&’ COMPASS A . I
*e LEXECON Sepemherene SmQtED



smartEn

smartEn is the European business association integrating the consumer-driven
solutions of the clean energy transition. We aim to create opportunities for every
company, building and car to support an increasingly renewable energy system.

For further information please visit:www.smarten.eu
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smartEn
e STUDY OBJECTIVES

Smart electri cation in energy-intensive
Industries could unlock bene ts for the system
and boost revenues at installation level

The bene ts from industrial demand-side exibility can be characterised as
follows:

® Total societal bene ts: The full societal value, including socio-economic welfare gains and environmental
externalities such as reduced greenhouse gas emissions.

® Power system bene ts: System-wide advantages such as reduced need for grid reinforcements, lower
balancing costs, greater integration of renewables, and improved security of supply.

® The bene ts that can be monetised at installation level:  The direct monetary revenues industrial sites
can access, such as energy cost savings and remuneration from the participation in the di erent electricity
markets.

In this study, we focus on the bene ts at installation level, highlighting how the smart electri cation of
industrial processes not only contributes to decarbonisation but can also unlock additional revenues and
contribute to improving competitiveness.

Note that these bene ts are only a part of the total bene ts, and that aggregation can for instance expand
the potential bene ts that can be monetised.

BENEFITS FROM FLEXIBILITY PROVISION THROUGH SMART ELECTRIFICATION

Total societal bene ts, including
e.g. environmental bene ts

Power system bene ts

Bene ts that can be monetised
at installation level







smartEn
e STUDY OBJECTIVES

We assess the potential bene ts of electricity
demand exibility provision for ve di erent
energy-intensive industries

The exible operation of industrial processes, especially in electro-intensive
applications is perceived as an opportunity both for the industry (improving the
business case for electri cation or decarbonisation) and for the power system.

® Additional revenues derived from exibility services provision could contribute to the business case for
decarbonisation investments in electri cation, re ecting the reduction in energy costs and potential system
bene ts such as reduction of the grid congestion.

STUDY OBJECTIVES

® Gather evidence on the technical potential for load exibility and management of a range of representative
industrial processes in Europe.

® Model the potential revenues associated with the optimisation of di erent processes’ exibility provision in
representative EU power markets around 2030.

® Quantify the bene ts of smart electri cation in energy-intensive industries (Ells) in the EU for 2030 in terms
of revenues and avoided CO emissions.

® Assess how additional revenues from exibility provision could improve the business case for smart

electri cation for di erent industrial sectors/processes.

STUDY APPROACH

Research and consultation Modelling and quanti cation

TECHNICAL POTENTIAL ECONOMIC BENEFITS DIRECT EMISSION REDUCTIONS

Flexible Possible Additional Additional . .
capacity now exibility cost due remuneration GHG emissions reductions
available activations to smart due to smart g following smart electri cation
due to smart £ | due to smart o | electrication electrication :
= electri cation = electri cation D 8
O] V] L =
ﬂ Valuation of exibility l pE==a
- [ |
* IMPLICIT: EXPLICIT:
Price Market
GwW response participation GHG GHG
GWh Wholesale
Balancing
Smart electri ed Smart electri ed Costs Revenues CRM Existing traditional Smart electri ed
industrial industrial industrial process industrial process
process process
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e MARKET CONTEXT

Current market framework for monetising
exible industrial demand varies across EU
countries, with di erent valuation opportunities

To date, industrial demand exibility can be valued either implicitly or explicitly,
with uneven development of the regulatory framework across Europe.

® Northern and Western European countries are the most advanced in allowing participation of demand-side
exibility in all markets.

® Several Member States do not allow / have no mechanisms in place for demand-side exibility participation
in wholesale markets.

® Ancillary services are the most open and often most pro table valuation opportunities.
® Capacity remuneration mechanisms are not available in all Member States.

® New valuation avenues in relation to network services are emerging on top of existing congestion management
schemes.

Explicit market participation of demand-side exibility is possible in two ways:

Standalone unit: Consumption site participates on Aggregation: Consumption site is managed by
its own, either directly, through its electricity supplier an aggregator as part of a diversi ed portfolio of
or through a third-party exibility service provider electricity-producing and electricity-consuming assets

This study focusses on the standalone value of exibility, and the additional
value that can be unlocked though aggregation is left for further studies.

Current valuation opportunities in European markets for industrial exibility

Market / Industrial f Market EU-wide

Wholesale markets

(Day-Ahead, Intraday) Implicit/Explicit Eg(rel;%a%%ygerﬂitﬁgé}snd High Low
Al Bl Capacty and energy
(CR(R/Ith?r:tg’r):lsjtr)etEEiﬁt?/rg::%%sm es) Explicit Capacity payments High Medium
(e S o reseting Expic Copaciyandior  "oabed™® Moo
local DSO  exibility markets) O VIS exibility) exibility)
Cost-re ective network tari s Implicit RebaltJeSse(t)grPsetwork Emerging -

10 Note: Implicit demand exibility = change in baseline load patterns, due to exposure to dynamic retail price signals, in order to minimise bills; Explicit demand exibility =
change in baseline load patterns, following the acceptance of a bid to sell demand reduction or increase in an organised electricity market or following the orders of network
operators under bilateral agreements.

Abbreviations: CRM = Capacity Remuneration Mechanism, FCR = Frequency Containment Reserve; aFRR = automated Frequency Restoration Reserve; mFRR = manual
Frequency Restoration Reserve; DSO = Distribution System Operator.
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e MODELING APPROACH

We co-optimise ve industrial sectors
applications to estimate potential revenues
from exibility in EU electricity markets in 2030

=) =g )

@ Wholesale market — Power price @ Integration of process exibility @ Analysis carried out for 1 MW of
projection (detailed modelling pro les and technical constraints: installed industrial capacity for a
assumptions in next slides). — Activation price (based on opportunity standalone unit connected at TSO-

cost) level, assuming it is a price taker in

@ Intraday market — percentage of — Activation duration and depth each market.
revenues relative to AS activation — Required activation time
revenues based on historical analysis. — Number of activations possible @ Outputs expressed in MW of installed

— Frequency (duration between two capacity, and in tons of industrial

@ Ancillary services reservation — activations) product.

historical prices (2023/2024). — Operational interdependencies
@ For each industrial process, thechoice

@ Ancillary services activation — historical @ Determination of Capacity market of countries for the case studies
prices (2023/2024) . derating factor applicable for each depends on their production volumes

industrial process. of each application in Europe (see

@ Congestion management — valuation section 6).

included in mFRR activation valuation.

@ For each industrial process and

@ Capacity market —we will calculate country, the choice of the Ancillary
capacity prices based on the plants’ Service markets modelled and their
missing money and the system’s participation in a capacity market
adequacy needs. depends on the activation time of

industrial processes.

@ Only upward exibility provision due
to most applications operating at max.
or optimal capacity. Downward exibility
provision, although possible if product
demand is low or if a plant is oversized,
is not considered.

MODELLING OUTPUTS

Number and Avoided CO
duration of emissions in the
activations power system

Yearly energy
curtailed

Captured price

ACEUNAGIEIES per market

Notes: Further details are available in annex D: Detailed modelling of potential revenues. All results are given in 2024 EUR. 11
Abbreviations: mFRR = manual Frequency Restoration Reserve, AS = Ancillary services.
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e MODELING APPROACH

We assess the contribution of exibility
revenues in reducing the decarbonisation cost
gap and boosting competitiveness

® We develop bottom-up cost models for both the incumbent fossil-based process technologies and the
decarbonised/electri ed process technologies.

® In our model, exibility revenues are captured at installation level for a standalone unit and account for
revenues from providing upward exibility on wholesale, intraday, ancillary services and capacity markets.

® Flexibility revenues can contribute to reducing the decarbonisation cost gap via revenue stacking from
exibility provision across electricity markets. Flexibility revenues could also boost competitiveness (especially
for already electri ed processes).

® We aim to assess whether smart electri cation and exibility provision can su ciently reduce costs, unlock
new revenues, and improve resilience.

CAPEX Non-energy OPEX Energy OPEX Carbon costs

COST COMPONENT: Asset investment Fixed O&M (including Energy supply costs EU ETS costs
costs,clggetgranon labour) (industrial retail rates) (w./wo. free allocation)

ENERGY PRODUCTION COSTS PER TON OF PRODUCT FOR REFERENCE AND DECARBONISED TECHNOLOGIES €/TON

Decarbonisation cost gap:

Extra revenues are needed to
close the cost gap of shifting Energy OPEX
towards smart electri cation

-X% Flexibility revenues

Carbon costs

Energy OPEX

€/ton

I\ OPEX

(\[e]} gy OPEX
CAPEX

CAPEX

Incumbent technologies (illustrative) . IDecarbonised technologies (illustrative)

12 Notes: Any additional cost due to smart electri cation and exibility provision is directly embedded in the cost components (for example, additional storage CAPEX is included in
the CAPEX cost component)
Abbreviations: EU ETS = European Union Emission Trading System, OPEX = Operational expenditure, CAPEX = Capital expenditure, CHP = Combined heat and power.



e KEY ASSUMPTIONS

smartEn

We account for constraints on the exible share
of total load, frequency of activations, duration,
and planned downtime

Industry

"

Iron and
steel

(B

Aluminium

Paper

Cement

Overall
assumptions>

Flexible process
step

Electric arc
furnace (EAF)

High
temperature
electrolysis

Hybrid steam
production +
accumulator

Container glass
hybrid furnaces
with electric
boosters

Raw material
preparation and
cement milling

Modelling for IMW
installed capacity.

Load
exibility
share

80%
full
process

5-88%
full
process

80%
paper
machine

5-15%
full
process

75%
full
process

Time between
activations/
frequency of
activation

Required
activation
times

1.25 hours
between
activations as
batches take
1lh and lling
next batch is
assumed to
take 0.25h

15 min

3 times per
week for
5% load
reduction

3 times per
month for full
shutdown
(88%)

5 min

4 hours
between
activations
tore Il the
accumulator
(if fully empty)

5 min

3 times

per month 5 min

4 hours
between
activations
necessary to
su ciently
dry ne
cement in
the milling
process!

Instant

Assumptions

Duration

1h at
opportunity
cost

~550 €/ MWh

1h (ensuring
that alumina
does not
solidify) at
opportunity
cost

~300 €/MWh

15 min
tolh
(depending
on

accumulated
steam
volume)

15 min
tolh

1h short
interruptions
(assumption
that storage
is equivalent
of 1h of
production)
Additional
time post

1h have
opportunity
cost

~400 €/MWh

Duration is limited
to storage capacity
for paper and
cement.

CRM
Derating
factor**

Power-On

EAF:52% + 22%
charging (14%
malfunction and

0,
maintenance, 19%
12% planned
maintenance)*
Electrolyser
potline: 95% 19%
(5% maintenance)?
Electric-boiler: 0
95% (~8300h/ay* 19%
Electric booster:
95% (5%
maintenance)* but 19%
operations running
100% of the time
Raw material
preparation (raw
milling): 87% o
(average power-on (orlfo/ 8%
1
7000h/a) if we
Cement milling: consider
50% (average that
power-on additional
4300h/a)* time is
Load-adjusted unlimited)
weighted average:
65%*
Maintenance during hours Derating
with lowest prices. 2024 Y-4
No reservation when in Auctions in
outage. Belgium.

In our modelling we only consider upward exibility due to most applications operating at maximum or optimal capacity. Downward
activation is possible in times of lower utilisation, this would require reliable data on the utilisation rate of each industry and would entail
a process running at non-optimal capacity.

