modelling systems under
different boundary conditions are essential to developing investment proposals for specific
situations. This work generalised findings from case studies to facilitate high-level compar-
ison and derive implications. The specific energy mix of a facility needs to be considered
and analysed. Most importantly, future electricity and fuel costs will create a dynamic
environment in which investment options will need to be revisited, particularly given the
growing importance of carbon tax mechanisms in the years to come. Finally, the quadratic
regression methodology used to extrapolate generation capacity and costs, need to be
updated regularly to ensure anomalies are taken into consideration and forecasts refreshed
every three to five years as recommended by the authors [23]; hence, this analysis was
limited to 2030.

5. Conclusions

South Africa’s transition from coal requires a comprehensive, phased approach that
addresses both the power sector and industrial process heat. While progress is measurable
across the power sector, insufficient action is being taken in the industrial sector. The
proposed practical three-phase energy technology framework provides a roadmap for
the transition required by industry, balancing immediate energy efficiency actions with
long-term technological changes. By implementing this framework alongside supportive
policy and financial mechanisms, South African companies can overcome the economic and
technical barriers to decarbonisation, ultimately achieving a sustainable and competitive
industrial sector powered by clean energy.

The success of this transition will depend on the private sector’s commitment and
international support to decarbonise both electricity consumption and process heat genera-
tion. As South Africa’s corporates navigate this complex journey, they can become leaders
in industrial decarbonisation by leveraging favourable solar and wind energy resources
and associated renewable and sustainable energy solutions. This work has demonstrated
that the adoption of PV electricity generation is starting to have an impact. However, more
needs to be done to avoid burning liquid fossil fuels using backup electricity generators
or steam burners, where both BESS and solar thermal energy systems can offer attrac-
tive returns on investments. The path ahead is challenging, but the potential benefits are
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substantial. The return on investment in PV, BESS, and solar thermal technologies, now
ranging from 20-30%, is improving rapidly.

Furthermore, heat pumps driven by renewable energy can also yield immediate
benefits when waste heat streams and lower-cost green electricity are available. How-
ever, financially viable solutions to coal remain challenging and will necessitate the right
policies, subsidies, and carbon tax mechanisms. A successful transition away from coal
will contribute to global efforts to mitigate climate change and position South Africa’s
industry for long-term competitiveness in a carbon-constrained world. It can create new
economic opportunities, improve energy security, and stimulate local manufacturing and
skills development.

While this phased transition would likely apply elsewhere than in South Africa,
national priorities, specific country regulations, environmental and societal pressures, and
risks will have influence over industry agendas.

As the world moves towards a low-carbon future, South Africa’s ability to withdraw
from its coal addiction will be crucial for its economic resilience, social transformation, and
environmental sustainability. The proposed energy technology transition framework and
accompanying policy measures provide a starting point for initiating this vital transition
within the industrial sector. However, their success will ultimately depend on the collective
efforts of the government, industry, society, and international partners.
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REIPPPP  Renewable Energy Independent Power Producer Procurement Programme
STE Solar thermal energy
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