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Introduction

Electrification is an opportunity to move away from fossil fuels in Polish and European industry. If this process
succeeds, dependence on imported fuels will decrease, energy security will increase, and companies will become more
resilient to commodity price fluctuations. Electrification may also help increase the competitiveness of European and
Polish enterprises - especially in supply chains in which the carbon footprint is increasingly taken into account.

However, in order to realise this potential, electrification solutions must be technologically and economically available.
In this report, we show that the lack of technology is not a barrier. For most industrial processes, solutions that
effectively replace heat generated from the combustion of fossil fuels are already available. The remaining challenges
are investment and operating costs, as well as the need to adapt energy infrastructure to its new role - a system that
must deliver increasing amounts of electricity, optimally originating from renewable sources.

Industrial electrification is not only a technological change, but also a strategic decision regarding the direction of
economic development. Whether Poland will be able to maintain the competitiveness of its industrial sectors in
the global technological race depends on it. It is also a test of the coherence of the country’s industrial and energy
policy - because the transition will not succeed without cooperation between business, public administration and
the financial sector.

In the background, there is also the question of the future of European production of equipment and components
necessary for industrial electrification. The European Union has extensive experience and competences in this area,
but an active industrial policy is also required. If the pace of investment is too slow, the market may end up being
dominated by suppliers from outside Europe, weakening strategic independence and technological security of the
Union.

With this report, we aim to shift the focus of the public debate - from the question of whether to electrify industry,
to the question of how to do it wisely and effectively. We show that electrification is possible if accompanied by
appropriate support mechanisms, access to financing and a stable regulatory environment. At the same time, we
emphasise that this process should be economically viable and durable under market conditions. We believe that our
analysis and recommendations will serve as an impetus for action for decision-makers, enterprises and institutions
that together can accelerate the electrification of Polish industry.

| encourage you to read and discuss.
Joanna Pandera, PhD
President of Forum Energii
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Key findings

° Industry constitutes the foundation of the Polish economy, generating approximately 23% of
gross value added and employing more than 3 million people. The sector emits approximately
90 million tonnes of CO,, annually and accounts for one quarter of energy consumption in
Poland. This energy comes mainly from natural gas (half of Poland’s consumption), coking coal
(98% of domestic consumption) and oil and petroleum products (18% of national consumption).

° Industrial electrification is one of the most important solutions leading to a reduction in
demand for imported fuels and, consequently, to increased energy security and emission
reductions. It also limits companies’ exposure to fuel price volatility.

° Thanks to available technologies, it is currently possible to fully electrify heat production
in 17 out of 24 manufacturing sectors. This means their almost complete decarbonisation
through direct electrification.

° After excluding hydrogen production (due to a separate decarbonisation pathway) and the
energy sector (refineries, coke plants), 61% of heat in manufacturing can be electrified. This
means a reduction in gas consumption for heat production by 62%, steam coal by 42%,
and oil and petroleum products by 83%. Electrification of heat would allow annual savings
of approximately 3 bcm of natural gas, approximately 2 million tonnes of steam coal and
approximately 8 PJ of oil and petroleum products. The resulting reduction in greenhouse gas
emissions amounts to approximately 21 million tonnes of CO.,.

° Electrification would allow savings of approximately one third of the primary energy needed
to produce heat in manufacturing, but would double electricity consumption across the entire
sector. The National Power System should be prepared to supply an estimated additional
57 TWh of electricity and an average of 9.6 GW of capacity.

° The main technology in this process is industrial heat pumps, which account for 48% of the
potential for electrification. Various direct heating technologies, such as induction furnaces,
resistance heating or dielectric heating, can electrify a further 37% of heat.

° The estimated investment costs for electrification technologies vary widely; however, in each
variant these costs are comparable to the funds invested annually by industry in machinery,
equipment and tools.

° The main barrier to electrification of Polish industry is the high cost of electricity. It is 2.5-2.6
times higher than the cost of using natural gas. At the same time, industry faces difficulties in
obtaining grid connection conditions and in building its own energy sources that could reduce
this cost.

° Electrification of EU industry should be based on equipment manufactured by European
producers or produced within Europe. To date, Europe’s advantage in this segment has resulted
from advanced knowledge, a developed manufacturing base and lower ongoing service costs.
However, the situation on the European market is deteriorating due to growing competition
from China, where the rapid pace of electrification of the economy drives growth in domestic
production. Access to rare raw materials, materials and semi-finished products poses a threat
to the development of European manufacturing capacity.

° In Europe, leading manufacturers operate in each of the ten analysed technologies, specialising
in tailor-made solutions. Despite the concentration of research and development (R&D)
centres in Europe, European companies are increasingly developing production in external
markets. The key to maintaining a competitive advantage is the protection of developed
know-how and continued innovation.



2. Objective and scope of the report

Industrial electrification in the European Union is perceived as a way to simultaneously address the following

challenges:
1. Reducing dependence on imported fuels and thus increasing a country’s energy security while
lowering its exposure to fuel price fluctuations on global markets.
2. Developing a potentially profitable economic niche in the field of cleantech® and strengthening
Europe’s competitiveness in this area.
3. Decarbonisation in line with net-zero objectives, i.e. achieving by 2050 a balance between

greenhouse gas emissions and their removals so that the overall quantity of greenhouse gases in
the atmosphere does not increase.

Although electrification of most industrial processes is technologically feasible, there are certain barriers standing
in the way of achieving these objectives, such as potentially high transition costs or limited production capacities of
domestic manufacturers.

The main objective of this report is to determine the potential for reducing demand for fossil fuels in Polish
manufacturing through electrification, as well as the costs of such a change and its impact on the National Power
System.

For this purpose, the analysis determines:

4 1. The potential for reducing energy consumption, fuel use and greenhouse gas emissions through
electrification of heat in manufacturing by replacing fuels combusted for heating, cooling
or generating process heat with electricity used directly. The assumption is to use only those
electrification technologies that are commercially available today and only in those production
processes in which they can currently be applied.

2. The technological cost of electrifying Polish manufacturing and the impact of electrification on the
increase in electricity consumption in Poland.

3. The extent to which industrial electrification can take place using European production and
with the participation of European manufacturers, as well as the future prospects of European
producers.

1 According to the Cambridge Dictionary: cleantech (clean technology) - technology that enables the reduction or avoidance of harm to

the environment (source: https:/dictionary.cambridge.org/dictionary/english/cleantech). According to the industry association Cleantech
for Europe: the concept of cleantech covers a broad range of products, services and processes across various industrial sectors that

are designed to: provide better performance at lower cost, significantly reduce or completely eliminate negative environmental

impact, and improve the efficient and responsible use of natural resources (source: https:/www.cleantechforeurope.com/explainers/
what-is-cleantech).


https://dictionary.cambridge.org/dictionary/english/cleantech
https://www.cleantechforeurope.com/explainers/what-is-cleantech
https://www.cleantechforeurope.com/explainers/what-is-cleantech
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3. Context

The discussion on the energy transition in Poland, the European Union and worldwide has focused mainly on the
power sector and district heating. As decarbonisation progresses, a broader perspective on this challenge has become
necessary. The next logical steps emerge from the data.

The IPCC? indicates that globally industry is responsible for the largest share of greenhouse gas emissions (24%,
compared with 23% originating from the power sector).® In Poland, although industry ranks behind the power sector
in this respect, it still accounts for 23% of national emissions.

For Poland, however, the transition is not only about climate change - the issue of energy consumption is at least
equally important, as we are becoming increasingly dependent on imports.* Minimising fossil fuel consumption in
industry is therefore a critical factor for the success of the energy transition and for increasing the country’s energy
security.

Industry differs from the power sector not only quantitatively but also qualitatively. Electricity and heat consumed
domestically must (to a very large extent) be produced in Poland, whereas the production of chairs, steel billets or
fertilisers can be relocated anywhere in the world. However, relocation of production would be a blow to the Polish
economy, in which industry (excluding the power sector) accounts for 21.3% of total employment (3.1 million people),
generates 22.9% of gross value added and plays a strategic role in ensuring the country’s food and military security.

Figure 1. Comparison of the power sector (section D) and industry (sections B, C, E) in terms of employment, share
in GDP, greenhouse gas emissions and energy
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Gross value added
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Net energy consumption
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Source: own elaboration of Forum Energii based on Eurostat data.

The future of Polish and European industry is uncertain. The frequently repeated thesis about the “leakage” of industry
from the EU, although it correctly identifies the threat, incorrectly points to the energy transition as its cause. This
logic is reversed by the Draghi report,”> which demonstrates that it was the lack of transition and the resulting raw
material dependencies, combined with the price shock on the fossil fuel market, that undermined the foundations of
European competitiveness. This makes decarbonisation a necessary change for the future of industry.

2 IPCC (Intergovernmental Panel on Climate Change) - the main global scientific body operating under the auspices of the United Nations.
It assesses risks related to climate change and proposes mitigation and adaptation measures based on the most up-to-date scientific
knowledge.

3 M. Pathak et al., Technical Summary. Climate Change 2022: Mitigation of Climate Change. Contribution of Working Group Il to the Sixth Assessment

Report of the Intergovernmental Panel on Climate Change, Cambridge University Press, 2022, https:/www.ipcc.ch/report/aré/wg3/chapter/
technical-summary/.

4 For more on the growing dependence on energy imports: K. Kwidzinski, M. Dusito, Poland’s energy transition. Edition 2025, Forum Energii,
2025, https:/www.forum-energii.eu/en/transformacja-energetyczna-polski-edycja-2025.
5 The report by Mario Draghi, former Prime Minister of Italy and former President of the European Central Bank, prepared at the request

of the European Commission, provides a diagnosis of the causes of the gradual loss of competitiveness of EU industrial production on
international markets and proposes directions for action for the EU economy in response to global challenges. The report is available at:
https:/commission.europa.eu/topics/eu-competitiveness/draghi-report_en#paragraph_47059.


https://www.ipcc.ch/report/ar6/wg3/chapter/technical-summary/
https://www.ipcc.ch/report/ar6/wg3/chapter/technical-summary/
https://www.forum-energii.eu/en/transformacja-energetyczna-polski-edycja-2025
https://public.flourish.studio/visualisation/29558555/

On top of technological backlogs and dependence on raw materials that we do not physically possess, there are
also dynamically changing market conditions and growing price, supply and quality pressures (increasing innovation)
from production in third countries. Especially in the domestic context, moving away from fossil fuels is a matter of
survival for the future of industry in Poland.

Poland does not have the mineral resources needed by its industry

Domestic extraction of natural gas and crude oil is declining (and was already marginal compared with domestic
demand). At the same time, consumption of these resources has been increasing for years, resulting in growing
dependence on imports. Currently, this dependence amounts to 82% for natural gas and 97% for crude oil.
This situation creates risks associated with exposure to price volatility on global markets.

This risk materialised in 2022 when, due to extremely high natural gas prices, gas-intensive companies in the chemical
sector curtailed production, disrupting value chains. Grupa Azoty, the largest producer of nitrogen fertilisers in the
EU, reduced ammonia production - the basis of large-scale chemical synthesis (used to produce fertilisers and certain
polymers) - by 90%. A repetition of this scenario would pose a risk to food security.

Figure 2. Balance of domestic extraction and consumption of natural gas and crude oil and petroleum products*
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Source: ENTSOG and Eurostat data.
* The quantities between the extraction and consumption lines originate from imports.

The current model of industrial competitiveness based on low production costs is becoming unsustainable
The main factor behind this is rising labour costs, resulting from Poland catching up with the EU average - both in
terms of the level of economic development and quality of life, as well as wages.
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Figure 3. Estimated effect of an increase in selected costs (with other costs unchanged) on company profitability
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Source: National Bank of Poland (NBP), Analysis of the condition of the enterprise sector, “Szybki monitoring NBP” No. 04/2024,
https:/nbp.pl/wp-content/uploads/2024/10/Szybki-Monitoring-NBP-pazdziernik-2024.pdf.

* The horizontal axis of Figure 3 shows the increase in a given cost, while the vertical axis shows the percentage of enterprises that
would remain profitable. For example, with a 50% increase in labour costs, the share of profitable enterprises would fall from today’s
70% to approximately 25%.

Energy-intensive heavy industry is in the most difficult position. Keeping this sector in Poland, which operates on
lower margins (i.e. with a smaller buffer against cost increases), requires the inclusion in companies’ balance sheets
of a factor that would act as a counterweight to non-European producers, who have access to cheaper energy and
operate under conditions of lower labour costs and less stringent environmental requirements.

In theory, such a counterweight could be state aid in the form of direct production subsidies;® however, this solution
has serious drawbacks. In particular, it would distort competition between individual EU Member States - the richest
and largest countries could most generously support their entrepreneurs, preventing less affluent countries from
competing with them. The absence of additional requirements when granting state aid (e.g. in the form of reducing
the greenhouse gas emissions indicator) would further limit the pressure to move away from fossil fuels, while
reinforcing dependence on their imports.

A potentially better alternative, complementing existing mechanisms, is to make use of the current characteristic of
European industry - a lower carbon footprint of production resulting from more advanced technologies, attention
to energy efficiency or the use of less emission-intensive electricity. The CBAM mechanism’ is intended to serve
this purpose - competing on the basis of carbon footprint in order to increase the competitiveness of European
producers (although it still requires reform in order to function properly).