*Note: To account for the independent operation of the raw mill and cement mill, and the cement mill’s greater contribution to total load, a weighted average power-on has

been used in the model.

**Note: CRM Derating factor: Adjustment factor by the regulator to the nominal capacity a unit is expected to reliably provide when needed in a Capacity Remuneration

Mechanism.

13

Sources: Compass Lexecon analysis based on [1] Flexibilitatsoptionen in der Grundsto ndustrie - Chapter 3 (Ausfelder et al. 2019), [2] a six-month trial in which a exible
potline operated on average 23h/day from Transformation of a potline from conventional to a full exible unit (Dissel et al. 2019) [3] CO -neutrale Prozesswarmeerzeugung
(Fleiter et al., 2023) [4] Own assumption, according to [1] maintenance is typically done during operation.
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o KEY TAKEAWAYS

Revenues from exibility provision in 2030
In the EU vary substantially across industrial
applications

KEY MODELLING RESULTS

Revenues from

Flexible il Share of :
process step upward_exibility Number of annual energy CTelEn CO
provision for EEATETS consumption emissions in the
Industry
: 50 000 EUR/MW/a 3-4tCO /MW
g Electric arc furnace 15 EURR 40-45./a DO 0.351CO/t s
Iron and steel
@ High temperature 35 000 EUR/MW/a 0 4-6 tCO /MW
— electrolysis 55 EUR/ AT 0.1-0.2% 6.51CO M roiucea
Aluminium
Hybrid steam 10 480-640 tCO /MW
production + steam g;mE%Oé) /tEUR/ Mwia 1000-1400./a (1esn¢23(r)g$ storage) 0.65tCO/t .-
aCCUmUIatOr accumulator
Container glass 1-2 tCO /MW
hybrid furnaces with ;OE%OQ /lEUR/MW/a 25-30./a 0.3-0.4% 0.25 tCO /t
electric boosters suetrio-gas
Raw material 150 260-380 tCO /MW
preparation and ggoE?JOF?/tEUR/MW/ @ 560-920./a 10-15% 0.6 tCO /t

cement milling

(material storage)

exible

KEY FINDINGS

Opportunity costs of
curtailing production
remain signi cant in
comparison to potential
captured revenues in
many processes

Revenues from
exibility can
contribute to bridging
the decarbonisation
cost gap

Some processes A form of storage allows
to harness the value of
providing grid services

without much impact on

production

running in batches can
be interrupted easily,
challenges remain in
some sectors

For instance: cement and All, to a di erent extent
steel (EAFs) interruptible,

glass challenging

For instance: energy storage
for paper and material/
product storage for cement

In particular:
steel and aluminium

14 Source: Compass Lexecon analysis Compass Lexecon analysis based on cost models.
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Additional monetisation opportunities beyond
those modelled are available in some markets
and through aggregation

ADDITIONAL
VALUE SOURCES

NOT MODELLED
IN THE STUDY

Oversizing

Battery storage

Aggregation

Flexibility provision
from non-core
processes

Sources: Compass Lexecon analysis.

ECONOMIC TRADE OFF
TO BE OPTIMISED

Additional CAPEX to build industrial plant.
Revenues form downward exibility
provision.

CAPEX for on-site battery storage.
Revenues from battery operation in power
markets.

Costs of 3¢9 party aggregator / revenue
sharing agreement.

Revenues from more frequent / wider
market participation.

Total costs of non-core processes.
Additional revenues from exible operation
of downstream processes.

Abbreviations: Ells = Electro intensive industries; DSF = Demand side exibility.

EXPLANATION

Unitary costs of production in Ells are mostly
comprised of energy costs additional CAPEX
may be o set by downward exibility provision.

For processes with no embedded storage,
industrial sites usually use back-up power
generators on-site.

Replacing back-up generators with batteries
could provide revenues when the battery is
operated for market services while providing
back-up.

By allowing market access to sites that could
not participate as a standalone DSF unit,
aggregation can unlock a premium over
standalone revenues depending on pricing /
derating / market balance locally.

Our study focuses on core, energy-intensive

processes for upstream products (primary steel,

primary aluminium, container glass, etc).
Other processes in each sector’s value chains
may hold high potential for cost-e cient
exibility provision.

15
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e CONTEXT

The EU needs to decrease its GHG emissions
three times faster than historically by 2050
while maintaining its industrial competitiveness

The EU has pledged to cut GHG emissions and achieve climate neutrality by 2050
which will require low-carbon energy supply and an electri cation of end-uses.

® In the wake of the Paris Agreement of 2015, the EU is aiming for Net-Zero emissions by 2050 and has
developed a policy and regulatory framework to foster the energy transition.

® The Green Deal, via the EU Climate Law adopted in 2021, targets a reduction of net GHG emissions by at least
55% by 2030, compared to 1990 levels. A further goal of 90% less emissions by 2040 was recommended
in the EC’s 2040 Climate Target Impact Assessment published in 2024.

® To achieve Net-Zero targets by 2050, low-carbon energy is being deployed across Europe, and a massive
electri cation of end-uses is planned.

® With the power sector’s decarbonisation challenges and low-carbon technologies being well-understood
and the transition already underway, industrial decarbonisation is the next logical step, facing signi cant
hurdles related to maintaining competitiveness.

Total annual GHG emissions, including LULUCF & CCS — EU-27, 1990-2050 (Mt CO;-eq)

5000 e
4500
4000
3500
3000
2500
2000
1500

1000

500 -42 Mt COz-eqly -114 Mt C@-eqly

/

1990
1992
1994
1996
1998
2000
2002
2004
2006
2008
2010
2012
2014
2016
2018
2020
2022
2024
2026
2028
2030
2032
2034
2036
2038
2040
2042
2044
2046
2048
2050

o= e e= 1990 level — Hjstorical Policy goals

Source: Compass Lexecon analysis based on the Paris Agreement (2015); the European Green Deal (2020); EC's 2040 Climate Target Impact Assessment (2024); EU Strategyfol?
Energy System Integration (2020).
Abbreviations: GHG: Greenhouse Gases; LULUCF: Land Use, Land Use Change and Forestry; CCS: Carbon capture and storage.
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e CONTEXT

Achieving deep electri cation of energy
end-uses, both directly and indirectly, Is critical
for decarbonising the EU economy

Electricity is expected to increasingly dominate the future energy mix in all
projected scenarios of the EC’s 2040 Climate Target Impact Assessment
published in 2024.

Electri cation is expected to play a growing and critical role in the decarbonisation of the EU economy,
ending a decades-long reliance on fossil fuels as the predominant carrier of energy.

The EC projects that electricity will be the single largest energy carrier by 2050, supplying 60% of nal
energy consumption excluding feedstock in the EU. Hydrogen and other renewables are also expected to
be essential as complementary energy sources.

Based on the EC’s scenarios, electricity grids are thus set to become the backbone of the EU energy system.

However, the electri cation of end-uses requires the uptake of electric vehicles, heat pumps in residential
heating and cooling, and the competitiveness of electri ed processes in the industry.

18

Final energy consumption by energy carrier — EU-27, 2015-2050 (Mtoe)
1200
1000

800 I I
600 I
I I I H B B B
S1 S2 S3 LIFE S1 S2 S3

2015 2019 2030 2040 2050

)

20

o

o

. oil Gas . Electricity . Renewables
. District Heating . Hydrogen . Coal . Synthetic fuels

Source: Compass Lexecon analysis based on EC’s 2040 Climate Target Impact Assessment (2024). European Commission (2024), 2040 Climate Target Impact Assessment.
Abbreviations: EC = European Commission, EU = European Union.
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e CHALLENGE

Industrial electri cation faces a number of
barriers including in many cases a lack of
business case and risks of carbon leakage

With the recent publication of the Competitiveness Compass and the Clean
Industrial Deal State Aid Framework, the competitiveness of the EU industry
coupled with its decarbonisation is at the forefront of the policy debate.

® The smart electri cation of energy-intensive industries, speci cally through leveraging demand-side exibility,
could be a potential avenue to boost competitiveness.

Technologies to decarbonise industrial sectors are not yet mature in all sectors,
economic and nancial barriers are a key deterrent requiring public incentives.

® The most energy-intensive industries, as well as carbon-intensive industries, are challenging to decarbonise
given current business cases.

® Existing solutions are insu cient for some industries, requiring breakthrough technologies, which may need
years or decades to become commercially available.

® Moreover, the lack of required infrastructure, for hydrogen or carbon transport for instance, is hindering the
decarbonisation of industrial processes in some cases.

® Given the high CAPEX involved, economic and nancial incentives are needed.

Suitability of alternative energy sources by industrial heat application

Solar thermal The heat intensity required
by some industries severely
limits the potencial low
< carbon substitutes o ered
= Deep geothermal by today’s technologies.
o In particular, high
s ) temperature processes,
3 Low geothel mal/ mainly steel and chemicals,
0] heat pumps represent the most GHG
@) emissions and, at hte same
time, o er much less room
. for low-carbon substitution.
= Biomass
@ .
= Biogas
§e]
i Biomethane
2 Hydrogen
7]
©
o SYLES
Electricity \—
0°C 100°C 200°C 300°C 400°C 500°C 1.000°C
Source: Compass Lexecon analysis based on Honoré (2019). Decarbonisation and industrial demand for gas in Europe; Madeddu et al (2020). The CO reduction potential 19

for the European industry via direct electri cation of heat supply (power-to-heat); Gerres et al (2018). A review of cross-sector decarbonisation potentials in the European
energy intensive industry, Rekker, Kesina and Mulder (2023). Carbon abatement in the European chemical industry: assessing the feasibility of abatement technologies by
estimating rm-level marginal abatement costs.

Abbreviations: EU = European Union, CAPEX = capital expenditure.
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e CHALLENGE

The lack of business case for industrial
decarbonisation is fuelled by a lagging
competitiveness gap in energy costs

Despite energy prices in Europe normalising after peaks reached during the 2022
energy crisis, both retail natural gas and electricity prices are projected to remain
higher than in the US and China.

Even under stabilised gas prices, European end-user prices are projected to remain structurally higher in
the medium-term due to:

— A marginal pricing system where gas generation remains the price-setting commodity in high-priced
hours. Despite more renewables penetrating the system, this trend is expected to persist in the medium
term.

— A continued supply bottleneck in the medium-term with exposure to LNG volatility and infrastructure
constraints.

— Indirect carbon costs embedded in the power prices for the remaining fossil-fuel generation.

— Higher grid fees and levies with further increases due to higher renewable generation.

In the long-term, a higher renewables penetration rate and further EU market integration are expected to
lead to a reduced power price gap by 2050.

EU industries that produce commaodities traded in global markets struggle to pass
on costs to consumers and are thus facing competitiveness issues.

EUR023/MWh

EUR023/MWh

20

Industrial retail electricity prices (EUR 202s/MWh): Historic 2023 and projections to 2030 and 2050 (WEO24 STEPS & ERT)

200 —— EU - WEO24
160 =@— China - WEO24
120 ’\t\‘ —@— US-WEO24
80 — . o A EU-ERT
40 2 A China-ERT
0 A US-ERT
2023 2030 2050

Industrial retail natural gas prices (EUR 2023/MWh): Historic 2023 and projections to 2030 and 2050 (WEO24 STEPS & ERT)

80 —@— EU-WEO24
60 @@= China - WEO24
40 kﬁ — —@— US - WEO24
: E/‘: A EU-ERT
20 — N - A China-ERT
0 A US-ERT

2023 2030 2035 2050

Source: Compass Lexecon analysis based on IEA (2024) World Energy Outlook 2024; ERT (2024) Competitiveness of European energy-intensive industries; AFRY (2023)
Kurzstudie: Internationaler Vergleich von Strompreisen fir die Industrie; EIA — Natural gas prices; IEA (2024) Global hydrogen review; CEIC — 36 City Average: Natural gas for

industry.
Abbreviations: EU = European Union, LNG = Liqui ed natural gas, STEPS = Stated policy scenario.
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e STUDY OBJECTIVES

Smart electri cation in energy-intensive
Industries could unlock bene ts for the system
and boost revenues at installation level

The bene ts from industrial demand-side exibility can be characterised as
follows:

® Total societal bene ts: The full societal value, including socio-economic welfare gains and environmental
externalities such as reduced greenhouse gas emissions.

® Power system bene ts: System-wide advantages such as reduced need for grid reinforcements, lower
balancing costs, greater integration of renewables, and improved security of supply.

® The bene ts that can be monetised at installation level:  The direct monetary revenues industrial sites
can access, such as energy cost savings and remuneration from the participation in the di erent electricity
markets.

In this study, we focus on the bene ts at installation level, highlighting how the smart electri cation of
industrial processes not only contributes to decarbonisation but can also unlock additional revenues and
contribute to improving competitiveness.

Note that these bene ts are only a part of the total bene ts, and that aggregation can for instance expand
the potential bene ts that can be monetised.

BENEFITS FROM FLEXIBILITY PROVISION THROUGH SMART ELECTRIFICATION

Total societal bene ts, including
e.g. environmental bene ts

Power system bene ts

Bene ts that can be monetised
at installation level
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e STUDY OBJECTIVES

We assess the potential bene ts of electricity
demand exibility provision for ve di erent
energy-intensive industries

The exible operation of industrial processes, especially in electro-intensive
applications is perceived as an opportunity both for the industry (improving the
business case for electri cation or decarbonisation) and for the power system.

® Additional revenues derived from exibility services provision could contribute to the business case for
decarbonisation investments in electri cation, re ecting the reduction in energy costs and potential system
bene ts such as reduction of the grid congestion.

STUDY OBJECTIVES

Gather evidence on the technical potential for load exibility and management of a range of representative

Model the potential revenues associated with the optimisation of di erent processes’ exibility provision in

Quantify the bene ts of smart electri cation in energy-intensive industries (Ells) in the EU for 2030 in terms

o
industrial processes in Europe
[
representative EU power markets around 2030
[
of revenues and avoided CO emissions
o

Assess how additional revenues from exibility provision could improve the business case for smart

electri cation for di erent industrial sectors/processes

STUDY APPROACH

Research and consultation

TECHNICAL POTENTIAL

Flexible Possible

capacity now exibility

available activations

due to smart o due to smart
= electri cation = electri cation
(O] (O]

GW
GWh

Smart electri ed
industrial
process

Smart electri ed
industrial
process

Modelling and quanti cation

ECONOMIC BENEFITS DIRECT EMISSION REDUCTIONS

Additional Additional ) )
cost due remuneration GHG emissions reductions
to smart due to smart following smart electri cation

electri cation electri cation

o
=)
(im}

Costs

tCO -eq

I |
GHG

Smart electri ed
industrial process

Valuation of exibility

IMPLICIT: EXPLICIT:
Price Market
response participation

Wholesale
Balancing
CRM

Revenues Existing traditional

industrial process
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We gathered evidence on actual exibility
capabilities in core processes that are energy-
Intensive and are using or switching to
electricity

We rst consulted industry representative to understand the technical and operational constraints, as well as
the risks and opportunity costs, associated with exibility provision in industrial processes, while gathering
data on the characteristics of exibility provision for each industrial process.

To do so, we conducted a literature review on industrial process exibility capabilities and tested our ndings
and assumptions through industry expert consultations and workshops and exchanges with the smartEn
Active Industry Committee.

Industrial sector Main industrial process’ step(s) to be considered for possible exible operation

¥

FLEXIBILITY PROVISION STRATEGY TECHNICAL ASSUMPTIONS COST ASSUMPTIONS

Process operational characteristics Flexible load Induced costs from activation, primarily
Modes of exible operation Required activation time opportunity costs
Process constraints and other impacts Feasible duration and depth of activation Other required costs, such as storage
/ risks Frequency of interruptions (minimum CAPEX

time between two consecutive activation

events) Other induced costs are not considered

in the exercise due to limited available
quantitative estimations in the literature

Identi cation of the technical Understanding of the exibility
potential of exibility provision capabilities of the industrial
in each industrial sector process considered

Estimation of the associated
activation price

Abbreviations: Ell = Energy intensive industries.
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We selected ve industrial sectors with energy-
Intensive core processes and developped
bottom-up cost models with a 2030 vision

The in the study have been selected to
in the EU manufacturing industry. They all face strong international
competition, with energy costs and carbon costs being critical competitiveness factors.

Each of these sectors relies on The processes considered in the
study capture a diverse spectrum of exibility pro les, making them ideal candidates to model a broad range
of exibility bene ts.

These sectors, and particularly some of the applications, alsc either due
to high switching costs or unavailable solutions.

In order to estimate the economic potential for exibility provision, we then selected two representative
countries for each industrial sector based on production volumes and adoption of considered process to
obtain representative markets of exibility provision revenue opportunities at EU level.

We allows for the participation of industrial demand-side exibility

In order to estimate avoided power system emissions, energy curtailed is assumed to be substituting a
marginal OCGT plant.

INDUSTRIAL SECTORS AND PROCESSES CONSIDERED AS WELL AS COUNTRIES SELECTED

1. Iron & Steel: I
Primary steel smelting
2. Aluminium: I
Primary aluminium smelting

[] 3. Paper & Pulp: N W N
Paper Production . -
4. Glass: I
Container glass melting
5. Cement industry: I .

RS Cement production S

Notes: [1] We select Germany for all ve industrial sectors to the country’s prominence in the EU in terms of output across each sector and in order to have a cross-sectoral

comparison in terms of exibility capabilities in a given country; [2] The EU’s production landscape over recent years, namely 2023-2024, is assumed to be unchanged for
2030 in terms of largest producing countries
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We used a co-optimisation model to calculate
potential revenues from industrial exibility
ggglompatlon In di erent electricity markets in

PRICE INPUTS PROCESS INPUTS SCOPE OF ANALYSIS

— Power price Integration of
projection (detailed modelling and
assumptions in next slides). — Activation price (based on opportunity
cost) assuming it is a price taker in
— Activation duration and depth each market.
— Required activation time Outputs expressed in MW of installed
— Number of activations possible capacity, and in tons of industrial
— Frequency (duration between two product.
- activations) For each industrial process, the choice
— Operational interdependencies of countries for the case studies
depends on their

Analysis carried out for

— percentage of
revenues relative to AS activation
revenues based on historical analysis.

historical prices (2023/2024).

— historical Determination of (see
prices (2023/2024) . factor applicable for each section 3).
industrial process. For each industrial process and
— valuation country, the

included in mFRR activation valuation.

— we will calculate
capacity prices based on the plants’
missing money and the system’s
adequacy needs.

and their

depends on the

due to most applications
operating at maximum or optimal
capacity — downward exibility
provision, although possible if product
demand is low or if a plant is oversized,
is not considered.

OUTPUTS

Yearly energy
curtailed

Yearly revenues

Captured price
per market

Notes: Further details are available in annex D: Detailed modelling of potential revenues. All results are given in 2024 EUR.
Abbreviations: mFRR = manual Frequency Restoration Reserve, AS = Ancillary services.

Number and
duration of
activations

Avoided CO

emissions in the
power system




smart .

We estimated the potential impact of exibility
revenues in reducing the decarbonisation cost
gap and boosting competitiveness by 2030

We develop bottom-up cost models for both the incumbent fossil-based process technologies and the
decarbonised/electri ed process technologies.

In our model, exibility revenues are captured at installation level for a standalone unit and account for
revenues from providing upward exibility on wholesale, intraday, ancillary services and capacity markets.

Flexibility revenues can contribute to reducing the decarbonisation cost gap via revenue stacking from
exibility provision across electricity markets. Flexibility revenues could also boost competitiveness (especially
for already electri ed processes).

We aim to assess whether smart electri cation and exibility provision can su ciently reduce costs, unlock
new revenues, and improve resilience.

CAPEX Non-energy OPEX Energy OPEX Carbon costs

COST COMPONENT: Asset investment Fixed O&M (including Energy supply costs EU ETS costs

costs, intetgration labour) (industrial retail rates) (w./wo. free allocation)
costs

ENERGY PRODUCTION COSTS PER TON OF PRODUCT FOR REFERENCE AND DECARBONISED TECHNOLOGIES €/TON

€/ton

Decarbonisation cost gap:

Extra revenues are needed to
close the cost gap of shifting Energy OPEX
towards smart electri cation

-X% Flexibility revenues

Carbon costs
Non-energy OPEX

Energy OPEX
Non-energy OPEX CAPEX

Decarbonised technologies (illustrative)

Notes: Any additional cost due to smart electri cation and exibility provision is directly embedded in the cost components (for example, additional storage CAPEX is included

in the CAPEX cost component).
Abbreviations: EU ETS = European Union Emission Trading System, OPEX = Operational expenditure, CAPEX = Capital expenditure, CHP = Combined heat and power.
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The di erent potential sources of value for
Industrial demand exibility span the range
of electricity markets and system services

Implicit demand-side exibility: change in baseline load patterns, due to exposure to dynamic retail price
signals, in order to minimise bills;

Explicit demand-side exibility: change in baseline load patterns, following the acceptance of a bid to sell
demand reduction or increase in an organised electricity market or following the orders of network operators
under bilateral agreements.

Market / Mechanism Indsgt;ial Industrial DSF

Forward markets Payments for the sale of energy blocks for

a given point in time, by activating exibility
and arbitrage earnings from reactions to price
signals. Additional system bene ts may also
Day-ahead markets arise from changes in the marginal generation
assets setting the market price. However,
overall wholesale price reductions from the
provision of industrial DSF are not captured in

Wholesale
power markets

Intraday markets this study.
Depend on
FCR process
: Reducing/increasing load within a short
Ancillary aFRR Depend on response time to help balancing consumption

services process?!

and production in near real-time.

System

services TR

Speci ¢ schemes for large industrials to curtail
Interruptibility schemes load when ancillary services markets failed to
fully balance production and consumption.

muneration of availability to provide energy at

Capacity markets times of system stress.

Sources: Compass Lexecon analysis based on smarten (2025) 2024 Market Monitor for Demand Side Flexibility.

Note: [1] For instance, paper industrials for the wood chipping section of the process are active in the FCR market in France and aluminium industrials have prequali ed for
aFRR in Germany.