6 Regardless of the form they might take - free allowances, compensation, subsidies, etc.

7 CBAM (Carbon Border Adjustment Mechanism) - a mechanism commonly referred to as a carbon tariff or border carbon tax, consisting in
making the import charge on goods entering the EU dependent on the carbon footprint of their production. The mechanism has not yet
fully entered into force and covers only selected products, and is therefore perceived as a tool inadequate to the scale of the challenges
faced by EU industry.


https://nbp.pl/wp-content/uploads/2024/10/Szybki-Monitoring-NBP-pazdziernik-2024.pdf

Figure 4. Share of industry value added in GDP in European Union countries
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Source: Eurostat.
* The value for Ireland is overstated due to the registration in that country, for tax reasons, of the activities of foreign technology

companies.

Despite existing support systems, Polish industry faces major challenges, particularly in connection with the
forthcoming phase-out of free CO, emission allowances and the loss of competitiveness vis-a-vis countries where
production costs are lower. Strengthening Polish industry and making it resilient to future price shocks is necessary
not only to ensure food and military security, but also to prevent economic and social collapse,® which could take one
of the most severe forms in the EU (see Figure 3).

Moreover, also due to the emissions aspect, maintaining local production is necessary - relocation of factories
while maintaining or increasing the consumption of goods may lead to an increase in “consumed” greenhouse gas
emissions.” An example of such a phenomenon can already be observed in emission statistics for Romania (Figure 5),1°
which according to the typical accounting approach (i.e. CO, emissions generated within the country) reduced its
annual emissions by approximately 11% in 2022 compared with 2013, whereas in reality (i.e. looking at CO, emissions
“consumed” within the country) they increased by approximately 13%.

The reason for this phenomenon may be not only the need for additional long-distance transport of products, but also
the fact that more technologically advanced production processes in Europe are more energy efficient. As a result,
European deindustrialisation would very likely not lead to a global reduction in emissions, and could even increase them.

8 To a greater extent than would be indicated by the number of people directly employed, because each direct job induces employment in
supporting and supplying services and industries. For example, the chemical sector employs 1.2 million people in the EU and is associated
with a further 19 million jobs (source: European Commission, Plan to strengthen the EU chemical industry, https:/commission.europa.eu/
news-and-media/news/plan-stronger-eu-chemical-industry-2025-07-08_pl).

9 Embedded in imported and domestically produced goods.

10 The ongoing deindustrialisation of Romania can be seen in Figure 5 (interactive version) through declining exported emissions. Importantly,
this decline (22% between 2013 and 2022) is faster than the decline in industrial energy intensity (19%).


https://commission.europa.eu/news-and-media/news/plan-stronger-eu-chemical-industry-2025-07-08_pl
https://commission.europa.eu/news-and-media/news/plan-stronger-eu-chemical-industry-2025-07-08_pl
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Figure 5. Balance of greenhouse gas emissions “consumed” — the example of Romania
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Source: own elaboration of Forum Energii based on JRC (FIGARO) data.

Reducing fossil fuel consumption is therefore necessary not only due to emissions, but also because of the risk of fuel
price volatility on global markets and dependence on energy imports. The first step towards transforming industry
is energy efficiency - the cheapest, safest and most climate- and wallet-friendly energy is the energy that does not
have to be consumed.

The role of energy efficiency in industrial transition - the example of cement production

Due to its excellent binding properties, cement is a key component of concrete - the second most widely used
material by humanity, after water.!

Cement consists of cement clinker ground with gypsum and other additives. The production of clinker is associated
with significant greenhouse gas emissions, both due to the chemistry of the reaction itself (decomposition of the
raw material - calcium carbonate CaCQ; into calcium oxide CaO, which unavoidably generates CO,), and the need
to supply very high temperatures to the process (1350-1450°C).

According to the current state of technical knowledge, it is not possible to avoid process (“chemical”) emissions
associated with cement production. However, emissions related to fuel combustion for achieving the required
temperatures can be reduced, and substantial progress has already been made in this regard.

Currently, cement is produced using the so-called dry process, which reduces energy consumption by 55%?
compared to the older wet process. The product obtained has in practice the same properties; however, both
energy consumption (and therefore associated emissions) and water consumption have been radically reduced.
The key factor limiting energy consumption was the change in the method of preparing the homogeneous mixture
that is to be converted into clinker:

° in the wet process, raw materials were ground with the addition of water, which ensured full
homogeneity, but the water subsequently had to be evaporated - water has one of the highest
heat capacities and latent heat of vaporisation, and for this reason the length of rotary kilns for
clinker firing could reach up to 200 metres,

° in the dry process, ground raw materials are mixed using compressed air - this is a technically
more demanding process requiring greater control, but due to the absence of the need to
evaporate water, kilns can be shorter (several dozen metres).

The change in the production process additionally made it possible to better utilise waste heat from
high-temperature flue gases, which is used to preheat raw materials (to approximately 900°C) before entering the kiln.

11 Colin R. Gagg, Cement and concrete as an engineering material: An historic appraisal and case study analysis, “Engineering Failure Analysis”
vol. 40, 2014, https:/www.sciencedirect.com/science/article/abs/pii/S1350630714000387?via%3Dihub.
12 Statistics Poland (GUS), Fuel and energy economy in 2022 and 2023, 2024, https://stat.gov.pl/obszary-tematyczne/srodowisko-energia/

energia/gospodarka-paliwowo-energetyczna-w-latach-2022-i-2023,4,19.html.


https://www.sciencedirect.com/journal/engineering-failure-analysis
https://www.sciencedirect.com/science/article/abs/pii/S1350630714000387?via%3Dihub
https://stat.gov.pl/obszary-tematyczne/srodowisko-energia/energia/gospodarka-paliwowo-energetyczna-w-latach-2022-i-2023,4,19.html
https://stat.gov.pl/obszary-tematyczne/srodowisko-energia/energia/gospodarka-paliwowo-energetyczna-w-latach-2022-i-2023,4,19.html
https://public.flourish.studio/visualisation/29557332/
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Analogous solutions in other sectors, increasing the energy efficiency of processes, constitute a natural first step
towards reducing industry’s dependence on fossil fuels by lowering their consumption. In many cases, they are also
economically viable, as illustrated by the change in the cement production method.

However, energy efficiency has its limits, because energy consumption cannot be reduced to zero. The next step
is therefore to change the source of that energy - from fossil fuels to those that can be obtained from renewable
sources and are available domestically. Under Polish conditions, the only realistic large-scale solution is low-emission
electricity.®® Electricity can be used directly (e.g. an electric motor, an electric boiler) or indirectly (e.g. a motor powered
by e-fuels produced using electricity, a hydrogen boiler powered by green hydrogen from water electrolysis).

Energy used directly has higher efficiency than energy used indirectly (see lllustration 1, p. 11), because each
additional energy conversion in the chain reduces the overall efficiency of the process, increasing electricity
consumption. For this reason, direct electrification should be prioritised.

4.  Electrification as a way to modernise industry

Electrification, understood in this report as replacing fuels with electricity, contributes to decarbonisation only when
the electricity powering electrified processes comes from low-emission sources - currently in Poland renewable
energy sources (RES), and in the future also nuclear energy.

One of the greatest advantages of electrification is that it enables a reduction in import dependence - it replaces
energy derived mainly from imports (natural gas - 82%, crude oil - 97%) with energy generated domestically (wind,
photovoltaics, future nuclear sources). This strengthens the resilience of the national economy to risks related to
fluctuations in fossil fuel prices on global markets. A factory powered entirely from its own renewable sources would
not have felt record increases in natural gas or electricity prices even during the most severe phase of the energy
crisis, whereas the recent energy crisis triggered by Russia's war against Ukraine forced some plants to suspend
production.

However, clean electricity is currently a scarce resource, as evidenced, for example, by the dominant role of
coal-fired power plants in the National Power System. A scarce resource must be used efficiently for many reasons:
from supply-side aspects (the resource is finite and grows slowly) to financial aspects (with a given supply, higher
demand increases price). In the industrial context, this means producing a given good with the lowest possible
electricity consumption.

Electricity can replace fuel consumption in various ways. It may be used, for example, in electrolysis to produce
hydrogen, which is then combusted in a burner instead of the currently used natural gas. It is also possible to further
process this hydrogen into synthetic natural gas using CO,.** There are many more potential indirect uses of electricity
(synthetic fuels, e-methanol, etc.). However, electricity can also be used directly, i.e. replacing fuel-based heating
processes with induction, resistance or other forms of electric heating.

13 Replacing a fossil fuel (e.g. natural gas) with biomethane (and in some solutions also sustainably sourced biomass) is also possible and
technologically easier. However, these are likely to remain niche solutions due to limited supply and very strong competition (biomethane
may be used for industrial process heat, balancing renewable energy sources in the power sector, and as a source of elemental carbon in
the chemical industry).

14 Synthetic natural gas can be produced in various ways; one of them (potentially the cleanest) is the Sabatier reaction, in which hydrogen (H,)
and carbon dioxide (CO,) are converted at high temperature into methane (CH.) and water (H,0). The product of this reaction is so-called
e-methane, and it is emission-free if the hydrogen used is produced with zero-emission electricity and the CO, is of biogenic origin.
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Illustration 1 presents the use of electricity in industry using the example of a hot rolling process. The temperature
required for this process (a notional 100 units of energy - u.e.) initially comes from the combustion of natural gas.
This process can be electrified in three ways - directly (using an induction furnace) and indirectly in two variants
- through the combustion of hydrogen or synthetic natural gas.

As indicated in the figure, the most efficient option is the direct use of electricity - in this example, electrification
requires the production of 164 u.e. of electricity, whereas indirect electrification (replacing the natural gas currently
combusted with green hydrogen or e-methane) requires 98-151% more (324 or412 u.e., respectively). Each additional
energy conversion in the chain reduces the overall efficiency of the process, increasing electricity consumption.

Illustration 1. Comparison of zero-emission electricity required to electrify a hot rolling process consuming
100 units of energy (u.e.)
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electricity n=95% n=64% process
Direct = 164 ég 156 100
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Source: Forum Energii own elaboration.

Electrification makes it possible to reduce the emissions intensity of the energy that can no longer be reduced
through energy efficiency. The CCC (Climate Change Committee) - UK analogue of the IPCC - indicates that in
8 out of 10 analysed industrial sector groups, electrification accounts for the majority of greenhouse gas emission
reductions. It is worth noting that in 7 of these 8 groups, the largest share comes from direct electrification, and only
in one case from indirect electrification (via green hydrogen produced using zero-emission electricity).
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Figure 6. Sources of greenhouse gas emission reductions in UK industry in 2050, including residual-emissions
volumes
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All major changes bring both risks and opportunities. An example is Denmark, which thanks to a well-designed
industrial strategy was able to use the severe turbulence of the oil crisis of the 1970s to become a leader in energy
efficiency and wind turbines.®® Similarly today, skilful policymaking in the context of a permanent energy crisis and
a growing climate crisis, based on the global megatrend of decarbonisation, may allow the European Union - and
Poland in particular - to create local niches and join the group of significant suppliers of solutions for industrial
electrification.

Although China has gained an almost monopolistic position in the production of photovoltaic panels, batteries and
soon likely also electric vehicles, it does not yet dominate the market for industrial heat pumps or thermal energy
storage. Time, however, works in its favour - it is China that is increasing the degree of electrification the fastest,®
and it will soon seek to move from the role of a technology recipient to that of a supplier.

Figure 7. Comparison of the degree of electrification (i.e. the share of electricity in total final energy consumption)
of Europe, the United States and China
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Source: D. Walter, K. Bond, S. Butler-Sloss, The electrification imperative. How a switch from burning fossil fuels to using electricity can
unlock the full value of the energy transition, EMBER, 2025, https:/ember-energy.org/latest-insights/the-electrification-imperative/.

15 More on the transition of district heating in Denmark in: P. Kleinschmidt, How to build a modern district heating system in Poland? Examples from
Denmark, Forum Energii, 2025, https:/www.forum-energii.eu/jak-zbudowac-nowoczesny-system-cieplowniczy-w-polsce-przyklady-z-danii.
16 D. Walter, K. Bond, S. Butler-Sloss, The electrification imperative. How a switch from burning fossil fuels to using electricity can unlock the full

value of the energy transition, EMBER, 2025, https:/ember-energy.org/latest-insights/the-electrification-imperative/.
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The greatest challenge for electrification is the aforementioned limited supply of electricity from renewable sources.
Rapidly shifting industry from fossil fuels to electricity requires the construction of new generation capacity, the
deployment of flexibility solutions and the rapid expansion of the transmission system and modernisation of the
distribution system - under the current understanding of the structure of the National Power System.

In the future, however, the importance of local electricity generation will increase, whether within an energy cluster or
from own sources. Thanks to the dramatic fall in investment costs for renewable energy sources (mainly photovoltaics
and onshore wind) and electricity storage, it is already possible today to meet the majority of daily electricity demand
through a combination of renewables and energy storage systems.

Figure 8. Potential share of electricity supplied in continuous mode (24/7) from hybrid renewables (combination
of photovoltaics and energy storage)
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Source: K. Rangelova, D. Jones, Solar electricity every hour of every day is here and it changes everything, EMBER, 2025, https:/ember-
energy.org/app/uploads/2025/06/Ember-24-Hour-Solar-Electricity-June-2025-6.pdf.

The percentage values indicated in the figure represent the average adequacy (over the period 2005-2023) of
continuous delivery of 1 GW from a configuration consisting of 6 GW of photovoltaics + an energy storage system
with a capacity of 17 GWh in selected cities worldwide. The bar for Birmingham is marked in red because, among the
indicated locations, the value for this city (62%) most closely corresponds to Poland’s potential in terms of latitude
and solar irradiation.
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5.  Energy landscape of Polish industry

Industry accounts for one quarter of energy consumption in Poland. It consumes 2547 PJ of fuels, of which
448 PJ (18%) comes from recovery. These are fuels such as coke oven gas, which is inevitably generated during coke
production. In addition, recovered heat (45 PJ) and minimal amounts of heat purchased from the external district
heating network (14 PJ) are also used. The majority of electricity consumed by industry (81%, 194 PJ) also comes
from the National Power System.