Abbreviations: CRM = Capacity Remuneration Mechanism, FCR = Frequency Containment Reserve; aFRR = automated Frequency Restoration Reserve; mFRR = manual
Frequency Restoration Reserve; DSF = Demand Side Flexibility.
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Current market framework for monetising
exible industrial demand varies across EU
countries, with di erent valuation opportunities

Northern and western European countries are the most advanced in allowing participation of demand-side
exibility in all markets

Several Member States do not allow / have ho mechanisms in place for demand-side exibility participation
in wholesale markets

Ancillary services are the most open and often most pro table valuation opportunities
Capacity remuneration mechanisms are not available in all Member States

New valuation avenues in relation to network services are emerging on top of existing congestion management
schemes

Explicit market participation of demand-side exibility is possible in two ways:

Standalone unit: Consumption site participates on Aggregation: Consumption site is managed by

its own, either directly, through its electricity supplier an aggregator as part of a diversi ed portfolio of
or through a third-party exibility service provider electricity-producing and electricity-consuming assets

Current valuation opportunities in European markets for industrial exibility

Market / Industrial q WE G EU-wide

Wholesale markets Energy payments and High L&

(Day-Ahead, Intraday) Implicit/Explicit arbitrage earnings
Ancillary services . Capacity and energy ; ;
(FCR, aFRR, mMFRR) Sl payments et gy
Other System Services - - : -
(CRM, interruptibility schemes) Explicit Capacity payments High Medium
Congestion management - High / Emerging Medium / Low
(market or ad-hoc redispatching / Explicit &%praatyaar:ndérﬂg (local DSO (local DSO
local DSO exibility markets) 9y pay exibility) exibility)
Cost-re ective network tari s Implicit Rebates on network Emerging -
use tari s

Note: Implicit demand exibility = change in baseline load patterns, due to exposure to dynamic retail price signals, in order to minimise bills; Explicit demand exibility =
change in baseline load patterns, following the acceptance of a bid to sell demand reduction or increase in an organised electricity market or following the orders of network

operators under bilateral agreements.
Abbreviations: CRM = Capacity Remuneration Mechanism, FCR = Frequency Containment Reserve; aFRR = automated Frequency Restoration Reserve; mFRR = manual

Frequency Restoration Reserve; DSO = Distribution System Operator.
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Accessible electricity markets are essential to
unlock the full value of demand-side exibility,
yet regional disparities persist across the EU

smartEn assessed the current accessibility of demand-side exibility in di erent electricity markets and
services!, as well as expected future developments.

— Northern and Western European countries are deemed to be more accessible fodemand-side exibility
participation across electricity markets and services.

— Currently, the accessibility of demand-side exibility is the highest in ancillary services, although
implementation challenges persist. Accessibility in wholesale markets and local DSO exibility markets
remains more di cult, and capacity markets have only been employed in a select number of countries.

— While current market accessibility for demand-side exibility is uneven and not mature enough across
countries, signi cant future growth is expected in the medium-term.

The Electricity Market Directive (EU/2019/944) and Regulation (EU/2019/943) requires Member States to
open their markets by enabling consumers to actively participate in energy markets and enable the clean
energy transition.?

Market accessibility for demand exibility in the EU (2024)

LOW
m
L 1
L
-
> 2
=
3
o 3
[9)]
0
W 4
Q
<
5
\/
HIGH

Sources: Compass Lexecon analysis based on smarten (2025) 2024 Market Monitor for Demand Side Flexibility

Note: [1] Flexibility markets include wholesale markets, ancillary services markets, resource adequacy mechanisms and local DSO markets; [2] Relevant legal texts can be
found here Directive on common rules for the internal market for electricity (EU/2019/944), Regulation on the internal market for electricity (EU/2019/943)

Abbreviations: DSO = Distribution System Operator.
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Industrial demand exibility is mostly
monetised in ancillary services today, with
varying access to other market segments
depending on the country

WHOLESALE MARKETS ANCILLARY SERVICES

Limited market access to date, with France and Great Wide range of value streams open to demand-side exibility
Britain as the only countries where demand-side assets can in countries associated with high accessibility.

participate in wholesale markets. Minimal barriers to entry including a low minimum bid size
Signi cant attention recently, at both EU and national levels. and access for independent aggregators.

CAPACITY MARKETS LOCAL DSO FLEXIBILITY MARKETS

Resource adequacy mechanisms, most commonly capacity Implementation challenges and a lack of incentives for DSOs
markets, not yet present in all countries, with ongoing to introduce local exibility markets.

discussions on their introduction. DSO markets very location speci ¢ by nature, making having
Capacity markets usually open and accessible to demand- a standardised approach di cult.

side exibility.

A
<

%

ACCESSIBILITY LEVEL 1 2 3 4 5 NO CRM NO ACTIVITY

»

Sources: Compass Lexecon analysis based on smarten (2025) 2024 market monitor for demand side _exibility.
Abbreviations: DSO = Distribution System Operator, CRM = Capacity remuneration mechanism
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New valuation avenues in relation to network
services are emerging on top of existing
congestion management schemes

Both market-based and contract-based congestion management are recognised sources of value for industrial
DSF, though there is a lack of su cient data to understand the value potential they represent on average
across Europé.

Demand-side exibility is starting to be increasingly valued through accelerated connection procedures
and cost-re ective network tari s, although these options are not present in all Member States and, when
present, vary widely in regulatory requirements and value.

Local DSO exibility markets are considered as a potential source of value for industrial DSF; however,

locational constraints and the lack of a standard approach to open acess to demand-side exibility increase
uncertainty when estimating possible bene ts.?

: Industrial EU-wide q
Market / Mechanism adoption Industrial DSF

Remuneration for bids placed (usually) on the

Market-based congestion management Already b
- . : : mFRR market for curtailing upon TSO/DSO orders
(rlEpEtEling  CRNEiELITe) LT when local network conge%tiopns arise.
Already Remuneration according to ad-hoc contracts

Contract-based congestion management for curtailing upon TSO/DSO orders when local

LSS network congestions arise.
) i Alread Rebates on network use tari s when able to
Cost-re ective network tari s i usey provide exibility activable upon TSO/DSO

requests when local network congestions arise.

Remuneration for providing capacity to the local
Local DSO exibility markets Emerging DSO to relieve network congestion, with possible
TSO coordination through joint platforms®.

Note: [1] Congestion management was accounted for as part of mFRR services provision in the model; [2] Most industrial applications considered are energy-intensive and
are connected at TSO level, applications connected at local DSO level were not representative enough of energy-intensive industries and were therefore excluded from
the analysis; [3] In GOPACS the Dutch TSO and six DSOs created a platform for a joint procurement of exibility. NorfFlex allows for interoperability between markets allow
service providers to bene t from value stacking by forwarding non-activated bids to the TSO. For more see smartEn (2022)

Abbreviations: DSF = Demand side exibility, mFRR = manual Frequency Restoration Reserve, TSO = Transmission system operator, DSO = Distribution system operator.
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Whilst this study focuses on standalone
Industrial exibility, aggregation of loads

In virtual power plants can bring additional
bene ts

Aggregators can build a portfolio of DERSs including industrial units, commercial units, households, electric
vehicles, batteries, solar PV as well as onshore wind generation assets and optimise their load to participate
in di erent markets.

Being part of a portfolio of an aggregator requires control equipment that allows the aggregator to adjust
the load in real time.

The aggregator can spread load adjustments across the portfolio limiting the impact to the individual
participant.

Industrial sites can o er exibility when they would otherwise not meet minimum bid requirements, or
technical speci cations of products such as full activation times.

Y
t.g

Wholesale markets Ancillary services
(Day-Ahead, Intraday) (FCR, aFRR, mFRR)

Congestion management
(market or ad-hoc redispatching /
local DSO exibility markets)

Other System Services
(CRM)

Sources: Compass Lexecon analysis based on Eurelectric (2023) Independent aggregation remuneration, Kaiss et al. (2025) review on virtual power plants/virtual

aggregators: Concepts, applications, prospects and operation strategies and bilateral exchange with Sympower (smartEn member); URE (2023); Boletin O cial del Estado

2025

Abbreviations: DER = Distributed energy resources; PV = Photovoltaic, DSO =Distribution System Operator, FCR-D = Frequency containment reserve for disturbances, aFRR =
automated Frequency Restoration Reserve; mFRR = manual Frequency Restoration Reserve, CRM = Capacity remuneration mechansims
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Steel and cement units can already be

smart .

operated exibly in most cases; aluminium,
paper machines, and glass container units
require additional investment

Industr Flexible Flexibility 2030 smart Justi cation for
y processes provision strategy electri cation pathway process selection

Electric arc furnace
smelting (EAF).

7

Iron and
steel

High temperature
electrolysis.

(B

Aluminium

Mechanical pulping.

Paper drying steam

D production.

Pulp and
paper

Container glass melting
with hybrid / storage
furnaces.

Raw material
preparation and
cement milling.

Cement

I:l No change anticipated

D Slight modi cation

Load reduction within
batches or between
batches.

Three strategies: 1) full
interruption of all lines 2)
interruption of some lines
3) partial load reduction of
speci c lines, or all lines.

Mechanical pulping

can be interrupted (low
potential).

Paper drying using an
e-boiler or hybrid steam
production unit can be
interrupted — continuity
of process depends on
steam accumulator being
installed.

Partial or full load
reduction of electric
booster possible.

Partial or full interruption
of raw material and
cement milling -
continuous operation of
clinker kiln is ensured
through storage.

Sources: Compass Lexecon analysis based on literature review and expert interviews

No change in technology

No change in technology.
Lines need to be

retro tted with more
durable electronics to
secure production; partial
load reduction requires
additional equipment.

Increased share of hybrid
steam production allows
for more exibility. Steam
accumulators can ensure
continuous production
and exibility provision

if e-boiler and grid
connection capacity is
increased.

No change in technology.
Increased e-booster to
natural gas ratio does not
proportionally increase
exible load as constant
energy input is needed to
maintain production.

No change in technology.
Larger storage can ensure
longer exibility provision

D Larger change

EAFs have been proven

to react to grid signals
while having a high energy
requirement per ton of
product. In comparison,
casting and post-production
heating are less electro-
intensive although they
could be exible.

Electrolysis is the most
electro-intensive process
step.

Mechanical pulp accounts
for only 7% of raw material
input in Europe and thus
has limited potential. We
focus on paper drying as
the main process step with
exibility potential.

Glass melting is the most
electro-intensive process
step and can be exible
when relying on hybrid
sources.

Raw material preparation
and cement milling account
for the largest share of
exible electricity use,
whereas rotary kiln load is
in exible.
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Industrial plants can access valuable oppor-
tunities by providing exibility to the system,
associated costs and operational challenges
must be balanced by adequate revenue

Other costs Total exibility valuation
A and risks opportunities

Other costs

C Opportunity costs Wholesale markets
and risks (Day-Ahead, Intraday)
Total exibility
valuation
eib?{)ﬁ:rll . opportunities Maintenance / Damage /
CAPEX Reduction in lifetime

Ancillary services
(FCR, aFRR, mFRR)

EU ETS costs Increase in OPEX

EU ETS costs

.-
s -
[=}
=
w -

Decrease in process Other System Services

Energy OPEX e ciency (CRNIS,C?;%Estlbuny

Congestion management
CAPEX for (market or ad-hoc
storage/equipment redispatching / local DSO
exibility markets)

Energy OPEX

Non-energy
OPEX

Non-energy
OPEX

CAPEX CAPEX

Storage CAPEX

Cost-re ective
network tari s

Oversizing costs

Flexibilit _
pl%>\</lisli(|3r¥ Flexibility equipment Aggregation

Sources: Compass Lexecon analysis based on literature review and expert interviews.
Abbreviations: CRM = Capacity Remuneration Mechanism, FCR = Frequency Containment Reserve; aFRR = automated Frequency Restoration Reserve; mFRR = manual
Frequency Restoration Reserve; DSF = Demand Side Flexibility, OPEX = Operational expenditure, CAPEX = Capital expenditure, DSO = Distribution system operator.



While demand-side exibility can o er

signi cant bene ts to industrials, those

smart .

bene ts must be weighted against investment
needs and risks

Opportunity costs /
Oversizing costs

Storage CAPEX

Flexibility
equipment
CAPEX

Maintenance /
Damage /
Reduction in lifetime

Increase in OPEX

Decrease in
process e ciency

Periods of load curtailment are periods during which the industrial
production is, partially or completely, stopped. This interruption results
in lower revenues from the sale of goods, creating an opportunity cost
from lost production.

Alternatively, when production is exible (typically when the output
can be stored or when demand is exible), then the facility can

be oversized to minimise the impact on total production, inducing
additional investment costs for oversizing.

When installing thermal or electrical storage on-site, the continuous
production can be ensured, while the additional costs can be o set by
revenues from exibility provision.

The ability to respond to market signals, possibly automatically,
requires speci ¢ equipment. This includes automation and
communication systems to either react to TSO signals or be
manually activated, and/or adaptation of the processes to limit the
consequences of repetitive curtailment events.

Even equipped with suitable technologies, exibility provision can
increase wear and tear of machinery and equipment, thus reducing
their lifetime and / or inducing heavy maintenance costs.

Furthermore, exibility provision creates a risk of permanent damage
to the equipment.

Industrial exibility can imply some operational costs to operate
optimally, such as more frequent maintenance periods, additional fees
to suppliers and / or aggregators to operate and market exibility / or
additional workforce, TSOs and other power market stakeholders.

Industrial processes tend to be more e cient (in terms of output
per energy and material inputs) at a high level of output and with
the minimum number of interruptions, due to economies of scale.
Everything being equal, repetitive curtailment events are likely to
decrease the average e ciency of the industrial process, requiring
more input per unit of output.

Sources: Compass Lexecon analysis based on literature review and expert interviews
Abbreviations: OPEX = Operational expenditure, CAPEX = Capital expenditure, TSO = Transmission system operator.

FOCUS
OF THE
ANALYSIS

OUT OF
SCOPE
FOR THE
MODELLING
ASSUMPTIONS
— those costs
are generally
considered as
representing a
small share of
additional costs
(with variations
across sectors)
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Electric Arc Furnaces run in batches, exible
operation is possible when is does not disrupt

the continuous casting step

Flexibility provision is limited by the following constraints:

Blast furnace-basic oxygen furnace (BF-BOF):
Coal-based process with minimal electricity use,
o ering low exibility potential.

Direct Reduced Iron-Electric Arc Furnace (DRI-
EAF):Uses natural gas or hydrogenl and electricity
for reduction and melting. Short-term load exibility
can be o ered by adjusting the EAF’s operation.

Scrap-based electric arc furnace (EAF): Largely
electricity-driven process, o ering strong potential
for load exibility.

EAFs are typically operated in successions of
batches and every EAF process run involves three
steps:

1) Loading the furnace (fast, low power load),

2) Heating the furnace (around an hour, high power
load) and

3) Unloading the furnace (fast, low power load).

SRCC process (Steelmaking — Re ning — Continuous casting)

Electric arc Argon oxygen Ladle
furnances decarburization furnance
(EAF) (AOD) (R3]

¥

Flexible power
intense process

Process with
limited exibility

A risk of solidi cation of the molten metal inside the furnace.
In the furnace, interruptions are only possible in the melt-up phase and for a limited time, otherwise steel

quality is impaired.
The continuity of the

it can be slowed down, but interruption is very costly. Stopping the

casting sequence would, at minima, require to reheat the rolling mills.

Sources: Flexibility options in a decarbonised iron and steel industry, Boldrini, 2023, Cost-e ective scheduling of steel plants with exible EAFs, Zhang, Compass Lexecon

analysis based on industry data and industry expert interviews.

Note: [1] Some shaft furnaces for direct reduction are hydrogen ready, see projects in Sweden and Germany.




smart .

Due to batch-based operation, EAFs can
exibly reduce up to 80% of their load with

an opportunity cost to recoup

Since EAFs operate in batches, load exibility can be unlocked in two ways:

— Between batches, when the furnace is empty, for durations that can go beyond an hour.

— During batches, but only for a limited time (typically less than an hour) to prevent the batch from cooling.
Load interruptions are more convenient in the melting stage rather than in later stages where the steel

must reach certain temperatures to ful I quality requirements.

Shorter lifetime of refractories and electrodes, the needto reheat the furnace as well as additional personnel
costs (due to new services and more frequent interventions h operations) can further increase costs induced

when the plant is providing load exibility.

Steel plants typically aim for high capacity factors, but load exibility can be leveraged during periods of

reduced utilisation.

Electric Arc Furnace - exibility provision strategies and associated costs

; Activation Total load

Every batch

Short :

interruption <1lh 15 min (i%%a;;)hes

Up to twice
15 min to 1h per day,
Long >15h depending depending

interruption : on batch on duration

stage of activation
event

80%

Simpli ed opportunity costs of stopping
exemplary plant of 550 €/MWh 2

+ Shorter lifetime of refractories and
electrodes

+ Reheating furnac

+ Labour cost

Sources: Flexibility options in a decarbonised iron and steel industry, Boldrini, 2023, Cost-e ective scheduling of steel plants with exible EAFs, Zhang, The merit order of

demand exibility in industry (Gruber et al. 2014), Compass Lexecon analysis based on industry data and industry expert interviews,
Note: [1] Apart from continuous casting, plants that are equipped with block casting are less operationally constrained. [2] Opportunity cost calculated for exemplary plant as:
(product unitary market price / power e ciency) — (unitary variable O&M/power e ciency) - electricity retail cost (€/MWh). Does not include the impact of other induced costs.

All € gures are expressed in real 2024.
Abbreviations: EAF = Electric arc furnace.
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The electrolysis of aluminium can operate
exibly by curtailing selected potlines

Aluminium smelting consists of extracting aluminium from its oxide (alumina) using large amounts of electricity
(Hault-Heroult process).

The industrial process is split between di erent potlines, where the electrolytic reduction takes place in a
continuous process: 1) Dissolving alumina in cryolite bath, 2) High temperature electrolysis, 3) Tapping
the molten aluminium, and 4) Casting the aluminium to form ingots, slabs, billots and t-bars.

Typically, aluminium plants operateseveral potlines of electrolysers, which can be shut down individually

or as a group. A residual electrical current must be maintained to prevent the equipment from damage. A
full and controlled cessation of production requires several weeks to complete.

Industrial process of aluminium smelters

Step 1: . .
Step 2: Step 3:

Add bath —> . a —
and aluﬁmia Electrolysis Tapping

Flexible power
intense process

Process with
limited exibility

Flexibility provision is limited by the following constraints:

— Arrisk of solidi cation of the cryolite bath, full of molten aluminium.

— A deterioration of the electrolytic cells and power electronics equipment.

— Aloss of e ciency of the electrolytic cells for a signi cant period following load curtailment.
— Limited exibility of

Smelters can only be activated 3 times per month for interruptions or 3 times per week for load reductions
since shutting o power supply causes imbalances in the process.

Following a load reduction the load needs to be increased again to allow the process to settle again and

avoid impurities.

Sources: Compass Lexecon analysis based on industry data and industry expert interviews the Australian Aluminium council, The e ect and value of end-use_exibility in the
low-carbon transition of the energy system (Seljom et al. 2024)
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While up to 88% load reduction is technically
possible, the preferred strategy would be to
partially decrease load on all potlines

Complete interruption: enables but leads to reduction of e ciency for the
remaining load and cannot be activated more than 3 times per month.

Partial interruption: depending on each potline’s size, a single line reduction enables
Same ine ciencies as above.

Load reduction: during peak hours, can be reduced without disturbing the
process. This load reduction must be limited to 3 times per week to avoid damaging electrolytic cells.

E ciency losses: Experiments in an aluminium plant have shown anincreased power need when running
exibly and higher anode consumption.

Increased wear and tear of electrical equipment increases possibility of having a substation power loss
incident.

Following a load reduction, operation must reach target load again within an hour to stabilise the process
and prevent solidi cation or a power loss incident.

Aluminium electrolysis - exibility provision strategies and associated costs

; Activation Total load

Maximum 3 (- f i
Complete . : Simpli ed opportunity costs of stopping

interruF:)tion <lh 5min petr'mgsn . 65-88% exemplary plant of ~300 €/MWh , plus:

+ Increased risk of degrading power

equipment

. f + Reduced current e ciency

__ Partial <1h Simin Mag:\qwgg 3 25.65% + Additional costs from anode consumption
interruption per month + Risk of cryolite solidi catio

Simpli ed opportunity costs of stopping

\@Ed “1n 5 min Maéirrr?eusm 3 up to 5% exemplary plant of ~300 €/MWh 1, plus:
interruption per week per line + Lower other costs and risks than for

complete or partial interruptions

Sources: Compass Lexecon analysis based on industry data and industry expert interviews, the Australian Aluminium council, The e ect and value of end-use exibility in
the low-carbon transition of the energy system (Seljom et al. 2024), Transformation of a potline to a full exible production unit (Dissel et al. 2019) and The merit order of

demand exibility in industry (Gruber et al. 2014).

Note: [1] Opportunity cost calculated for exemplary plant as: (product unitary market price / power e ciency) — (unitary variable O&M/power e ciency) - electricity retail cost
(E/MWh). Does not include the impact of other induced costs (see here). All € gures are expressed in real 2024
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The largest exibility potential in the pulp and
paper industry relies on steam production for
paper drying once electri ed

Only integrated mechanical lines o er exibility
due to mechanical pulp being storable. Chemical
lines run continuously, limiting exibility.

But, in 2023, only 31% of all integrated paper
mills used mechanical pulp. Mechanical pulp only
provided 6.6% of all input material used in paper
making.

Looking forward, the exibility potential of the paper
industry is greater when looking at paper drying.

Integrated mills with
chemical pulp
Steps 1+2+3+4

Chemical pulp mill

Steps 1+2

1. Debarking: logs are fed into a debarking drum to
remove bark and turned into wood chips

2. Mechanical or chemical milling: wood chips are
transformed into cellulose fibres using either
mechanical grinders or chemical solutions

3. Stock preparation: cellulose bres are blended,
re ned, diluted, and metered

4. Paper machine: pulp is distributed onto a moving
belt, pressed and steam dried

Standalone paper mills
Market pulp / recycled

Integrated mills with
mechanical pulp

Steps 1+2+3+4 paper + repulping? +

Steps 3+4

Industrial process of integrated pulp & paper mills

@ (14 — .= Flexible power
) intense process

A e} ,

Wood Chemical mill Pulp Paper machine Process with

limited exibility
{o% = A
@ _. = ratd
Wood Mechanical mill Pulp Paper machine

T Heat + electricity from CHP or heat from boiler

Debarking Mechanical mill Stock preparation

Flexibility provision is limited by:

— Frequent ramp-up and shutdown cycles cause wear orgrinding machines, limiting exibility activation

frequency.
— The energy demand of the
storage de nes activation events’ duration.

met continuously, thus sizing of heat

Hybrid steam production systems can provide exibility when switching from the e-boiler to the gas boiler

and/or heat storage.

Sources: Compass Lexecon analysis based on industry data and industry expert interviews and Electricity consumption in the pulp and paper industry (Cepi, 2025),
Integrated methodology to assess the energy exibility potential in the process industry (Perri et al. 2020), The potential of demand-side management in energy-intensive
industries for electricity markets in Germany (Paulus and Borggrefe, 2011), Flexibilitatsoptionen in der Grundsto ndustrie 2 (Ausfelder et al. 2019).