Polish industry uses energy for three main purposes:

° energy purposes (1102 PJ, 38%) - to power combustion engines, e.g. in trucks (31 PJ), but above
all for the production of electricity (279 PJ) and heat (791 PJ),

° non-energy purposes (201 PJ, 7%) - consumption of lubricants and oils or the use of natural gas
- composed mainly of methane (CH,) - as a source of hydrogen molecules (H,) necessary for
ammonia (NHs) production,

° as material input (1571 PJ, 55%) - for refineries (crude oil), coke plants (coking coal), blast furnaces
(coke) or nitrogen removal units (nitrogen-rich natural gas).

Figure 9. Simplified diagram of energy flows in industry
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Source: Forum Energii own elaboration.
* Material input to refineries, coke plants, blast furnaces and nitrogen removal units.

In 2021 production of heat accounted for 75% of greenhouse gas emissions from Polish manufacturing. For this
reason, one of the objectives of this report is to determine the electrification potential precisely in this aspect of
industrial production.

5.1.  Which sectors use heat and for what purpose?

Determining the electrification potential of heat in individual sectors requires knowledge not only of the volume of
consumption, but above all of the characteristics of that heat - its temperature and the type of process in which it is
used. A different technology can replace heating water to 100°C in a gas boiler, and a different one can replace a gas
burner melting glass at 1450°C.

As shown in Figure 10, the refinery and coke sectors consume the largest amounts of heat. However, significant heat
consumers in Poland also include the mineral, chemical, metal, food, paper and wood industries.


https://public.flourish.studio/visualisation/29557333/
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Figure 10. Heat consumption in individual sectors of Polish industry by temperature level
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The characteristics of heat consumption differ significantly between sectors. Across manufacturing as a whole,
the largest share consists of high-temperature consumption. Approximately 50% of heat used by industry has
atemperature above 400°C (approximately 24% in the range 400-1000°C and 26% above 1000°C). This consumption
is, however, strongly concentrated in several main sectors, where it may account for the vast majority of heat demand
(e.g. the chemical and mineral industries).

Figure 11. Heat consumption in Polish industry by sector
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The following part of the report presents key information for determining the feasibility of electrifying a given
process using technologies available today (or the lack thereof), by breaking down temperature levels for individual
production processes.

1.

Space heating

In every sector, it is, of course, essential to heat office spaces and production halls. The share of
space heating in total heat consumption in manufacturing averages 3.9%, with significant variation
between individual branches (from approximately 1% in the paper industry to around 27% in the
automotive sector). Space heating is not supplied exclusively from fuel combustion at the plant;
in some sectors it is provided by district heating networks or recovered heat. The remaining share
can be fully electrified using heat pumps.

Process cooling

In some sectors, mainly the food and chemical industries, process cooling is also required.
Air conditioning of rooms and halls, as well as part of process cooling (e.g. during freeze-drying), are
already powered by electricity. However, process cooling is mainly supplied by heat derived from
combustion (this heat only partially comes from recovery). For the purposes of the calculations,
it was assumed that process cooling currently provided by ab- or adsorption refrigeration systems
can be fully electrified using compression refrigeration system.

Nevertheless, in individual plants where there is a need for simultaneous cooling (in one part
of the production process) and heating (in another part), and where appropriate temperature
and pressure parameters are present, it is possible to use a much more efficient industrial heat
pump that extracts heat from one process and transfers it to another. The COP (Coefficient of
Performance), indicating how many times more heat is obtained relative to the electricity input
into the process, may in such applications exceed 10 (compared to a typical heat pump COP of
3-4).Y

Process heat up to 100°C

The lowest temperature level of heat used in production processes is process heat up to 100°C. It is
used primarily for drying, curing cement during prefabrication, or preparing paper pulp. Depending
on the specific application, this heat can be fully electrified using an industrial heat pump (if the
process uses hot water or low-pressure steam) or by means of resistance, infrared, microwave or
radio-frequency heating.

Process heat at 100-200°C

Heat within this temperature range is mostly used to produce process steam with diverse
applications across most industrial sectors (e.g. for drive, pasteurisation, heat supply). Heat at this
temperature level is also used for drying and for low-temperature heat treatment (e.g. tempering
in the steel industry).

Heat production at temperatures of 100-200°C can be fully electrified. If the process requires
direct heat supply (without the intermediary of steam or hot water), it can be electrified using
resistance, infrared or microwave heating. If the process uses steam, it can be electrified using an
industrial heat pump.

Plants that have a resource of waste heat in the form of steam with appropriate parameters
(generated, for example, in evaporation or concentration processes) may use mechanical vapour
recompression (MVR), which is characterised by a much higher COP than a conventional
closed-loop heat pump, often exceeding 10. Due to the specific nature of this solution (it cannot be
applied in every plant, as it requires waste steam), MVR was not included in the further calculations.

17 IEA, Annex 58, High-Temperature Heat Pumps, Task 1-Technologies, 2023, https:/heatpumpingtechnologies.org/content/uploads/
sites/70/2023/09/annex-58-task-1-technologies-task-report.pdf/.
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Process heat at 200-400°C

Most energy within this temperature range is used in the refinery industry, which, due to the
extremely high energy densities required, is difficult to electrify. In addition, this heat is used to
produce process steam with higher parameters (used primarily in the wood industry) as well as for
drying and baking - especially in the food industry.

Heat within this temperature range can be electrified in 21.6% of cases (100% when refinery
processes are excluded). The applicable technologies are primarily electrode boilers (process
steam) and resistance, infrared or microwave heating (baking, drying).

Process heat at 400-1000°C

Most heat within this temperature range is used in the steam cracking process - the key process of
the petrochemical industry, used for the production of ethylene and propylene, which are the basic
building blocks of plastics. The first electrified pilot installations (electric crackers) have already
been built;*®* however, due to the enormous amounts of electricity required and the necessary
energy density, this process must currently be recognised as difficult to electrify, similarly to
catalytic cracking in refineries, which also takes place within this temperature range. Calcination
processes (in the paper and mineral industries) are also difficult to electrify, inter alia due to the
very high energy densities required.

In each of these processes, electrification is technically possible; however, commercially available
solutions are lacking. The temperature level of 400-1000°C is therefore electrifiable in 11.3% of
cases - depending on the process, using resistance, induction or arc heating. This applies mainly to
pre-treatment, heat treatment and finishing processes.

Process heat above 1000°C

The highest temperature level is dominated by various types of furnaces, including those used for
melting, sintering, firing and casting. Most consumption occurs in the mineral sector (clinker firing,
ceramics firing, glass melting) and the metals sector (production of steel products and non-ferrous
metals, mainly copper and zinc). Process heat above 1000°C can be electrified in 44.4% of cases
using induction, resistance and arc heating (mainly in metal industries).

A detailed breakdown of heat consumption, categorised by temperature level, production
process and electrification technologies is provided in Appendix 2 on p. 53.

18

Industry Decarbonisation Newsletter, BASF starts the World’s First Electric Cracker Furnace, 2024, https://industrydecarbonization.com/news/
basf-starts-the-worlds-first-electric-cracker-furnace.html.
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5.2.  How much heat can be electrified in individual sectors?

The picture of heat use in Polish industry, along with the industrial processes taking place in a given sector and the
possible methods of their direct electrification, is presented in Figure 12.

Figure 12. Heat consumption in industrial processes and possible methods of their electrification on the example
of the food industry
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Source: Forum Energii own elaboration. Go to the interactive chart 3

The degree of electrification of heat production in manufacturing sectors, depending on the amount of heat
consumed, the processes used and the possibility of electrifying individual applications, is presented in Figure 13.
In 17 of 24 manufacturing sectors, this is possible in 100% using technologies available today. The paper industry
can be electrified in 95%, the metals industry in 70%, the mineral industry in 26%, the chemical industry in 10%, and
the refinery industry in 1%.

Figure 13. Electrification potential of heat with available technologies by sector
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Source: Forum Energii own elaboration.

Taking into account the readiness and availability of technologies as well as the nature and sectoral distribution of
production processes in Polish industry, heat pumps make the largest contribution to the electrification of industrial
processes - accounting for almost half (48.2%) of the heat that can be electrified. In total, indirect heat electrification
technologies (heat pumps and electric boilers) account for 62.9% of the heat available for electrification. Among
the remaining 37.1% attributed to direct heat, broadly understood electric heating plays the largest role (mainly
resistance heating in the mineral industry and induction heating in the metal industry).
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Figure 14. Potential reduction in heat consumption from fuel combustion by electrification technology
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* Mix of technologies: induction heating, resistance heating, arc heating, microwave, radio frequency or infrared, specific drying
with heat pumps - depending on sector and process.

Once the fuel mix for each temperature level in individual sectors has been taken into account, it is possible to
determine both the reduction in fuel consumption and in greenhouse gas emissions. After electrification, the total
potential for reducing the consumption of individual fuels is:

° approx. 109 PJ (approx. 3 billion m®) of natural gas,
° approx. 44 PJ (approx. 2 million tonnes) of steam coal,
° approx. 8 PJ of oil and petroleum products.

The resulting reduction in greenhouse gas emissions amounts to approx. 21 million tonnes of CO.,.

As shown in Figure 15, the highest reduction in natural gas consumption is possible in the food industry (mainly
through the use of heat pumps), the metal industry (mainly using induction furnaces, but also resistance and arc
heating), and the mineral industry (mainly through resistance heating).

Figure 15. Potential reduction in natural gas consumption by sector and electrification technology
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* Mix of technologies: induction heating, resistance heating, arc heating, microwave, radio frequency or infrared, specific drying
with heat pumps - depending on sector and process.

19


https://public.flourish.studio/visualisation/24335288/
https://public.flourish.studio/visualisation/29557808/

20

The highest potential reductions in greenhouse gas emissions through electrification can be achieved in the paper,
food, wood, metal and mineral sectors (Figure 16).

Figure 16. Potential reduction of greenhouse gas emissions by sector and electrification technology
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* Mix of technologies: induction heating, resistance heating, arc heating, microwave, radio frequency or infrared, specific drying
with heat pumps - depending on sector and process.

6. Impact of industrial electrification on the power system

Industrial electrification is a gradual and long-term process. Its pace depends on market conditions and political
decisions regarding support, as well as on the availability of clean electricity and the ability to deliver it.

Electrification of heat production will increase electricity demand. Therefore, plans for the expansion and
modernisation of national transmission networks must take into account increased electricity consumption
in industry.

Current electricity consumption in this sector amounts to 61 TWh. After electrification of that part that can be
electrified with currently available technologies, it will rise to 118 TWh (depending on the efficiency of installed

equipment, this may range from 114 to 126 TWh)."?

19 Electricity demand may be lower than indicated due to potential benefits from installing MVR instead of an industrial heat pump in plants
with access to waste steam of appropriate parameters and from using an industrial heat pump instead of a compression chiller in factories
where there is simultaneous demand for cooling and heating. In both cases, COP is significantly higher than assumed in the calculations.
On the other hand, future electricity consumption may be higher due to limited availability of waste heat or its low temperature. In some
plants, COP may be so low that investment in a cheaper (in CAPEX terms) electrode boiler may be more profitable, although it consumes
more electricity.
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Figure 17. Impact of electrification on electricity consumption in individual sectors*
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* Current consumption is shown in red. Minimum additional consumption is “Additional consumption (MIN)”, average is “Additional
consumption (MIN)” + “+AVG”, maximum is “Additional consumption (MIN)” + "+AVG" + “+MAX".

With the transition of industrial production from fossil fuel combustion to electricity, the demand for power will
naturally increase. The current average?® demand is estimated at 9.6 GW. Maintaining the current production
structure and operating modes, this average will rise to 19.4 GW after electrification (depending on the efficiency of
installed equipment, it may range from 18.8 to 20.5 GW).

It is important to note that these average power demand values assume the continuation of the current, largely
inflexible production profile. However, for some industrial processes, it is possible to optimize operations in response
to conditions in the power system. Just as today production - e.g. of furniture—is halted on weekends to maximize
profit due to higher labor costs, in the future it may be possible to suspend production during periods of the highest
electricity prices (i.e. when supply barely meets demand in the power system). This is not feasible, however, for
processes such as flat glass or primary steel production, which operate continuously.

The potential of the industrial sector for flexible operation should be the subject of future research. However, it can
already be stated with certainty that the calculated additional demand of 9.8 GW (ranging from 9.2 to 10.9 GW) is
not entirely inflexible. There is potential to adjust the operational profile (instantaneous consumption) to weather
conditions or system balancing requirements. An additional uncertainty, potentially reducing the investments required
in the National Power System to supply the additional GW demand, is the possibility of off-grid (islanded) operation.
In this mode, an industrial plant is powered by its own sources and balanced using its own storage of electricity, heat,
or hydrogen. This issue, however, requires separate analysis.

20 The estimated average power consumed by industry is determined based on annual energy consumption, the estimated full-load operating
time (including factors such as operating mode - continuous, two-shift, with or without weekends, etc.), and the degree of utilization of
installed production capacity.
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7. Costs of industrial electrification

Electrification presents an opportunity to modernise industry and to bypass transitional technologies that deepen the
country’s dependence on energy imports and increase risks for enterprises due to greater exposure to price volatility
on global markets. On the other hand, electrification in industry is often perceived as still technically unfeasible, and
even if feasible, as involving high costs. The technological feasibility of individual solutions was described in Chapter
5, while in this section the cost of electrifying Polish industry will be determined.