Notes: [1] Raw materials: Pulp, paper for recycling and non- brous [2] Repulping refers to the process of disintegrating recycled paper or dried pulp sheets in water to

separate the bres.
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Mechanical grinders can reduce between
80-100% of their load but reﬁre_sent a small
share of the overall load of the industry

Partial and full interruptions of the mechanical grinders are possible:

— Activation durations for mechanical grinders are directly limited by storage capacity, currently enabling
interruptions of over an hour and possibly up to 4 hours, with activations feasible within one hour.

— Future investment in increased storage might extend these durations if revenues support such expansion.
Mechanical pulp only accounts for 7% of pulp production in Europe. The remaining share is covered by

chemical pulp, recycled material and non- brous material. Thus, in the future the highest EU wide exibility
potential in the pulp & paper industry will come from steam generation (see next page).

High capacity factors are needed for pro tability, and activation costs remain limited if storage capacity is
not exceeded.

Frequent activations of the mechanical grinder increase wear and tear.

Mechanical pulp mill - exibility provision strategies and associated costs

] Activation Total load

Simpli ed opportunity cost of stopping
exemplary paper machine >600 €/ MWh 2

Partial Between (cost of stopping may be higher as they
. . 5- <
interruption 15-4h th 20 and 50 depend on multiple factors: product type,
times a year, technical setup, availability of stocks,
depending contracts with clients etc.).
on pulp 50%
bu er and Frequent activations increase wear and
oversizing tear.
Eull of grinding
interruption 1.5-4h <1lh machine Pulp demand of the paper machine must
be met — otherwise there is a risk of losing
production.

Sources: Compass Lexecon analysis based on industry data and industry expert interviews and Electricity consumption in the pulp and paper industry (Cepi, 2025),
Integrated methodology to assess the energy exibility potential in the process industry (Perri et al. 2020), The potential of demand-side management in energy-intensive
industries for electricity markets in Germany (Paulus and Borggrefe, 2011), Flexibilitatsoptionen in der Grundsto ndustrie 2 (Ausfelder et al. 2019), The merit order of demand
exibility in industry (Gruber et al. 2014)

Note: [2] Shiftable load is based on Flexibilisation of industries enables sustainable energy systems (Arnold et al. 2016) and Lastmanagement fiir Systemdienstleistungen und
zur Reduktion der Spitzenlast (Buber et al. 2012). Shiftable load depends on share of electri cation of the plant.
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Paper mills equipped with a hybrid boiler or a
steam accumulator can operate exibly without
Interruption of the process

Electric boilers are fully exible and can react instantaneously to grid or price signals. Currently, to ensure
a continuous supply of steam the e-boiler replaces fossil-fuel steam prodution in times of low energy prices
or in response to grid signals. The exibility provision is limited by the CHP to e-boiler ratio.

Installing a steam accumulator in combination with a larger grid connection can provide additional
exibility, by exploiting low price hours and creating a bu er that can be used for peak shaving.

Retro tting e-boilers requires upgraded control systems to maintain stable steam pressure and enable rapid
response to grid signals.

Initial investment costs of e-boilers and accumulator need to be recuperated by the exibility earnings and
avoided CO costs.

Higher shares of electri ed steam production and the addition of accumulators increase peak electricity
demand, requiring increased connected grid power and electricity supply.

Paper hybrid steam production - exibility provision strategies and associated costs

; Activation Total load

No opportunity cost when using heat

storage.
Partial . .
interruption Unlimited 5 min Simpli ed opportunity cost of stopping
Unlimited exemplary paper machine >600 €/ MWh1
(cost of stopping may be higher as they
Need to depend on multiple factors: product type,
5@ Ui 80% technical setup, availability of stocks,
for upwarg contracts with clients etc.).
Full e Additional investment cost of e-boiler and
imi i steam accumulator.
interruption Unlimited 5 min

Steam demand must be met — otherwise
there is a risk of losing production.

Sources: Compass Lexecon analysis based on industry data and industry expert interviews and Electricity consumption in the pulp and paper industry (Cepi, 2025),
Investments approved for Sappi Maastricht Mill second e-boiler (Sappi, 2024) , Paper manufacturer focuses on exibility (Enexis), The merit order of demand_exibility in

industry (Gruber et al. 2014) and Sappi (2023) Maastricht Case Study.
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Glass (Joroduction needs to run _contin_uouslly,
but a degree of load reduction is achievable for
hybrid container glass melting

The container glass sector has adopted electric boosting (5-15% of melt energy) and is gradually increasing
electri cation. Flat glass is facing more constraints due to larger furnace sizes and higher quality requirements,
though initial pilot projects are underway and electric boosting is also implemented in the at glass sector
(approximately 10% of melt energy).

1. Batch preparation: Mixing raw-materials to create a homogenous mass and feeding it with a conveyor belt
into the furnace.

2. Glass melting furnace: Depending on the type, glass is melted at -400-1700°C, with strict temperature
control to ensure the right viscosity and quality. Some regenerative furnaces use electrical boosters for
5-15% of melt energy, with electri cation expected to reach 80% in the future.

3. Forming: The molten glass is shaped using moulds.

4. Annealing: In along conveyor oven, glass containers pass through the lehr, where they are gradually cooled
from around 600-700°C to room temperature over a controlled period.

Flexible power Process with

Industrial process of container glass production intense process limited exibility

Batch preparation Glass melting

¥

Flexibility provision is limited by several constraints:
— The main constraint is theconstant temperature that is required in the furnace.
— The decrease of electrical load is relatively easy but increasing the load requires days.

Glass furnaces/plants are for 15 years, load interruptions lead either to full loss of
production or in some cases to larger maintenance periods (up to 6 months to refurbish furnace).

Sources: Compass Lexecon analysis based on interview with glass association representatives and Flexibilitdtsoptionen in der Grundsto ndustrie - Kapitel 3 (Ausfelder
etal. 2019).
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Partial electri cation allows load curtailment
when switching to gas heating, exibility _
potential remains bound by technical constraints

Load exibility can be achieved when substituting electrical load with natural gas as process interruptions
are not possible.

Increasing electri cation (up to ~80% of the melt energy)does not proportionally increase exible load.
The frequency of activation is limited to a few times per month, because while electri ed furnaces/e-
boosters can decrease their load within minutes, controlled ramp-up of electri ed furnaces/e-booster back

to original electrical input levels requires days.

Additionally, a shift to natural gas mayincrease carbon costs.

Container glass production: regenerative furnace with e-boosting - exibility provision strategies and associated costs

; Activation Total load

Load
reduction 15 min Maximum 3
(shift from to 1h <5 min times 5-15%
eIgctr;g;y 2 TR Risk of quality impairment
9 Shift to natural gas may increase carbon
costs
Interruption Not possible

Sources: Compass Lexecon analysis based on interview with glass association representatives and Flexibilitdtsoptionen in der Grundsto ndustrie - Kapitel 3 (Ausfelder et al
2019).
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Clinker production Is a continuous process;
however, material storability allows to curtail
raw material and cement mills

1. Raw material preparation (25% of power load): Electricity is used for crushing, grinding, and material
handling. Drying of raw materials may involve thermal energy from waste heat or fossil fuels. The result is a
ne, chemically balanced raw mix.

2. Clinker production (25% of power load): Thermal energy (mainly from coal, coke, or alternative fuels) heats
the rotary kiln to ~1500°C. Electricity powers kiln drives, fans, and exhaust gas treatment systems. This step
forms cement clinker through calcination and sintering.

3. Cement milling (43% of power load): Electricity is used to rapidly grind cement clinker into ne cement
powder.

Industrial process of cement manufacturing

Raw
Material (i/‘eimr(]ant
Preparation g

Flexible power Process with
intense process limited exibility

¥

Flexibility provision is limited by the following constraints:

— The main constraint is that theclinker production process needs to be operated uninterrupted and is
highly non- exible when running.

— Interruptions ofcement milling and raw material preparation can increase wear and tear and entalil
higher maintenance costs.

Sources: Compass Lexecon analysis based on industry data and industry expert interviews and Powering the cement industry, Electrical Consumption Flexibility in the
Cement Industry.
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Material storability allows to curtail raw
material and cement mills with few additional
costs

Both, short and long interruptions of the raw material and cement milling processesare possible.

The duration of the interruption is limited by the storage capacity to ensure continuous operation of clinker
production.

High capacity factors are needed for pro tability, and activation costs remain limited if storage capacity is
not exceeded. Other induced costs such as increased maintenance and labour costs are limited.

the EU allocates free emission
allowances based on historical output, pressuring plants to operate clinker production at full capacity or
remain idle to protect future entitlements.

Raw material preparation and cement milling - exibility provision strategies and associated costs

; Activation Total load

No opportunity cost when using raw

Short material storage.

interruption <1h Instant
_— Simpli ed opportunity cost of stopping
;t'g}geg by 75% exemplary cement plant (clinker “load
capacg:ity shedding”) of 400 €/MWHhL1 if storage is
exceeded.
Long >1h Within
interruption an hour _ Increased maintenance costs from frequent
interruptions.

Sources: Compass Lexecon analysis based on industry data and industry expert interviews and Powering the cement industry, Electrical Consumption Flexibility in the
Cement Industry, The merit order of demand exibility in industry (Gruber et al. 2014).

Note: [1] Opportunity cost calculated for exemplary plant as: (product unitary market price / power e ciency) — (unitary variable O&M/power e ciency) - electricity retail cost
(E/MWh). Does not include the impact of other induced costs (see here). All € gures are expressed in real 2024.

Abbreviations: EU ETS = European Union Emissions Trading System.
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Our
assumptions
for modelling
potential
exibility
revenues
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Flexibility provision is constrained by the
exible share of total load, frequency of
activations, duration and planned downtime

Industry

"

Iron and
steel

(B

Aluminium

Paper

Glass

Cement

Overall
assumptions>

Flexible process

step

Electric arc
furnace (EAF)

High
temperature
electrolysis

Hybrid steam
production +
accumulator

Container glass
hybrid furnaces
with electric
boosters

Raw material
preparation and
cement milling

Modelling for IMW
installed capacity.

Load
exibility
share

80%
full
process

5-88%
full
process

80%
paper
machine

5-15%
full
process

75%
full
process

Time between :
activations/ aRC%(\]/laj.ltEg?'I
frequency of it
activation
1.25 hours
between

activations as
batches take
1lh and lling
next batch is
assumed to
take 0.25h

15 min

3 times per
week for
5% load
reduction

3 times per
month for full
shutdown
(88%)

5 min

4 hours
between
activations
tore ll the
accumulator
(if fully empty)

5 min

3 times

per month 5 min

4 hours
between
activations
necessary to
su ciently
dry ne
cement in
the milling
process!

Instant

Assumptions

Duration

1lhat
opportunity
cost

~550 €/ MWh

1h (ensuring
that alumina
does not
solidify) at
opportunity
cost

~300 €/MWh

15 min
tolh
(depending
on

accumulated
steam
volume)

15 min
tolh

1h short
interruptions
(assumption
that storage
is equivalent
of 1h of
production)
Additional
time post

1h have
opportunity
cost

~400 €/MWh

Duration is limited
to storage capacity
for paper and
cement.

Power-On

EAF:52% + 22%
charging (14%
malfunction and
maintenance,
12% planned
maintenance)*

Electrolyser
potline: 95%
(5% maintenance)?