In Chapter 5, electrification technologies were indicated for individual production processes. Figure 12 (p. 18)
presents energy consumption for each of the processes. After taking into account the higher efficiency of heating?!
using electrified technologies,?? as well as after considering the efficiency of heat production (indicated in Chapter 9),
it is possible to calculate electricity consumption by each of the technologies.

Importantly, CAPEX?® costs are usually indicated per unit of power, and not per unit of electricity consumption.
For this reason, it was necessary to estimate the average annual operating time of each of the processes. In doing
so, both the average utilization of installed capacities?* and the nature of operation of a given sector (continuous
operation, two-shift system, three-shift system, with or without weekends) were taken into account. On this basis,
the necessary average annual operating capacity of each of the technologies was determined, which constitutes the
basis for determining CAPEX costs.

Figure 18. Investment outlays for electrification technologies
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* Mix of technologies: induction heating, resistance heating, arc heating, microwave, radio frequency or infrared, specific drying
with heat pumps - depending on the sector and process.
** No information on investment outlays required in the case of plasma welding.

21 Based on: European Commission, JRC-IDEES-2021, Joint Research Centre (JRC), 2024, http://data.europa.
eu/89h/82322924-506a-4c9a-8532-2bdd30d69bf5.

22 For example, due to heating the material directly rather than additionally heating the surrounding air, or due to lower heat losses to the
environment.

23 CAPEX (Capital Expenditures) - capital investment costs, i.e. information on how much money must be spent to purchase/build something.

24 European Commission, JRC-IDEES-2021, Joint Research Centre (JRC).
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The estimated investment outlays for electrification technologies obtained in this way amount to PLN 67 billion (from
PLN 14 to 120 billion).?> Almost half of these investments concern the metal sector, primarily in connection with the
electrification of non-ferrous metal melting and casting processes. However, the costs presented in Figure 18 are
not fully additional expenditure, understood as transition costs. Polish manufacturing industry possesses machinery,
technical equipment and tools that are on average 63.1% depreciated. The lowest depreciation of equipment is
recorded in the sector producing electrical equipment (53.3%), and the highest in the clothing production sector
(78.6%).2¢ Given this level of depreciation, replacement investments are unavoidable. Therefore, as an additional
investment cost related to electrification, only the potential difference between expenditures for conventional
production assets and electrified ones should be treated as such.

The estimated amount of investment should also be compared with the current value of machinery, technical
equipment and tools (hereinafter: “machinery”), which in manufacturing amounted to approx. PLN 621 billion in
2022. Investments related to them in the same year amounted to PLN 57.6 billion.?” This means that the calculated
PLN 67 billion (PLN 14-120 billion) of total expenditure for electrification technologies is comparable to the current
annual budget for investments in fixed assets in the form of machinery.

Figure 19. Investment outlays for electrification compared with expenditures of Polish industry on machinery,
technical equipment and tools in 2022
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Source: Forum Energii own elaboration. Go to the interactive chart \3

In most sectors, the total investment expenditures for electrification technologies are comparable to current
investments in machinery. Nevertheless, it should be emphasized that in the case of some electrified devices, these
costs are higher than the costs of using their conventional counterparts, e.g. the installation of an industrial heat
pump costs more than the installation of a gas boiler.

25 There is a very large range of uncertainty in the value of the required investments due to the overlapping of the range of required CAPEX
costs with the range of required capacity of these technologies (CAPEX is expressed in euro/MW). In the almost unrealistically optimistic
version (i.e. the required capacity is the lowest and CAPEX the lowest), it amounts to PLN 13 billion; in the almost unrealistically pessimistic
version (i.e. the required capacity is the highest and CAPEX the highest), it amounts to PLN 143 billion. The value of PLN 67 billion indicated
in the text was calculated assuming average required capacity and average CAPEX costs. An exchange rate of PLN/EUR of 4.23 was adopted.

26 Statistics Poland (GUS), Statistical Yearbook of Industry 2023, 2024, https://stat.gov.pl/obszary-tematyczne/roczniki-statystyczne/roczniki-
statystyczne/rocznik-statystyczny-przemyslu-2023,5,17.html.
27 Ibidem.
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However, there are support mechanisms that make it possible to reduce this additional CAPEX, e.g. the pilot auction
of the Innovation Fund, which has a budget of EUR 1 billion?® to support projects aimed at decarbonising industrial
heat through innovative electrification technologies (including heat pumps, electric boilers, resistance heating,
induction heating, plasma heating).

Importantly, as indicated in Figure 20, it is not investment costs that are the main determinant of the profitability
of electrification. Due to the very high energy consumption, it is precisely electricity cost that constitutes the main
item in the profitability calculation. Even reducing the investment cost by half (Figure 20, line “non-repayable subsidy
of 50% of the investment”) reduces the cost of heat produced by industrial heat pumps by 6-13%, and this is
a technology in which the share of investment cost in the total cost of use is one of the highest.

Figure 20. Impact of financial support at the investment stage on the cost of heat production
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= NO SUPPORT MECHANISMS

= NON-REPAYABLE SUBSIDY 30% OF THE INVESTMENT
NON-REPAYABLE SUBSIDY 50% OF THE INVESTMENT

== 0% LOAN FOR TOTAL INVESTMENT COSTS

Source: K. Janik and B. Swoczyna, Production Under Pressure #2. Financial aspects of the electrification of manufacturing in Poland,
Institute for Reform, 2025, https:/ireform.presb.pl/publikacja/produkcja-pod-napieciem-2-aspekty-finansowe-elektryfikacji-
przetworstwa-przemyslowego-w-polsce-raport-instytutu-reform/.

The difference between the OPEX% costs of conventional and electrified technologies can largely be reduced to
the ratio between the price of electricity and the price of gas - the dominant fuel powering the technologies in
which industry is currently investing. As illustrated in Figure 21, for industrial consumers the cost of energy from the
electricity grid is two to three times higher than the cost of energy derived from natural gas. This is an average result
compared to other EU countries, which may also be interpreted to suggest that, on average, the EU is not prepared
in this respect for the required accelerated electrification of industry.

Electrification will not take place if the cost of producing a given good is higher after electrification than before it.
This gap will be partially offset by the higher efficiency of electrified processes (less electricity will be needed to
produce a given good than the amount of gas currently used). Nevertheless, without bringing the ratio of the price
of electricity to gas closer to 1, as is the case in Sweden, broad (rather than selective and limited to only certain
processes) electrification will not be able to take place.

28 EC, Innovation Fund, https://cinea.ec.europa.eu/programmes/innovation-fund_en.
29 OPEX (Operational Expenditures) - operating expenses, i.e. information on how much it costs to power and keep a given machine in
operation.
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Figure 21. Ratio of electricity prices to natural gas prices in EU countries for different consumer groups*
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Source: own elaboration based on Eurostat data.

* The dots in the chart represent the ratio of the final electricity price (including distribution costs and non-deductible taxes and
levies) to the price of natural gas for a given consumer group. For example, the point “other consumers (1 GWh)” denotes the
quotient of the final electricity price (with consumption of 1 GWh) to the final natural gas price (with consumption of 1 GWh) for
final consumers who are not households.

8. The role of biomass and waste in industrial processes

Not all heat currently generated through combustion comes from fossil fuels. There are sectors in which biogenic
residues from the production process are burned (e.g. bark in the wood and furniture industries, and partly also in
the paper industry) or industrial waste (in the cement or refining industry), and even municipal waste (in cement
plants). The combustion of biogenic materials is often (in simplified terms) treated as climate-neutral, because the
CO, released into the atmosphere during their combustion was previously absorbed from it during plant growth
(e.g. trees).

Waste fuels on the other hand are not climate-neutral; however, the argument for allowing their combustion is that,
regardless of whether they were burned or not, they would still be generated. Coke oven gas or blast furnace gas
will be produced as long as coke and primary steel are produced in blast furnaces. The production of industrial and
municipal waste is also unavoidable, although the EU aims to reduce it by increasing segregation and recycling rates.

Adopting the assumption that these energy sources are acceptable and that their consumption does not need to be
reduced through electrification, the average investment expenditure for electrification technologies can be reduced
from PLN 67 billion to PLN 51 billion. In such a scenario, additional electricity consumption decreases from 57 TWh
to 38 TWh, which translates into a reduction of the average additional capacity from 9.8 GW to 6 GW.
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Figure 22. Potential savings in electricity consumption, additional capacity and investment outlays resulting from
the lack of necessity to electrify industrial processes powered by biomass and waste
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Source: Forum Energii own elaboration. Go to the interactive chart A3

* Biomass - biogas, liquid biofuels, solid plant and animal waste fuels, peat and wood.
** Waste fuels - coke oven gas, blast furnace gas, gaseous waste fuels, municipal waste, solid and liquid industrial waste.

9.  Technologies

This chapter contains descriptions of electric heating technologies that can be applied in industrial processes, taking
into account their application potential, advantages and limitations. The main criterion for technology selection was
their Technology Readiness Level (TRL), presented in lllustration 2. The analysis includes technologies with a high TRL
of 8-9 due to their proven effectiveness in real operating conditions or demonstrator installations.

The analysis focuses on technologies that are currently applicable in industry, including:

1) heat pumps,

2) electric boilers,

3) resistance heating,
4) induction heating,
5) electric arc furnaces,
6) infrared heating,

7) dielectric heating.
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Ilustration 2. Technology readiness level (TRL)
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Source: J. North, What are TRLs? Technology Readiness Levels Explained, The Big Bang Partnership, 2025, https://bigbangpartnership.
co.uk/what-are-trls-technology-readiness-levels-explained/.

9.1. Heat pumps

Technology description

A heat pump is a technology used to produce hot water and steam. It operates by transporting heat from the
surroundings (or from waste heat, such as warm industrial wastewater) to a heating installation using electricity.
Electricity powers a compressor that increases the pressure and temperature of the refrigerant in the thermodynamic
cycle, enabling heat transfer to the heating system. As a result, the pump delivers more heat to the system than it
consumes in electricity (COP > 1).

Large industrial heat pumps differ from residential units not only in scale. Their integration into the system is
significantly more complex, whereas mass-produced heat pumps for residential applications are easy to install. There
is no universal industrial heat pump - each device must be customised to a specific process, which may have different
parameters (including capacity and temperature) depending on the industry sector or the specific manufacturing
plant. Heat pumps also differ in the refrigerants used and in the diversity of types (not only compressor-based, as in
residential applications).

Application

Heat pumps are currently used primarily for space heating or producing domestic hot water. However, pressure
to electrify industrial processes has driven technological development toward higher temperatures - new types
of heat pumps, compressors, refrigerants (e.g. ammonia, transcritical CO,), and system configurations (e.g. cascade
systems) have been developed and are commercially available. The most commonly used types of industrial heat
pumps together with their maximum outlet temperatures are presented in Table 1.
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Table 1. Maximum outlet temperature for different types of heat pumps

M. ompartur ecorutly | Sl e g
Heat pump with closed compression loop 165 138
MVR (mechanical vapour recompression) 250 211
Heat transformer 230 185
Stirling heat pump 250 183
Joule cycle heat pump 150 n/a

Source: IEA, Annex 58, High-Temperature Heat Pumps, Task 1 - Technologies, 2023, https:/heatpumpingtechnologies.org/project58/
task1/.

Thanks to the ability to achieve high temperatures, industrial heat pumps can be applied to space heating and to the
production of:

° food and beverages - e.g. pasteurisation, drying (fruit, vegetables, herbs, meat, fish), blanching,
sterilisation, cooking, heating, fermentation, distillation and concentration of fruit juices, milk,
cheese and thickening of dairy products,

° textiles and clothing - e.g. drying, dyeing, finishing, industrial laundering of textiles,

° wood and cork - e.g. drying,

° paper - e.g. paper drying, process water heating, pulp preparation, paper production, pulp
production,

° chemicals and chemical products - e.g. distillation, drying, low-grade steam generation, chemical
concentration,

° mineral products - e.g. ceramic drying, cement curing,

° automotive, transport equipment and machinery - e.g. galvanising, drying, washing, preparation

of body surfaces for drying.

Operating principle

The purpose of every heat pump is to transfer energy from a heat source (low temperature, e.g. waste heat) to a heat
sink (high temperature, e.g. a drum dryer).

The most typical compressor heat pump with a closed refrigerant cycle consists of four main components: evaporator,
compressor, condenser and expansion valve. In the evaporator, the refrigerant evaporates due to heat supplied from
the heat source, then it is compressed, which increases its pressure and temperature. The compressor is powered
by electricity. In the next step, the gas condenses, transferring heat to the heat sink , after which it expands, causing
a reduction in pressure and cooling of the refrigerant. The entire cycle then begins again.

Thanks to this operation, the heat pump achieves a very high COP (2.7-5.4%), i.e. the ratio of heat produced to
electricity supplied. A heat pump with a closed compression loop currently achieves a maximum outlet temperature
of 165°C. It is possible to combine a high-temperature heat pump with a mechanical vapour recompression (MVR)
system to obtain higher temperatures (currently up to 250°C).

30 For industrial applications.
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Ilustration 3. Operating diagram of a standard compressor heat pump
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Source: KAPE and Ministry of Climate and Environment, Good practices in SMEs. Heat pump, 2020, https:/www.gov.pl/
attachment/745fc284-3a61-435f-b491-f7aca8eb6163.

A specific example of heat pump application is integrating it into the process in such a way that the heat source side
is responsible for cooling a process stream (e.g. cold storage facilities where meat is stored), while the heat sink side
supplies heat to the process (e.g. heating water used in meat processing). Such a configuration, allowing simultaneous
heating and cooling, promotes higher COP values and therefore lower operating costs. This type of application most
often occurs in food or beverage production plants due to the simultaneous need for cooling and heating.