Electric-boiler:
95% (~8300h/a)®

Electric booster:
95% (5%
maintenance)* but
operations running
100% of the time

Raw material
preparation (raw
milling): 87%
(average power-on
7000h/a)?!

Cement milling:
50% (average
power-on
4300h/a)*

Load-adjusted
weighted average:
65%*

Maintenance during hours
with lowest prices.

No reservation when in
outage.

CRM
Derating
factor**

19%

19%

19%

19%

19%
(or 100%
if we
consider
that
additional
time is
unlimited)

Derating
2024 Y-4
Auctions in
Belgium.

In our modelling we only consider upward exibility due to most applications operating at maximum or optimal capacity. Downward
activation is possible in times of lower utilisation, this would require reliable data on the utilisation rate of each industry and would entail
a process running at non-optimal capacity.

*Note: To account for the independent operation of the raw mill and cement mill, and the cement mill’'s greater contribution to total load, a weighted average power-on has
been used in the model.
**Note: CRM Derating factor: Adjustment factor by the regulator to the nominal capacity a unit is expected to reliably provide when needed in a Capacity Remuneration

Mechanism.

Sources: Compass Lexecon analysis based on [1] Flexibilitatsoptionen in der Grundsto ndustrie - Chapter 3 (Ausfelder et al. 2019), [2] a six-month trial in which a exible
potline operated on average 23h/day from Transformation of a potline from conventional to a full exible unit (Dussel et al. 2019) [3] CO -neutrale Prozesswarmeerzeugung
(Fleiter et al., 2023) [4] Own assumption, according to [1] maintenance is typically done during operation.



smart .

Our co-optimisation model focuses on a subset
of monetisation avenues for demand exibility,
other opportunities could allow capturing

higher value

Market / Mechanism

Wholesale markets
(Day-Ahead, Intraday)

Ancillary services
(FCR, aFRR, mFRR)

Other System Services
(CRM, interruptibility schemes)

Congestion management
(market or ad-hoc redispatching /
local DSO exibility markets)

Cost-re ective network tari s

Aggregators

. Included in the model

Relevant
market

Day-ahead

Intraday

Interruptibility
schemes

Market or ad-hoc
redispatching

Local DSO ex
markets

Network
charges

Wholesale/

ancillary, other

Included in
optimisation

\[¢]

\[¢}

[\[¢]

. Not included in model

Main power market providing price signals
for implicit and explicit demand-side exibility
operation.

On standalone basis, only cement mills can react
fast enough. Aggregation could allow to unlock
value associated with FCR for other processes.

Applications in scope can react with required
activation times and technical constraints.

Not representative of average EU markets (a
handful of countries have one, such as France)
and revenues not stackable with other services.

Market-based congestion management is
modelled through mFRR market participation.

Applications in scope are too electro-intensive
to connect at DSO level. Local exibility markets
can be an upside in speci c cases.

Site and country speci ¢ conditions.

Optimisation model and portfolio of aggregators
is not replicable, can represent upside in speci c
cases.

Abbreviations: CRM = Capacity Remuneration Mechanism, FCR = Frequency Containment Reserve; aFRR = automated Frequency Restoration Reserve; mFRR = manual
Frequency Restoration Reserve; DSO = Distribution System Operator, TSO = Transmission System Operator
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Industrial production for the selected sectors
across EU members states

LARGEST EU CRUDE STEEL PRODUCERS LARGEST EU ALUMINIUM PRODUCERS
BY VOLUME 2023 MT BY VALUE 2023 BN€

40 20
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=
o

Germany \Ia\y Spain France Austria Poland Be\glum Germany Italy France Spain Greece Poland Austria
E LARGEST EU CEMENT PRODUCERS D LARGEST EU PAPER AND BOARD PRODUCERS
S BY VOLUME 2023 MT BY VOLUME 2023 MT

40
30

20
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111 = =:=1 +1

Germany Spain Poland Italy Romania  France Greece Germany Sweden Italy Finland France Spain Poland

=
o

Sources: Compass Lexecon analysis based on industry associations reports and other data sources.
Notes: No similar data was available for the glass sector.
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For each sector, we selected the two countries
that would be the most representative of
the EU in terms of production volumes and

pathways

Industry Coulntry Justi cation of selection Couzntry Justi cation of selection

&5 o

Iron and
steel

[E I

Aluminium

U —

Pulp and
paper

—

Glass

—

Cement

Largest steel producer in the
EU, relying on both primary
(BF-BOF) and secondary (EAF)
production routes.

One of the consistent and
largest aluminium producers
in the EU, be it primary or
secondary aluminium.

Largest paper producer in the
EU.

Largest glass producer in the
EU, be it at glass, container
glass or other.

Largest cement producer in
the EU.

Sources: Compass Lexecon analysis based on industry associations reports and other data sources.
Notes: [1] We select Germany for all ve industrial sectors to the country’s prominence in the EU in terms of output across each sector and in order to have a cross-sectoral
comparison in terms of exibility capabilities in a given country; [2] The EU’s production landscape over recent years, namely 2023-2024, is assumed to be unchanged for

2030 in terms of largest producing countries.

Abbreviations: BF-BOF = Blast furnace—basic oxygen furnace, EAF = Electric arc furnace.

Second largest steel producer
in the EU, relying almost
exclusively on secondary (EAF)
production.

One of the consistent and
largest aluminium producers
in the EU, be it primary or
secondary aluminium.

Largest pulp producer in

the EU as well as one of the
largest paper producers in the
EU.

One of the other largest glass
producers in the EU.

One of the other largest
cement producers in the EU
and the top EU exporting
country in 2024.
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Case studies
of market
operations
for selected
industrial
applications
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Revenues from exibility provision in the EU
contribute to improve the business case, with
variations across applications

Flexible

Revenues from

Share of

KEY MODELLING RESULTS

upward exibility Avoided CO
a standalone curtail%d power system
exemplary plant
Industry
g Electric arc furnace ?(5) E%ORI/E{UR/ Mw/a 40-45./a 0.3-0.4% g-ggclig O/%W
Iron and steel rotproduced
@ High temperature 35 000 EUR/MW/a B 090 4-6 tCO /MW
= electrolysis 55 EURM 26-27/a 0.1-0.2% 6.51CO M  roducea
Aluminium
Hybrid steam 500 480-640 tCO /MW
production + steam g;mE%Og/tEUR/ Mwia 1000-1400./a %(95”2?@ storage) 0.65tCO/t .-
aCCUmUIatOr gy g accumulator
Container glass 1-2 tCO /MW
hybrid furnaces with ;OE%OQ /lEUR/MW/a 25-30./a 0.3-0.4% 0.25tCO /t
electric boosters Swielrio-gas
Raw material 150 260-380 tCO /MW
preparation and ggoE?JOF?/tEUR/MW/ a 560-920./a 10-15% 0.6 tCO /t

Cement

cement milling

(material storage)

exible

KEY FINDINGS

Opportunity costs of
curtailing production
remain signi cant in
comparison to potential
captured revenues in
many processes

Revenues from
exibility can
contribute to bridging
the decarbonisation
cost gap

Some processes A form of storage allows
to harness the value of
providing grid services

without much impact on

production

running in batches can
be interrupted easily,
challenges remain in
some sectors

For instance: cement and All, to a di erent extent
steel (EAFs) interruptible,

glass challenging

For instance: energy storage
for paper and material/
product storage for cement

In particular:
steel and aluminium

Source: Compass Lexecon analysis based on cost models.
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Possible revenues from exibility provision in
2030

Flexibility provided by the EAF could derive over 50 EUR/KW per year across the di erent electricity and
exibility markets.

The EAF could witness over 40 activations per year, representing-8 MWh of curtailed energy and ~12 tons

of delayed production (for each MW of installed capacity).

In the Day-Ahead market, participation is not expected to be triggered as market prices are not projected

to exceed opportunity costs.

In the Intra-Day market, arbitrage strategies could yield revenues of up to 3EUR/KW.

The EAF provides no aFRR services due to activation time being too long across Europe.

In the mFRR market, capacity reservation and load activation could allow to derive up to 40 EUR/KW of
revenues per year. This also accounts for redispatching and TSO-level congestion management.

In the CRM market, the reservation of capacity is based on a derating factor of 1-hour DSF (19%), leading to
possible revenues between 7 and 13 EUR/KW.

REVENUE GENERATION FROM FLEXIBILITY PROVISION 2030 EUR/kW?
LOW CARBON H2 DRI EAF PRODUCTION PROCESS

Wholesale markets Ancillary services (balancing markets) .

e Capacity
Flexibility Day- Intra- aFRR aFRR mFRR mFRR market
provision Ahead Ahead reservation activation reservation activation (CRM)

60 CRM
Average Average .
duration of number of
activation activations/year 50 13 . Intra-day market
15-30 o 40 3 Day-ahead market
minutes E .
z 30 . aFRR Activation
)
Time Activated energy w20 aFRR Reservation
between over annual
activations consumption 10 mERR Activation
8-9 0 3 0 o (incl. congestion management)
.3-0.4% 0 .
days :
y Min Max MFRR Reservation

Sources: Compass Lexecon analysis.

Notes: [1] Revenues are projected for 1-MW of the plant’s installed capacity; [2] Estimated revenues are based on market projections for Germany and Italy

Abbreviations: CRM = Capacity Remuneration Mechanism, FCR = Frequency Containment Reserve; aFRR = automated Frequency Restoration Reserve; mFRR = manual
Frequency Restoration Reserve, TSO = Transmission system operator, H2-DRI-EAF = Hydrogen direct reduction electric arc furnace.
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Possible revenues from exibility provision in
2030

Flexibility provided by the EAF could derive up to 15 EUR/t eaua Of revenues per year and save up to 4 tCO /
MW?* of installed capacity.

Capacity reservation across the mFRR and CRM markets could amount to 6 EUR/t and 4 EUR/t respectively,
assuming an average yearly plant availability of 52% (accounting for forced outages, unplanned events and
planned maintenance).

Energy activation in the Day-Ahead and aFRR markets is not expected to materialise, while activation in the
Intra-Day and mFRR markets could occur and o set production costs by 4 and 1 EUR/t respectively, assuming
the electricity consumption requirement of an EAF to be~-0.84 MWh/t.

In terms of emissions reduction, exibility provision could allow to reduce emissions at a rate of 0.35 tCO
per ton not produced/delayed production, assuming an OCGT emission factor of 0.5 tCO /MWh.

IMPACT OF FLEXIBILITY PROVISION ON PRODUCTION COSTS 2030 EUR/t

LOW CARBON H2 DRI EAF PRODUCTION PROCESS

Production cost o set thanks to exibility provision Power system emission savings
Intra-Day: 0-1 EUR/t
0-15 EUR/t mFRR Activation: 0-4 EUR/t 3-4 tCO /MW
mFRR Reservation: 0-6 EUR/t 0.35 tCO /t ot produced

CRM Reservation: 0-4 EUR/t

1000
900 Industrial DSF
800
5 700 . EU ETS costs
% 600
= 500 . Non-energy OPEX
% 400
w Energy OPEX
300 ay
200
100 . CAPEX
0 .
Fossil-based BF-BOF  Fossil-based BF-BOF Low carbon Industrial DSF Raw material costs
- with free allocation - without free allocation H2-DRI-EAF

Sources: Compass Lexecon analysis.

Notes: [1] Revenues are projected for 1-MW of the plant’s installed capacity; [2] Estimated revenues are based on market projections for Germany and Italy.