The highest temperatures are achieved with MVR (Mechanical Vapour Recompression). In a system with mechanical
vapour recompression, steam from an industrial process, instead of being released outside, is recompressed
(simultaneously becoming the working medium). This increases its pressure and temperature, allowing the steam to
be reused in the process. The efficiency of MVR systems is very high (COP 3-30) due to the elimination of one or
two heat exchangers (respectively in semi-open or open systems) and the small temperature lift (the steam used as
a waste heat source already has a high initial temperature). MVR systems are most often applied in the food, chemical
or paper industries, where steam is a by-product.

In addition to compressor heat pumps and MVR, there are other types of heat pumps. In applications with a very large
temperature difference between the heat source and heat sink, a Joule cycle heat pump can be used, in which the
standard compressor is replaced by a rotating construction of the entire pump, so that centrifugal force increases the
pressure of the refrigerant. If the required temperature lift is also high (approx. 100°C), and additionally a high outlet
temperature is required (approx. 250°C), another thermodynamic cycle - the Stirling cycle (Stirling heat pump) - can
be applied.

Another heat pump variant replaces the compressor with a sorption process (absorption of one substance by another).
This modification, called a heat transformer, reduces electricity consumption at the cost of a lower COP (COP <1).
It is a possible solution where large amounts of waste heat are available.
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Characteristics

Commercially available heat pumps currently reach a temperature of 165°C.3! In the near future, these devices
may reach 200°C, and by 2030 - 300°C.*? The development of heat pumps depends mainly on finding an
appropriate refrigerant that meets the requirements for high critical temperatures (>170°C), safety (non-toxicity,
low flammability), environmental impact®® and high efficiency at large temperature lift. It is also important to develop
suitable materials for the production of heat pump components so that they can operate safely and efficiently under
conditions of high temperatures and pressures.

Figure 23. Relationship between heat pump COP and the temperature difference between the heat source and heat sink
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Source: IEA, Annex 58, High-Temperature Heat Pumps..., op.cit.

At high outlet temperatures, maintaining high heat pump efficiency (COP) is particularly important. As shown in
Figure 23, the efficiency of the device largely depends on the temperature difference between the heat source
and heat sink. For this reason, it is very important to use waste heat with the highest temperature available at the
manufacturing plant. Similarly, if it is possible to reduce the process temperature at the cost of extending its duration,
such a solution should be considered, as the heat pump will then operate with a higher COP.

Integrating a heat pump into an existing system therefore requires a detailed analysis of the specific industrial process
and careful adjustment of the system on both the heat source and heat sink sides. The process itself must also be
analysed in terms of its efficiency and required temperatures. Installing a heat pump is not simply inserting a unit - it
is rather a custom solution that may require changes to the existing infrastructure, including adjustments to pipelines,
heat exchangers or control systems.

31 The maximum temperature for a standard vapor-compression heat pump with a closed refrigerant cycle.

32 Fraunhofer IS, Direct electrification of industrial process heat. An assessment of technologies, potentials and future prospects for the EU, 2024,
https:/www.agora-industry.org/publications/direct-electrification-of-industrial-process-heat.

33 Low GWP (Global Warming Potential) - greenhouse effect potential, and ODP (Ozone Depletion Potential) - ozone depletion potential.
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Example

Wienerberger is a producer of bricks and ceramic roof tiles. The company operates approximately 200 brick drying
plants in its production facilities worldwide. A demonstrator was established in Uttendorf (Austria), where natural
gas burner-based drying was replaced by a heat pump. A heat pump with a capacity of 400 kW and a heat delivery
temperature of 110-160°C? was installed at the plant. The demonstrator achieved energy savings of up to 80%
and a reduction of CO, emissions by approximately 80%.%

The brick drying process takes place in a tunnel dryer operating continuously. Hot air, flowing in the opposite
direction to the movement of the bricks, dries them, reducing their moisture content from 28% to 2%. The air is
heated using waste heat (approx. 90°C) from the brick drying and firing processes. In this system, the heat pump
is used to produce hot air (110-160°C) and direct it to the outlet zone of the tunnel dryer, where the highest
temperatures are required. The heat pump also uses waste heat as the heat source (evaporator).

Ilustration 4. Diagram of a brick dryer supported by a heat pump
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Source: Wienerberger - Brick Industry, 2025, https:/dryficiency.eu/integration-demonstration/wienerberger-brick-industry.

34 V. Wilk et al., DryFiciency. Waste Heat Recovery in Industrial Drying Processes. Integrated Heat Pump Systems, 2019, www.dryficiency.eu.
35 Wienerberger - Brick Industry, 2025, https:/dryficiency.eu/integration-demonstration/wienerberger-brick-industry/.
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9.2. Electric boilers

Technology description

Electric boilers are used to produce hot water and steam. This technology is mature and can be an alternative to
currently used fossil fuel-fired boilers. The advantage of this solution is slightly higher efficiency - 99% compared to
approx. 95%° for conventional gas-fired boilers. This difference results from lower heat losses associated with heat
exchangers and exhaust gases.

Application

In industry, electric boilers can be used for steam production above 200°C in the following sectors:

° chemical - e.g. steam used in the production of soda ash, adipic acid,

° metals and metal products - e.g. in blast furnaces, coke ovens, for cleaning processes, annealing,
pre-treatment in metal pickling plants,

° mineral products - e.g. ceramic drying,
° wood and cork - e.g. for fibreboard presses.
Due to significantly higher efficiency, hot water and low-temperature steam (below 200°C) can be generated by
a heat pump.
Operating principle
There are two types of electric boilers:

1. Resistance boilers - electric current flows through a heating element, which heats up and transfers
heat to water (as in an electric kettle).

2. Electrode boilers - electric current flows directly through the water located between electrodes,
causing it to heat up. Proper preparation of water for this process is essential, and the most
important parameter that is constantly monitored during boiler operation is water conductivity.
The amount of heat released and boiler efficiency therefore also depend on the water parameters.

Characteristics

The main advantage of electric boilers is the ease of connecting them to an existing system and the possibility of use
in high-temperature processes (above 200°C). The biggest barrier to this technology is operating costs - the high
price of electricity relative to the price of natural gas.

Example

The PepsiCo production plant in Lower Silesia (Swiete near Sroda Slaska) specialises in the production of Lay’s
chips and Doritos nachos (up to 130 tonnes per day). One of the boilers supplying process steam is an electric
steam boiler with a capacity of 5 tonnes of steam per hour and a pressure of 10 bar. The boiler, with a capacity of
3.6 MWe and an efficiency of 99.4%%, uses electricity generated by photovoltaic panels, and in the future it is also
being considered to power the boiler with electricity from a wind farm.

36 C. Bedocchi, G. Cassetti, Electrification of Industrial Heat: The key to a sustainable and competitive industry, ECCO, 2025, https:/eccoclimate.
org/electrification-of-industrial-heat-the-key-to-a-sustainable-and-competitive-industry/.
37 BOSCH Industrial Boilers, Electric steam boiler LOOS Bosch ELSB at the modern PepsiCo plant, 2024, https:/bosch-industrial.pl/o-firmie/

referencje/.
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9.3. Resistance heating

Technology description

Resistance heating is a technology with the greatest diversity of applications. It is used both in low-temperature
processes (e.g. cooking food products, temp. 80°C) and in high-temperature processes (e.g. metal melting, temp.
above 1000°C). Resistance heating is a mature technology that can serve as an alternative to current fossil fuel-fired
installations. In industry, electric furnaces, ovens and dryers are already in use.

Application

Resistance heating can be used in the production of:

° metals and metal products - e.g. melting, casting, annealing, heat treatment,

° mineral products (glass) - e.g. melting, annealing,

° automotive, transport equipment, machinery - e.g. casting, heat treatment, welding,
° food - e.g. baking, drying, frying, cooking, sterilisation,

° textiles - e.g. drying.

Operating principle

Resistance heating involves generating heat by passing electric current through a heating element with high electrical
resistance. Two types of resistance heating can be distinguished:

1) direct - the heating element simultaneously serves as the heated material; the material must be
electrically conductive (e.g. molten glass, metals, salt solution, water, liquid food products, wet
concrete) and remain in contact with electrodes,

Illustration 5. Diagram of direct resistance heating

+ FLOW OF ELECTRICITY GENERATES HEAT - <«— ELECTRODES
l <— INSULATION
__________________________ »
__________________________ »
__________________________ )
HEATED PRODUCT

Source: EECA, Direct Process Heating Ohmic Direct Resistance Heating, 2019, https:/www.genless.govt.nz/assets/Business-
Resources/Direct-process-heating-ohmic-direct-resistance-heating.pdf

2) indirect - the heating element transfers heat to the target material through the surrounding
medium (e.g. air) via conduction, convection, radiation or a combination of these processes; this
process usually takes place in a well-insulated enclosure to minimise losses (e.g. oven).
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Illustration 6. Diagram of indirect resistance heating through radiation, conduction and convection

\/\
/

RADIATION CONDUCTION

NATURAL CONVECTION FORCED CONVECTION (FAN)

Source: EECA, Indirect Electric Resistance Process Heating. Conduction, Convection & Radiation Electric Heaters, 2019, https:/www.
genless.govt.nz/assets/Business-Resources/Indirect-electric-resistance-process-heating-conduction-convection-radiation-
electric-heaters.pdf.

Characteristics

Resistance heating offers high efficiency, precise temperature control, rapid heating, low maintenance requirements
and low maintenance costs. A limitation for indirect resistance heating is power density (the amount of thermal power
generated by the resistance element per unit surface area of the element), which can reach 80 kW/m?*?®). For some
applications (e.g. cement sintering, steel reheating), where the surface area of existing furnaces is limited, achieving
sufficient power density is difficult. Another limiting factor is the maximum achievable temperature, restricted by the
properties of the heating element material (currently 1850°C without an inert gas atmosphere®?) and the refractory
material (melting or degradation temperature of the refractory material used in the furnace). Research is ongoing
on heating element materials capable of achieving higher temperatures and higher power densities. Systems with
external heating are also being developed to address the limited power density issue.*

38 Fraunhofer ISI, Direct electrification of industrial process heat, op.cit.
39 An inert gas atmosphere limits oxidation and minimises degradation of the heating element, extending its lifetime.
40 Fraunhofer ISI, Direct electrification of industrial process heat, op.cit.
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Example

Verallia is the world’s third-largest producer of glass packaging. In 2024, an electric glass melting furnace was
installed at the plant in Cognac, France, with a maximum capacity of 180 tonnes of glass per day (300,000 bottles)
and a surface area of 75 m? replacing a natural gas-fired furnace. The replacement enabled a reduction of CO,
emissions by 60% (the remaining emissions result from melting reactions and are process emissions). A standard
natural gas-fired furnace for glass packaging production consumes 4.5 GJ/t, whereas the electric furnace consumes
29% less energy - 3.2 GJ/t.*

In the installed furnace, heat for melting is mainly supplied by submerged electrodes, and gas is used only for initial
heating or as an emergency heat source. The furnace operates in a cold top system, where cold raw material is
evenly fed onto the upper surface of the molten glass, forming an insulating layer. Charging, melting, refining and
withdrawal of finished glass take place in one vertical sequence. Glass is withdrawn from the bottom of the tank.

Ilustration 7. Diagram of an electric glass melting furnace
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Source: S. Silva, Electric Melting - Growing capabilities. Where is the limit?, 2025, https://cdn.ymaws.com/sgt.org/resource/resmgr/

furnacesolutions/fs19-2025/2025_06_04_furnace_solutions.pdf.

41 A. Reynolds, Scaling up electric melting for the glass industry, 2025, https://webasset.fivesgroup.com/Glass/Glass_melting/Fives%20Glass.pdf.
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9.4. Induction heating

Technology description

Induction heating is a mature technology mainly used for melting or heating metals. In systems using this technology,
heat is generated directly inside the heated material, which minimises losses. As a result, induction heating is
significantly more energy efficient than gas furnaces. For example, a hot forging installation for metal billets has
a heating efficiency of 15% when using a gas furnace, compared to 60% when using induction heating.*?

Application

In industry, induction heating can be used in the production of:

1) metals and metal products - secondary refining, casting, rolling, final heat treatment (e.g. annealing),
melting,
2) automotive, transport equipment and machinery - e.g. casting, heat treatment, welding.

Operating principle

Induction heating works on the principle of electromagnetic induction. Alternating current flowing through an
induction coil generates an alternating magnetic field. This field induces eddy currents in a conductive material
placed inside the coil (usually metal), causing it to heat up. When heating ferromagnetic materials (e.g. iron, steel,
nickel, cobalt) by induction heating, heat is additionally generated due to hysteresis losses.*

Illustration 8. Diagram of induction heating
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Source: Beyond Zero Emissions, Zero Carbon Industry Plan. Electrifying Industry, 2018, https:/www.bze.org.au/research/report/
electrifying-industry.

42 CEATI, Electrotechnologies. Energy Efficiency Reference Guide for Small to Medium Industries, 2007, https:/www.hydroone.com/
savingmoneyandenergy_/energysavingsforbusiness_/Documents/Electrotechnologies_Reference_Guide.pdf.
43 By applying a varying magnetic field to a material, we induce its magnetization and demagnetization. Hysteresis losses arise when the

material’'s magnetic domains repeatedly align with the changing magnetic field. Because this process is not perfectly reversible, part of the
energy is converted into heat, causing the material to warm up.
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Characteristics

The main advantage of induction heating is the generation of heat directly inside the material, significantly improving
process efficiency. Other advantages include rapid achievement of full power (no preheating required), which
shortens the process time, and precise temperature control, allowing better product quality. Additionally, when using
gas furnaces, the metal surface oxidises, leading to material losses of 3-5%. The use of induction reduces these
losses to about 1%. Induction heating is limited to conductive materials, and its efficiency depends on geometry (it is
more difficult to apply to elements with irregular shapes) and the magnetic properties of the material.

Example

A railway bearing manufacturer in the USA considered increasing production capacity due to growing demand,
which required expanding heating capacity of the installation. The gas furnaces operating at the plant generated
high energy and maintenance costs, so induction heating was considered as an alternative.

Five new induction systems with a capacity of 2500 kW each were installed. The investment resulted in savings
of 25-30%* per tonne of product. Additionally, material losses (due to surface oxidation), maintenance costs
(servicing, repairs, equipment upkeep) and labour demand (faster and more automated process) were reduced.

44 B. Vairamohan, Energy Savings with Induction Process Heating. Overview. Applications and Case Studies, Electric Power Research Institute,
2014, https:/www.slideshare.net/slideshow/induction-heating-operation-applications-and-case-studies-150424296/150424296#1.

37


https://www.slideshare.net/slideshow/induction-heating-operation-applications-and-case-studies-150424296/150424296#1

38

9.5. Electric arc furnaces

Technology description

Electric arc furnaces (EAF) are a mature technology that uses electricity to melt metals. They are most commonly
used for the production of secondary steel made from scrap, but they can also be used for melting other metals.

Itis not possible to fully decarbonise steel production solely through electric arc furnaces, even though steel produced
using this technology can be almost emission-free. The limitation lies in the fact that the secondary process cannot
guarantee the required steel quality parameters due to impurities in scrap (especially copper). For this reason, this
study does not include electrification of primary steel production (i.e. steel produced in a blast furnace from iron ore)
through the use of electric arc furnaces for scrap remelting.

Application

In industry, electric arc furnaces can be used in the production of metals and metal products - including melting and
remelting of non-ferrous metals such as copper or aluminium. In the case of non-ferrous metals, the use of EAF is less
common than for steel, as other technologies such as induction furnaces can also be applied.

Operating principle

In electric arc furnaces, heat is generated by an electric arc formed between a graphite electrode and the metal
charge or between electrodes. The most commonly used are three-phase arc furnaces with an electric arc between
the electrode and the charge. During the process, the graphite electrode is consumed, generating a small amount of
process emissions.

Illustration 9. Diagram of an electric arc furnace
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Source: Beyond Zero Emissions, Zero Carbon Industry Plan... op.cit.
Characteristics

Electric arc furnaces are widely used in the metallurgical industry and allow rapid melting of metals. They are
characterised by:

° high operating temperature,
° high achievable power,

° flexible operation,

° high heating efficiency.

The main disadvantage of this technology is the consumption of electrodes, which require frequent replacement.
Additionally, although the process is electric, it still generates process CO, emissions due to the use of graphite
electrodes and carbon additives.
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Example

In 2016, KGHM launched the world'’s largest installation combining a flash furnace and an electric furnace for
copper production at the “Gtogéw I” Copper Smelter.

Currently, the production process begins with feedstock preparation, involving blending and drying of copper
concentrate. The prepared material is fed into a flash furnace, where blister copper (approx. 98.5% Cu) and slag
slurry are produced.

The slag slurry is directed to an electric arc furnace to recover copper. Then, from the alloy of copper, lead and iron,
blister copper is produced in converters.

Blister copper from the flash furnace and converters undergoes refining. In rotary anode furnaces, impurities are
removed, and the metal is cast into anodes. The final stage is electrorefining, during which anode copper dissolves
in electrolyte and deposits on cathode plane. This produces copper cathodes with 99.99% Cu purity. Anode slimes
are also generated in this process and serve as a raw material for precious metal production.

Copper cathode is either a finished product or is processed into other products at the rolling mill.4>

Ilustration 10. Technology used at the “Glogéw I” Copper Smelter since 2016
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Source: R. Stach, Analyst Day - presentation, Lubin 12-14 February 2019, https:/kghm.com/sites/default/files/kghm_
prezentacja_da_2019.pdf.

45 Based on: J. Czernecki et al., Two-stage decoppering of flash slag, “Rudy Metale Niezelazne” R51 No. 7, 2006; KGHM Polska Miedz, Smelting
and refining. Gtogéw, 2025, https:/kghm.com/pl/biznes/hutnictwo-i-rafinacja/glogow.
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9.6. Infrared heating

Technology description

Infrared heating systems emit infrared radiation that directly heats the object rather than the surrounding air
(as in gas-fired convection furnaces). This makes the technology a very good alternative to current fossil fuel-based
systems. It is particularly effective for surface heating applications.

Application

Infrared heating can be used in the production of:

° food and beverages - e.g. drying, baking, roasting, grilling, pasteurisation, concentration,
sterilisation,

° mineral products (ceramics) - e.g. drying,

° textiles - e.g. drying, dye fixation, coating,

° automotive - e.g. drying washed parts, drying paints and varnishes, surface preheating of moulds,

curing of coatings,
° wood - e.g. drying, laminating.
Operating principle

Aninfrared heating system contains an emitter that is heated to high temperatures using electricity and emits infrared
radiation. The emitter is usually made of nichrome or tungsten. Infrared radiation directly heats the surface of the
target material, and heat then penetrates deeper into the material through conduction.

The efficiency of an infrared system depends on the proportion of radiation absorbed by the heated material. Losses
may occur due to absorption of radiation by the air between the emitter and the material, as well as reflection of
radiation by the heated material.

Ilustration 11. Diagram of an infrared heating system
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Source: CEATI, Electrotechnologies. Energy Efficiency Reference Guide For Small to Medium Industries, 2007, https:/www.hydroone.
com/savingmoneyandenergy_/energysavingsforbusiness_/Documents/Electrotechnologies_Reference_Guide.pdf.


https://www.hydroone.com/savingmoneyandenergy_/energysavingsforbusiness_/Documents/Electrotechnologies_Reference_Guide.pdf
https://www.hydroone.com/savingmoneyandenergy_/energysavingsforbusiness_/Documents/Electrotechnologies_Reference_Guide.pdf

Modernisation or marginalisation

Characteristics

Infrared heating systems are best suited for heating surfaces of elements with simple geometry and flat surfaces
(e.g. car body parts). An important advantage is that they can operate at lower temperatures than gas furnace systems.
Gas furnaces heat the air surrounding the material to a temperature higher than the required target temperature of
the heated material, whereas infrared heating heats the material directly. As a result, processing time is significantly
shorter and process efficiency is higher compared to gas furnaces.

The efficiency of infrared heating depends on the shape of the object and its ability to absorb infrared radiation
(e.g. colour, surface roughness). Some materials may reflect infrared radiation, reducing heating efficiency. In addition,
irregularly shaped elements may experience uneven heating.

Example

Queen City Forging in Ohio (USA) produces components for the transport and agricultural sectors. One process in
its production line involves heating aluminium billets to 425°C before forging.

The company decided to switch from gas-fired convection furnaces to infrared heating. This investment reduced
energy consumption by 65% (968 kWh/t - gas furnace, 323 kWh/t - infrared), reduced costs by 40-50%,
shortened heating time (from 6 hours to 18 minutes), shortened heat treatment time (from 10 hours to 1 hour),*
and improved product quality.

9.7.  Dielectric heating

Technology description

Dielectric heating is a technology used in industry since the 1940s and has the potential for wider application. It is
a very good alternative to fossil fuel-based systems due to its ability to directly and instantaneously heat the interior
of materials, which cannot be achieved with conventional technologies that heat material by transferring heat from
the surface inward.

Ilustration 12. Comparison of conventional and dielectric heating

CONVENTIONAL HEATING DIELECTRIC HEATING

Source: Beyond Zero Emissions, Zero Carbon Industry Plan... op.cit.

46 Source: Beyond Zero Emissions, Zero Carbon Industry Plan..., op.cit.
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Application

Dielectric heating is most commonly used for drying and evaporating water, as water absorbs microwave and radio
frequency energy very effectively. It can be applied in the production of:

° food and beverages - e.g. drying, baking, cooking, pasteurisation, thawing, sterilisation,
° mineral products (ceramics) - e.g. drying,

° textiles - e.g. drying and coating curing,

° automotive - e.g. drying and curing coatings on plastic components,

° wood - e.g. drying, adhesive curing.

This technology is commercially used for low- and medium-temperature processes but also has significant development
potential for new applications and higher temperatures. Examples include carbon fibre production using microwave
plasma (process temperature 1000-1500°C)*” and the DAPHNE project,*® which aimed to replace conventional
heating with high-temperature microwave heating for ceramics (melting at 1300°C), cement (calcination and clinker
sintering at 1350-1400°C) and glass (melting at 1250°C). Currently, these solutions have a low technology readiness
level (TRL 6).4°

Operating principle

In dielectric heating systems, the material to be heated is placed in a high-frequency electromagnetic field (microwaves:
900-3000 MHz, radio frequency: 10-100 MHz). The alternating electric field interacts with polar particles in the
material (dipoles such as water molecules), which attempt to align with the field direction. As the field continuously
changes direction, the particles rapidly rotate. This frictional movement relative to surrounding particles generates
heat throughout the material’s volume.

Microwaves are typically generated using a magnetron and transmitted to the target material via a waveguide. The
heated material is placed inside a chamber with metal reflective walls.

Ilustration 13. Diagram of microwave heating

WAVEGUIDE

/\/*\

‘ MICROWAVES

MATERIAL MAGNETRON

Source: EECA, Direct Process Heating. Microwave and Radio Frequency, 2019, https:/www.genless.govt.nz/assets/Business-
Resources/Direct-Process-Heating-microwave-radio-frequency.pdf.

47 DAPHNE project, Adaptive production systems and measurement and control equipment for optimal energy consumption and near-to-zero
emissions in manufacturing processes, 2015, https://cordis.europa.eu/project/id/314636/reporting.

48 European Commission, Development of Adaptive ProductioN systems for Eco-efficient firing processes, Cordis - EU research results, 2018,
https://cordis.europa.eu/project/id/314636.

49 IEA, ETP Clean Energy Technology Guide, 2025, https:/www.iea.org/data-and-statistics/data-tools/etp-clean-energy-technology-guide?lay

out=list&selectedTechID=all#more-.
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Radio frequency systems generate waves using two or more electrodes placed on opposite sides of the material.
Alternating voltage applied to the electrodes creates an oscillating electric field surrounding the material to be heated.

Illustration 14. Diagram of radio frequency heating
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Source: EECA, Direct Process Heating. Microwave..., op.cit.

Characteristics

The main advantage of dielectric heating is the generation of heat directly inside the target material, making the
process significantly more efficient - only the material is heated, not its surroundings. As a result, the temperature
required for the process may be lower (reduced heat losses), and processing time may be shortened compared to
conventional solutions. The technology also features high power density and instantaneous start-up (full power
within seconds), enabling rapid heating. It also allows precise process control (e.g. power level, heating time).

Dielectric heating is well suited for heating homogeneous volumes. For non-homogeneous materials, uneven heating
may occur. Additionally, its application is limited to dielectric materials containing polar molecules (e.g. water).

Radio frequency systems allow deeper penetration into materials and are best suited for materials with simple,
regular shapes and large volumes. Microwave systems penetrate less deeply but offer higher power density and are
suitable for materials with irregular shapes. In industry, microwaves are often used in the food sector, whereas radio
frequency systems are more commonly applied to larger materials such as wood or textiles.

Example

The Danish company Kallesge Machinery produces equipment that uses radio frequency waves to cure and bond
adhesives in the production of glued laminated timber. The use of radio frequency heating makes the process
highly efficient because only the adhesive is heated, not the entire piece of wood. The system is also much
more energy efficient - 6-11 kWh/m?® compared to over 200 kWh/m?® in a gas-fired oven. The process time is
significantly shorter - 18-26 minutes compared to 8 hours previously.*®

50 Beyond Zero Emissions, Zero Carbon Industry Plan..., op.cit.
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Table 2. Summary of technical and economic parameters of selected technologies
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10. Economic importance of industrial electrification in the
European Union and the role of data in shaping this process

As shown in the previous chapter, technologies currently available on the market make it possible to electrify more
than half of the heat used in industrial processes in Poland. Such a transition could reduce fuel consumption by
approximately 60% at the cost of a significant increase in electricity demand. In large European economies with
similarly diversified industrial structures, changes of comparable proportions can be expected.

The scale of the potential therefore shifts the focus of the discussion - from whether electrification is technologically
feasible to how quickly and to what extent it can be implemented, and who will supply the necessary equipment and
at what price. This is particularly important in the context of ambitions for the process to be carried out by companies
with European capital or at least based on production located in Europe.

This approach is based on the European Commission’s assumption that the mass electrification of industry, involving
the replacement of millions of heating devices and associated infrastructure, may become a significant growth
impulse for the European economy®! (provided that European manufacturers are able to meet the emerging demand).
At the same time, this entails strategic risk: if Europe does not increase its manufacturing capacity, the new demand
may be captured by suppliers from outside the EU. In that case, the European industrialisation programme will not
achieve its intended effect.

Although electrification will not occur immediately and the lifecycle of equipment is measured in decades, the history
of photovoltaic cells and batteries shows that Europe’s loss of market position can occur very rapidly. If industrial
electrification technologies were to follow a similar trajectory, the consequences could include a weakening of
European suppliers’ positions, greater dependence on imported equipment, and related economic risks that the EU
seeks to avoid.

From this perspective, it becomes crucial to assess the current manufacturing capacity available in Europe (compared
to the global market) and the rate at which it must grow in order at least to cover the increasing demand from European
industrial companies. Despite methodological attempts, obtaining reliable quantitative data on this segment of goods
proved impossible.

51 European Commission, A Green Deal Industrial Plan for the Net-Zero Age, 2023, https:/commission.europa.eu/document/
download/41514677-9598-4d89-a572-abe21cb037f4_en.
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Methodology for analysing the market of electrification equipment for industry

The aim of the study was to determine the current market position and development prospects for the ten
types of equipment analysed in this report. Although data on a limited group of manufacturers are sometimes
easier to obtain than reliable demand data, in this case none of the methods applied made it possible to collect
a credible and comparable dataset concerning production.

The analyses conducted by Forum Energii covered the following sources:

1. Public statistics (production, sales, international trade). The key barrier proved to be the lack
of sufficiently detailed product categories, which makes it impossible to clearly separate the
analysed devices and to compare them over time and across countries. International trade
data are much more detailed than production and sales data, but their limitation is that they
reflect only part of the market.

2. Industry associations. There are no industry organisations bringing together this segment
of manufacturers. The European Heat Pump Association (EHPA) has only recently begun
collecting data on industrial heat pumps. There are no analogous structures for the remaining
technologies.

& Analysis and verification of existing data. Access to niche and potentially sensitive data
(e.g. number of manufacturers, market size) proved limited. Recognised initiatives (e.g. Clean
Tech Tracker®?) do not cover this product segment, and the reliability of figures provided by
commercial market analysis publishers could not be verified. Among the few reliable sources
is the report by researchers of IEA HPT Annex 58°2 within an academic project on industrial
heat pumps. For other technologies, there is no analogous material.

4, Research using genAl tools. The tools applied (Google Al Studio - Gemini Pro 3 and Grok
4.1 - SuperGrok) provided a rich description of manufacturers and the market, but most
quantitative data (and part of qualitative data) could not be verified in independent sources;
therefore, this material can be used only in selected cases.

A mismatch between ambitions and the real implementation capabilities of the discussed technologies constitutes
the greatest, though not the only, risk. Without knowledge of supply, it is impossible to assess whether European
manufacturing specialisations correspond to the decarbonisation needs of specific sectors and processes. In practice,
the import of equipment in selected segments may in certain circumstances be justified - however, without data it is
difficult to determine in which cases this is a transitional and rational solution and in which it means yielding ground
to competitors.

In the context of European trade policy, the lack of data makes it difficult to select the appropriate beneficiaries
and support instruments. The choice of tools depends on the nature of the barrier: different instruments are used
when constraints relate to scale and production maturity (support for established firms), others when innovation
or competition is lacking (support for start-ups), and still others when labour resources and skills are the problem
(investment in the business environment and labour market). Without data, it is therefore difficult to assess the
effectiveness of instruments used in the past and to adjust and scale them based on evidence. For these reasons, one
of the recommendations is to monitor production data for equipment necessary for industrial electrification - even
with the awareness that public statistics will provide information with a delay.

52 Bruegel, European Clean Tech Tracker, https:/european-clean-tech-tracker.bruegel.org.
53 IEA HPT, Project 58. Task 1: Technologies - State of the art and ongoing developments for systems and component, https:/heatpumpingtechnologies.
org/project58/task1/.
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Will Europe remain a global leader in innovation in industrial electrification technologies?

Itis difficult to provide a clear answer to this question. In industrial electrification technologies, there are product and
production process characteristics that in the short and medium term favour maintaining Europe’s strong position.>*
At the same time, global demand growth will reward suppliers capable of rapidly increasing volumes, and production
scale accelerates learning - both in terms of quality and unit costs. If, alongside market growth, some solutions
become standardised, Asia’s cost-and-volume advantage will increase, threatening the upgrading of successive
production stages.

In this context, the key question becomes how to sustainably maintain the high added value of the European value
chain and the capacity to supply equipment for critical production processes within the EU. Therefore, in the longer
term, the ability to continuously innovate and to limit risks that could hinder the timely introduction of equipment to
the market becomes increasingly important.

What supports maintaining competitiveness in Europe?>®

° Technological expertise and experience. Maintaining a leading position in the global race for
electrification technologies is based on Europe’s unique technological expertise and decades of
experience in process engineering. In each of the 10 analysed technologies, Europe has leading
representatives (often more than one). Long-standing experience has translated into a broad
base of reference installations already deployed in industrial plants, creating an advantage when
selecting contractors.

The status of a leader is all the more significant given that markets generally remain concentrated
on the manufacturing side. In most of the analysed technologies, the market consists of several
global technological leaders (sometimes large engineering corporations with broad portfolios),
accompanied by only several dozen manufacturers of complete systems. The landscape is
complemented by niche solution providers, local players competing on cost, component
manufacturers, integrators, and start-ups. Manufacturer concentration is particularly observed
where technological and capital barriers hinder the entry of new stakeholders. Such a production
structure favours maintaining durable advantages compared to segments based on low-cost,
mass-produced components.

° Leadership in innovation. Knowledge and long-standing experience have resulted in the creation
and occupation of technological niches. Of strategic importance for protecting Europe’s advantage
is the strong concentration of production within Europe. Company headquarters, research and
development (R&D) centres, and key production facilities remain located in long-established
industrial clusters in:

° the Germany-Austria-Switzerland region (induction heating, EAF, high-capacity heat
pumps, MVR, refrigeration equipment),

° Scandinavia (high-voltage electric boilers, large-scale heat pumps, advanced resistance
materials),

° specialised centres in ltaly (refrigeration cluster, radio-frequency heating) and France

(microwaves).

54 The answer refers to Europe as a whole, not exclusively to the European Union, because in the segment of electrification technologies for
industry an important role is also played by non-EU countries, in particular Switzerland, Norway and the United Kingdom. Due to strong
interlinkages of supply chains, investment and trade within the region, the development of these manufacturers may strengthen the European
competence and supply base: it increases the availability of technologies, components and services within similar regulatory regimes and
facilitates project and service cooperation on the EU market. In practice, this means that even when part of manufacturing remains outside
the EU, the benefits in the form of predictable supplies and the retention of technological know-how in Europe may translate into the
resilience and competitiveness of EU industry.

55 The source material for this section was prepared with the assistance of generative artificial intelligence and subsequently verified by an
analyst.
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Global technological leaders are locating their factories in Central and Eastern Europe - including
in Poland. Countries in this region have firms with their own technological expertise, but they
are smaller players on the global market. At the same time, there are visible signs of leading
manufacturers expanding production to non-European markets. Depending on which parts of the
supply chain are manufactured outside Europe, the risk of uncontrolled leakage of technological
know-how varies.

The European manufacturing base also enables further specialisation in the production of top-tier
equipment - pushing technological boundaries in terms of energy efficiency, process integration,
and control systems. An important role is also played by the development of systems for niche
applications, responding to the specific needs of European industry.>®

° Limited serial production. Another stabilising factor for Europe’s position is limited standardisation
and the predominance of small-series production, which in practice creates a barrier to entry
for entities oriented towards mass production. The sector is dominated by the so-called
engineered-to-order model, which includes fully unique technologies (e.g. MVR systems,
comprehensive EAF installations) and small-series solutions requiring deep process customisation
(e.g. high-temperature heat pumps, industrial microwave and radio-frequency systems). Even when
critical parts of the equipment are subject to some standardisation (e.g. heat exchangers, valves,
electric motors), the ultimate success of implementation depends on precise system integration
and adaptation of working components (e.g. MVR evaporators, compressors, heating tunnels) to
the specifics of the production line and the client’s infrastructure. As a result, the prospect of
achieving economies of scale remains very distant.

° Cost structure favouring services. The lifecycle of the main device of a given technology is measured
in decades (approx. 10-30 years; for most technologies analysed in this report it exceeds 15 years).
Key consumable components require replacement every few months or years, and major overhauls
occur approximately 2-4 times during the operational cycle. This has specific implications:

° The decision to select a supplier locks in the technology at a plant for many years,
creating a lock-in effect. This favours recognised European manufacturers that guarantee
company longevity and future spare parts availability.

° In this model, a significant share of added value over the device’s lifecycle is generated not
at the point of sale but concentrated in services: design and integration, commissioning,
and later maintenance, servicing, and repairs. Consumables with short lifespans
(e.g. infrared emitters or radio-frequency heating lamps) play an important role. As
a result, supplier profitability shifts from one-off equipment sales towards service and
spare parts revenues, and geographical proximity and availability of authorised service
within Europe become important non-price selection criteria. This enables Europe to
defend its market and impose service standards that would be very difficult for global
competitors to replicate.

° Due to such long operational lifetimes, Europe gains time for stable development of
the industrial electrification equipment and component manufacturing sector, as the
replacement cycle is spread over years.>” Rapid displacement by mass suppliers from
outside the region, for whom the lack of full standardisation constitutes an operational
barrier, becomes difficult.
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Among the niche applications creating advantages for European manufacturers are, inter alia, electric boilers that flexibly respond to
surplus renewable energy sources, pasteurisation of dry products using radio frequency, hardening of components for electric vehicles
using induction heating, and drying of Li-ion battery electrodes using precisely controlled infrared emitters.

Similarly in the case of gas boilers, whose technical lifetime is estimated at approximately 20 years. Their operation may, however, end
much earlier if it becomes economically unviable (creating so-called stranded assets). If Europe’s manufacturing capacity does not increase
sufficiently, a sudden stranding of gas assets may have negative consequences both for the manufacturing sector (which will lack equipment
to power production processes) and for equipment manufacturers (who will face competitors due to the inability to meet emerging demand).
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Demand outlook for innovative electrification technologies. Europe’s competitive advantage in
the industrial electrification sector is firmly rooted in a rigorous regulatory system that shapes
stable demand for technologies with the highest performance parameters. EU environmental
requirements, safety standards, and compliance frameworks®® act as a strategic market filter.
On the one hand, they compel domestic industry to modernise; on the other, they create
natural barriers to entry for entities offering low-cost equipment that does not meet stringent
efficiency or safety standards. Paradoxically, a key driver of innovation has been the unfavourable
electricity-to-gas price ratio for electrification. High operating costs in the EU have forced
manufacturers to develop equipment with the highest efficiency, oriented towards deep
integration with heat recovery systems. This is one of the reasons why European high-temperature
heat pumps and MVR systems currently set global efficiency benchmarks.

Restrictive legal requirements may also create an additional market in the field of cybersecurity.
The importance of data related to operational performance and integration of installations with
energy management systems is increasing, and access to such data and the possibility of remote
control are becoming crucial for reliable process operation. This, in turn, increases demand for
suppliers capable of ensuring secure and continuous functioning of these features. It can be
expected that in many applications local cybersecurity will be treated as a necessary condition
when selecting a supplier, even at a higher price, as indicated by the Net-Zero Industry Act.

What supports Europe’s competitors?

Cost advantage in standardised components. Manufacturers from outside Europe have a cost
advantage in the production of standardised equipment, subassemblies and components (heat
exchangers, control electronics, insulation and resistance materials). In these categories, market
position is determined primarily by production scale, labour and energy costs, and supply chain
efficiency. The greater the share of a given technology that becomes standardised, the more
difficult it will be for Europe to maintain competitive advantages based on competencies and
system integration.

Local nature of services. What strengthens European suppliers on the internal market
simultaneously makes it more difficult for them to expand into foreign markets. Integration,
installation and servicing are inherently linked to the place of deployment and cannot be easily
exported from Europe. Maintaining a position outside the region therefore requires building local
contractor networks, which over time may become integrated into the ecosystem of a domestic
competitor, along with the transferred know-how and customer relationships.

High regional demand perspective. An additional advantage for Asian manufacturers is the rapidly
growing demand in their regional markets, especially in China. The high pace of electrification,
relatively low electricity prices compared to Europe, and the widespread deployment of renewable
energy sources create a large and stable market for industrial electrification equipment (Figure 7,
p. 12). Such volumes facilitate investment in the development of domestic manufacturing sectors
and strengthen incentives to standardise production where it corresponds to local needs.
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Among others, the Regulation on F-gas certification promoting the phase-out of gases with high GWP (relevant for heat pumps and
refrigeration units), the Regulation introducing the Carbon Border Adjustment Mechanism - CBAM (relevant for EAF), the PED Directive on
pressure equipment (relevant for electric boilers, MVR and heat pumps), the EMF Directive on electromagnetic fields (relevant for induction
heating, microwave and radio frequency equipment), as well as the ETS Directive, the RED Il Directive defining RES targets for industry,
the IED Directive on industrial emissions using the Best Available Techniques (BAT) mechanism, and the EcoDesign Directive imposing
minimum equipment efficiency standards.
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° Control over the beginning of the supply chain. The advantage of Asian manufacturers is
strengthened by better access to raw materials and the ability to produce key components and
rapidly increase their supply - including power electronics and selected machinery elements.
For Europe, which in many areas does not control these links, this means greater exposure to
fluctuations in their availability and prices. The issue does not necessarily concern entire devices:
it may involve materials necessary for their construction (e.g. rare earth metals required for
magnets in heat pump and refrigeration motors) or operating materials without which installations
cannot function (e.g. graphite electrodes for electric arc furnaces or materials for infrared
emitters). Therefore, reducing availability risks through supplier diversification, stockpiling and the
development of solutions less dependent on so-called bottlenecks becomes crucial. An example
of such a pathway is changing the operating principle of electric drives (e.g. fans and compressors)
- shifting from permanent magnet motors, which require rare earth metals, to solutions such as
reluctance motors.

° Adequate number of specialists. A sufficient number of qualified workers means that workforce
constraints may be mitigated more effectively in other markets than in Europe. In practice, this
increases the capacity to implement projects in parallel, learn faster from deployments, and expand
commissioning and service teams.

° Consistently implemented industrial strategy. China’s position in innovative industrial production
is growing, leading in some segments to the displacement of EU manufacturers. This trend is
rooted in active industrial policy, expansive trade policy, and consistent development of highly
knowledge-intensive sectors. Under such conditions, and considering the cumulative nature
of knowledge and implementation experience, further progress in industrial electrification
technologies should be expected regardless of Europe’s actions.

What weaknesses of Europe hinder maintaining the position of domestic manufacturers in the market?

° Lack of a coordinated industrial strategy. The absence of a coherent and precise industrial
strategy at both EU and national levels constitutes a fundamental barrier to systematic industrial
electrification. Although the EU Clean Industrial Deal*? sets ambitious targets for heavy sectors
such as steel, metals or chemicals, it still overlooks light industry, which due to lower process
temperature parameters is a natural candidate for rapid and cost-effective transition. At Member
State level - as exemplified by Poland®® - the lack of strategies defining priority economic sectors
prevents the creation of strong modernisation incentives that could ensure a stable stream of orders
for decarbonisation technologies. This results in fragmented efforts and a lack of standardised
requirements, ultimately weakening domestic suppliers in competition with firms operating in
markets with clearly defined priorities.¢*

° Lengthy permitting procedures. Investment uncertainty is exacerbated by prolonged administrative
processes and diversified, often unpredictable permitting practices.®? Long waiting times for
decisions not only freeze capital but also directly translate into higher project costs, discouraging
contractors from implementation.
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European Commission, The Clean Industrial Deal: A joint roadmap for competitiveness and decarbonisation, 2025, https:/commission.europa.
eu/document/download/9db1c5c8-9e82-467b-ab6a-9205feeb4b6éb0_pl.

The criteria described in the draft Strategy for Poland’s Development 2035 (Strategia Rozwoju Polski 2035) (https:/www.gov.pl/web/fundusze-
regiony/strategia-rozwoju-polski-do-2035-r-) are too numerous and too broad to lead to a closed list of a few priority sectors.

S. Buchholtz, M. Dusito, New Industrial Deal 2024+. How to Modernise Polish Industry in a Reasonable Way?, Forum Energii, 2024,
https:/www.forum-energii.eu/modernizacja-przemyslu.

Forum Energii, Polish Grids 2040. Ready for 90 GW of RES, 2025, https:/www.forum-energii.eu/polskie-sieci-2040; M. Draghi, The Future
of European Competitiveness, op.cit.
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° Persistently unfavourable electricity-to-natural-gas price ratio. Maintaining a high electricity-to-gas
price ratio® drastically weakens the economic incentive for electrification, making it operationally
unprofitable for many plants. Without systemic adjustment of tariff structures and network charges
to the specific characteristics of industrial consumers,®* the market for electrification technologies
will remain limited to only the most efficient installations, blocking the development of a mass
segment of medium-performance equipment.

° Inadequacy of lifelong learning systems. This results in a severe shortage of qualified personnel on
the European labour market. Scaling up the electrification sector is currently constrained by limited
availability of design-and-implementation teams and specialised service technicians capable of
adapting their services to modern safety norms and digital standards. The problem is both
quantitative and qualitative - technological development outpaces training programmes, and the
lack of systemic solutions for skills validation increases project costs and extends implementation
timelines. In most European countries, educational initiatives operate at a scale insufficient for
transition needs,®® slowing decarbonisation not only in industry.

° Constraints on enterprise growth. A serious threat to Europe’s technological autonomy is limited
access to capital for business expansion.¢® If domestic companies are too small to compete globally
on their own, they become vulnerable to acquisition by corporations from the US or Asia. In the
past, European firms in the analysed sectors have been subject to such takeovers, leading to the
transfer of intellectual property and decision-making outside the EU. Mechanisms supporting
the organic growth of European champions and protecting against hostile takeovers in the clean
tech sector are therefore necessary. Otherwise, Europe risks losing one of its specialisations, and
achieving the EU’s decarbonisation objective will ultimately become more difficult and costly.
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This issue constituted one of the pillars of the diagnosis of Europe’s deteriorating competitive position formulated by Mario Draghi in
a report prepared at the request of the European Commission in 2024. More up-to-date statistics on energy prices can be found on page
25 of this report.

A. Jahn, A. Gawlikowska-Fyk, Dynamic and Fair. The Future Shape of Network Tariffs in Poland, Forum Energii, 2021, https:/www.forum-energii.
eu/dynamiczne-i-sprawiedliwe-przyszly-ksztalt-taryf-sieciowych-w-polsce.

This challenge is also discussed, using the example of the Polish construction sector, in the report Clean Heat as a Driver of the Polish Economy,
Forum Energii, 2022, https:/www.forum-energii.eu/czyste-cieplo-jako-motor-polskiej-gospodarki.

M. Draghi, The Future of European Competitiveness, op. cit.
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Appendix 1.

Classification scheme of industrial sectors according to the Polish
Classification of Activities (PKD)

Abbreviation Division
BO5 Coal mining Mining of coal and lignite
B06 Oil and gas extraction Extraction of crude petroleum and natural gas B
BO7 Mining of metal ores Mining of metal ores Mining and quarrying
B08-09 | Other mining Other - Mining and quarrying
Cc10 Food Manufacture of food products
C11 Beverages Manufacture of beverages
C12 Tobacco Manufacture of tobacco products
C13 Textiles Manufacture of textiles
C14 Clothing Manufacture of wearing apparel
C15 Tanning Manufacture of leather and related products
c16 Wood and cork gfrlilnsgiliture of wood and of products of wood
C17 Paper Manufacture of paper and paper products
C18 Printing Printing and reproduction of recorded media
C19 Eltzﬁnrtlsries and coking Manufacture of coke and refined petroleum products
C20 Chemicals Manufacture of chemicals and chemical products
C21 Pharmaceuticals Manufacture of basic pharmaceutical products C
C22 Rubber and plastics Manufacture of rubber and plastic products Manufacturing
Cc23 Mineral products Manufacture of other non-metallic mineral products
C24 Metals Manufacture of basic metals
C25 Metal products Manufacture of fabricated metal products
26 Electronics ngtzizture of computer, electronic and optical
c27 Electrical equipment Manufacture of electrical equipment
c28 Other machinery Manufacture of machinery and equipment n.e.c
c29 Automotive L\:I;:il.]tf;cir::f of motor vehicles, trailers and
C30 Transport equipment Manufacture of other transport equipment
C31 Furniture Manufacture of furniture
C32 Other manufacture Other manufacturing
C33 Repair of machinery Repair and installation of machinery and equipment
E36 Water supply Water collection, treatment and supply .
E37 \r:IV:rs\;egx::\; Sewerage Water supply, sewerage,
waste management and
E38-39 | Other waste Other - W?tt?r supp!y,. s.ewerage, waste management remediation activities
and remediation activities
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Appendix 2.
List of processes using heat in manufacturing

The indication of several electrification technologies for a given industrial process means that alternative solutions
exist. The choice of a specific solution depends on the details of the process at a given plant - for example, in the case
of drying, on the shape of the object being dried and the initial and target moisture levels.

Table 3. List of processes in manufacturing using heat

Temperature

level Process Electrification technology Heat consumption (TJ)*
Space heating Space heating Heat pump 26 638
Process cooling Process cooling Compression chiller 5726
Process heat Heat pump 2799
Prefabrication Heat pump 1431
Pulp preparation Heat pump 941
. Heat pump / microwave drying
il / infrared drying L
Process heat
<100°C Drying Microwave / infrared drying 2529
Bl Infrared / mlcrowav.e / radio frequency 3484
drying
. Infrared / microwave / radio frequency
Drying / resistance drying Eoe
Steam drying Heat pump 761
Heat treatment Resns'tance / m|crc?wave 626
/ infrared heating
Process heat Process steam Heat pump / MVR 89 727
100-200°C
Drying Microwave / infrared drying 3810
Steam drying Heat pump / MVR 6194
Atmospheric distillation 45 186
(refinery)
Vacuum distillation (refinery) 18 235
Hydrocracking (refinery) 11 207
Hydrotreating (refinery) 48 647
Process heat Catalytic cracking (refinery) 63
200-400°C Process steam Electric boiler 38953
BRI Resn§tance / microwave 3359
/ infrared furnaces
Other (refinery) 34 465
Drying Microwave / infrared drying 915
Steam drying Electric boiler 275
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Calcination 2149
Pre-calcination 21522
Final processing Induction / resistance heating 4639
Final processing Resistance heating 1546
Catalytic cracking (refinery) 11 401
Process heat Steam cracking 61957
400-1000°C** Heat treatment Induction / resistance furnaces 6580
Eomiie Induction / .re5|stance heating 666
/ electric arc furnaces
Secondary steel 3179
Other (refinery) 8238
N I Induction / ‘re5|stance heating 347
/ electric arc furnaces
Final processing 2622
e Induction / .re5|stance heating 4802
/ electric arc furnaces
Casting Induction / resistance furnaces 5899
Casting/Rolling Induction heating 18 838
Welding Induction / reswtapce 4545
/ plasma arc welding
Process heat
>1000°C*** Sintering 14 877
Melting Induction /.re5|stance heating 10528
/ electric arc furnaces
Melting Resistance heating 18 486
Firing 2244
Ceramic firing 25706
Clinker firing 33563

Sources: bibliographic items [11]-[34].

* Bold heat consumption values are currently electrifiable with available technologies.

** Heat consumption for hydrogen production (39 147 TJ) is not included, as hydrogen has a separate electrification pathway
(electrolysis).

*** Heat consumption in electric arc furnaces is not shown, as they are already powered by electricity. Heat consumption in coke
plants (36 492 TJ) is also not shown - this heat comes from combustion of coke oven gas, an unavoidable by-product of the
coking process. Heat consumption in blast furnaces is also not presented, as coke (and pulverised coal), which provides heat,
simultaneously performs other functions such as iron ore reduction and maintaining structural permeability. Heat from these fuels
therefore cannot be replaced with electricity in the blast furnace process, as the process could not occur without them.
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Parameters and characteristics of electric heating technologies in

industry

Characteristics

Heat pump <100°C

Technology

Heat pump >100°C

Modernisation or marginalisation

Data sources

Temperature (°C) 100 165 250 [35], [40], [41]
cop 3.95-5.44 2.7-3.05 3-30 [11], [41], [42]
TRL 9 8-9 9 [35], [40]
(million E%TSIE\/)I(W/year)* 0.2-0.73 0.87-1.63 0.35-1.3 [35], [42], [43]
OPEX
o, DS TOGRMr 2Ry
EUR/MWh)** ’ ’ '
Lifetime (years) 20 20 25 [42]

Characteristics

* CAPEX based on studies from 2017, 2019 and 2023. ** OPEX based on a 2019 study.

Electric boiler

Data sources

Temperature (°C) 500 [40]
Efficiency (%) 95-99 [11], [40]
TRL 9 [40]
CAPEX
(million EUR/MW/year) 0.08-0.21 [42], [43], [47], [48]
OPEX
(EUR/MW/year, 1231 EUR/MW/year + 0.6 EUR/MWh [42], [43], [47], [48]
EUR/MWh)**

Lifetime (years)

20-25

[42], [47]

Characteristics

* CAPEX and OPEX based on studies from 2017, 2019 and 2023.

Resistance heating

Data sources

(million EUR/MW)*

Temperature (°C) 1850 [40], [52]
Efficiency (%) 50-99 [11], [40]
TRL 9 [40]
CAPEX 0.06-11.93 [42], [53], [54]

OPEX (%)**

3-10% of CAPEX

[54]

Lifetime (years)

7-35

[54]

* CAPEX based on studies from 2019 and 2023. ** OPEX based on a 2023 study.
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Characteristics

Induction heating

Data sources

Temperature (°C) 3000 [40], [41]

Efficiency (%) 50-90 [40], [41]
TRL 9 [40]

millon SORMW): | 006-222 [54], [57]
OPEX (%)** 5-15% of CAPEX [54]
Lifetime (years) 25-30 [54]

* CAPEX based on studies from 2014 and 2023. ** OPEX based on a 2023 study.

Characteristics EAF Data sources
Temperature (°C) 1800 [40]
Efficiency (%) 60-95 [11], [40]
TRL 9 [40]
(milion EUR/MW): | 0467259 (58]
OPEX (%)** 30-40% of CAPEX [59], [60]

* CAPEX based on a 2024 study. ** OPEX based on studies from 2010 and 2013.

Characteristics

Infrared heating

Data sources

Temperature (°C) 2200 (applications up to 400°C considered) [41]
Efficiency (%) 60-90 [11], [41]
TRL 9 [64]
(m”“o:'E‘E%MW)* 0.08-0.62 [40], [41], [46], [65]
OPEX (EUR/MWh)** | 10-117 [42], [46]
Lifetime (years) 30 [42], [46]

* CAPEX based on studies from 2014, 2018, 2019 and 2023. ** OPEX based on studies from 2019 and 2023.

Characteristics

Microwave heating

Radio freq
heating

2000 (applications up

Data sources

Temperature (°C) 2000 (applications up to 400°C considered) to 400°C considered) [41]
Efficiency (%) 50-85% 50-85% [11], [40], [41]
TRL 6-9 3-9 [64]
million RUR /MW | 0833 0.14-2 [42], [46], [67]
OPEX (EUR/MWh)** | 10-45.8 45.8 [42], [46]
Lifetime (years) 30 30 [42], [46]

*TRL = 9 for low- and medium-temperature applications; TRL = 3-6 for high-temperature applications.

** CAPEX and OPEX based on studies from 2019 and 2023.
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