*According to SEI average CO emissions in the EU27 in 2021 were at 8 tCO /per capita/a.

Abbreviations: CRM = Capacity Remuneration Mechanism, FCR = Frequency Containment Reserve; aFRR = automated Frequency Restoration Reserve; mFRR = manual
Frequency Restoration Reserve, TSO = Transmission system operator, H2-DRI-EAF = Hydrogen direct reduction electric arc furnace
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Possible revenues from exibility provision in
2030

Flexibility provided by the electrolyser could derive over 35 EUR/KW per year across the di erent electricity
and exibility markets.

The electrolyser could witness over 25 activations per year, representing~13 MWh of curtailed energy and

1 ton of delayed production (for each MW of installed capacity).

In the Day-Ahead market, participation is not expected to be triggered as market prices are not projected

to exceed opportunity costs.

In the Intra-Day market, arbitrage strategies could yield revenues of up to 2 EUR/KW.

The electrolyser can provide both aFRR and mFRR services and could result in revenues a2 EUR/KW from
capacity reservation and of -9 EUR/kW from load activation across both markets. mFRR provision would
also account for redispatching and TSO-level congestion management.

In the CRM market, the reservation of capacity is based on a derating factor of 1-hour DSF (19%), leading to
possible revenues between 7 and 13 EUR/KW.

REVENUE GENERATION FROM FLEXIBILITY PROVISION 2030 EUR/kW?
LOW CARBON PRIMARY ALUMINIUM PRODUCTION PROCESS

Wholesale markets Ancillary services (balancing markets) .
e Capacity
Flexibility Day- Intra- aFRR aFRR mFRR mFRR market
provision Ahead Ahead reservation activation reservation activation (CRM)
40 . CRM
Average Average
duration of number of 35 . Intra-d Ket
activation activations/year ntra-day marke
30 13
8 o5 . Day-ahead market
E 2 -
T 20 6 . aFRR Activation
-
Time Activated energy w15 aFRR Reservation
between over annual 10
activations consumption mERR Activation
14 (incl. congestion management)
= 0,
days 01-0.15% Min Max mFRR Reservation

Sources: Compass Lexecon analysis

Notes: [1] Revenues are projected for 1-MW of the plant’s installed capacity; [2] Estimated revenues are based on market projections for Germany and Italy.

Abbreviations: CRM = Capacity Remuneration Mechanism, FCR = Frequency Containment Reserve; aFRR = automated Frequency Restoration Reserve; mFRR = manual
Frequency Restoration Reserve
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Possible revenues from exibility provision in
2030

Flexibility provided by the electrolyser could derive up to 55 EUR/t eaue Of revenues per year and save up to
6 tCO /MW?* of installed capacity.

Capacity reservation across the aFRR, mFRR and CRM markets could amount to 9 EUR/t, 10 EUR/t and 20
EUR/t respectively, assuming an average yearly plant availability of 95% (accounting for forced outages and
planned maintenance).

Energy activation in the Intra-Day, aFRR and mFRR markets could occur and o set production costs by 3
EUR/t, 9 EUR/t and 4 EUR/t respectively, assuming the power consumption requirement of the electrolyser

to be ~13 MWHht.
In terms of emissions reduction, exibility provision could allow to reduce emissions at a rate of 6.5 tCO

per ton not produced, assuming an OCGT emission factor of 0.5 tCO /MWh. The lost production may be
substituted by imports from outside of Europe or increased secondary aluminium production in Europe. This
in turn may lead to a net increase in emissions as foreign production can be more emission-intensive and
secondary production in Europe may not be able to fully substitute.

IMPACT OF FLEXIBILITY PROVISION ON PRODUCTION COSTS 2030 EUR/t

LOW CARBON PRIMARY ALUMINIUM SMELTER

Production cost o set thanks to exibility provision Power system emission savings
Intra-Day: 0-3 EUR/t
aFRR Activation: 0-9 EUR/t 4-6 tCO /MW
0-55 EUR/t aFRR Reservation:0-9 EUR/t 6.5 tCO /t not produced
mFRR Activation: 0-4 EUR/t (net emissions may increase, due to more
mFRR Reservation: 0-10 EUR/t imports, which can be more CO -intensive)

CRM Reservation: 0-20 EUR/t

Industrial DSF

3500
£ 3000
EU ETS costs

2 2500 .
E 2000 . Non-energy OPEX
< 1500
o Energy OPEX
o W e

0 . CAPEX

Anode Smelter (Electrolysis) Industrial DSF

- with free allocation Raw material costs

Sources: Compass Lexecon analysis.
*According to SEI average CO emissions in the EU27 in 2021 were at 8 tCO /per capita/a.
Abbreviations: CRM = Capacity Remuneration Mechanism, FCR = Frequency Containment Reserve; aFRR = automated Frequency Restoration Reserve; mFRR = manual

Frequency Restoration Reserve, NG = Natural gas



smart .

Possible revenues from exibility provision in
2030

Flexibility provided by the use of a steam accumulator with an e-boiler could derive almost 340 EUR/KW per
year across the di erent markets.

The e-boiler could witness almost around 1400 activations per year, representing over 1200 MWh of curtailed
energy and ~950 tons of production relying on the steam accumulator (for each MW of installed capacity).
No arbitrage strategies are assumed to occur in the Day-Ahead market, due to opportunity costs and
operational limitations.

In the Intra-Day market, arbitrage strategies could yield revenues of up to 116 EUR/KW.

The e-boiler can provide both aFRR and mFRR services and could result in revenues o0 EUR/KW from
capacity reservation and of ~170 EUR/kW from load activation across both markets, but mainly from aFRR
provision. mFRR provision would also account for redispatching and congestion management at both TSO
and DSO levels.

In the CRM market, the reservation of capacity is based on a derating factor of 1-hour DSF (19%), leading to
possible revenues between 7 and 13 EUR/KW.

REVENUE GENERATION FROM FLEXIBILITY PROVISION 2030 EUR/KW?
HYBRID STEAM GENERATION FOR PAPER DRYING WITH STEAM ACCUMULATOR

Wholesale markets Ancillary services (balancing markets) .

e Capacity
Flexibility Day- Intra- aFRR aFRR mFRR mFRR market
provision Ahead Ahead reservation activation reservation activation (CRM)

400 CRM
Average Average .
duration of number of 350 . Intra-d Ket
activation activations/year 300 13 ntra-day marke
30-60 ®© 116 Day-ahead market
TIES 1000-1400 E 250 .
F 200 . aFRR Activation
)
Time Activated energy w150 150 aFRR Reservation
between over annual 100 & 4
activations consumption _—
50 MFRR Activation
(incl. congestion management)
- 0,
hours ez 0 : mFRR Reservation
Min Max

Sources: Compass Lexecon analysis

Notes: [1] Revenues are projected for 1-MW of the plant’s installed capacity; [2] Estimated revenues are based on market projections for Germany and Italy.
Abbreviations: CRM = Capacity Remuneration Mechanism, FCR = Frequency Containment Reserve; aFRR = automated Frequency Restoration Reserve; mFRR = manual
Frequency Restoration Reserve, TSO = Transmission system operator, DSO = Distribution system operator.
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Possible revenues from exibility provision in
2030

Flexibility provided by the use of a steam accumulator with an e-boiler could derive up to 57 EUR/t  proguee Of
revenues per year and save up to 640 tCO /MW?* of installed capacity.

Capacity reservation across the aFRR, mFRR and CRM markets could amount to a total of 9 EUR/t, assuming
an average yearly plant availability of 95% (accounting for forced outages and planned maintenance).
Energy activation in the Intra-Day, aFRR and mFRR markets could occur and o set production costs by 19
EURI/t, 24 EUR/t and 5 EUR/t respectively, assuming the power consumption requirement of the e-boiler to
be ~1.35 MWh/t (accounting for the required additional intake to re Il the steam accumulator).

In terms of emissions reduction, exibility provision could allow to reduce emissions at a rate of 0.65 tCO

per ton of production relying on the steam accumulator, assuming an OCGT emission factor of 0.5 tCO /
MWh.

IMPACT OF FLEXIBILITY PROVISION ON PRODUCTION COSTS 2030 EUR/t

HYBRID STEAM GENERATION FOR PAPER DRYING WITH STEAM ACCUMULATOR

Production cost o set thanks to exibility provision Power system emission savings

Intra-Day: 0-19 EUR/t
aFRR Activation: 0-24 EUR/t
0-57 EUR/t aFRR Reservation:0-6 EUR/t 480-640 tCO /MW
mFRR Activation: 0-5 EUR/t 0.65 tCO /t steam accumulator
mMFRR Reservation: 0-1 EUR/t
CRM Reservation: 0-2 EUR/t

400 Industrial DSF
350
g 300 . EU ETS costs
Q.
g 250
< 200 . Non-energy OPEX
L 150
S
Y100 . Energy OPEX
50
0 . CAPEX
CHP plant (NG) CHP plant (NG) Electric boiler Industrial DSF )
- with free allocation - without free allocation Raw material costs

Sources: Compass Lexecon analysis based on industry associations reports and other data sources.

*According to SEl average CO emissions in the EU27 in 2021 were at 8 tCO /per capita/a.

Notes: The CAPEX costs of the decarbonised production route via an e-boiler and steam accumulator we assume additional oversizing requirements of 20% for the e-boiler
and accumulator size of 6000 m?

Abbreviations: CRM = Capacity Remuneration Mechanism, FCR = Frequency Containment Reserve; aFRR = automated Frequency Restoration Reserve; mFRR = manual
Frequency Restoration Reserve, OCGT = Open-cycle gas turbine, EUA = European Uniion [Emissions Trading System] Allowance.
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Possible revenues from exibility provision in
2030

Flexibility provided by the furnace could derive up to 70 EUR/KW per year across the di erent electricity and
exibility markets.

The furnace could witness 30 activations per year, representing-5 MWh of curtailed energy and -6 tons of
switch-to-gas production (for each MW of installed capacity).

Arbitrage strategies (implicit DSF) are not expected to be adopted by the glass sector in wholesale markets
due to opportunity costs and strict process requirements.

The hybrid furnace can provide both aFRR and mFRR services due to its ability to adjust its electric load, by
shifting to natural gas within the required activation time. Capacity reservation across both markets could
yield revenues of -55 EUR/KW. However, revenues from activation are noticeably low due to the small share
of curtailable power load as the furnace has a constant energy intake requirement.

In the CRM market, the reservation of capacity is based on a derating factor of 1-hour DSF (19%), leading to
possible revenues between 7 and 13 EUR/KW.

REVENUE GENERATION FROM FLEXIBILITY PROVISION 2030 EUR/kW?
CONTAINER GLASS HYBRID GLASS MELTING FURNACE

Wholesale markets Ancillary services (balancing markets) .

e Capacity
Flexibility Day- Intra- aFRR aFRR mFRR mFRR market
provision Ahead Ahead reservation activation reservation activation (CRM)

80 . CRM
Average Average
duration of number of 70 . Intra-d Ket
activation activations/year 0 ntra-day marke
40-60 < 1 . Day-ahead market
A = 50
minutes =
4 . .
T 40 . aFRR Activation
: . o 30 7 3
Time Activated energy w - 1 aFRR Reservation
between over annual 20
activations consumption L
P 10 MFRR Activation
12-14 ’ o 1 (incl. congestion management)
days 0.3-0.4% 0 : mFRR Reservation

Min Max

Sources: Compass Lexecon analysis

Notes: [1] Revenues are projected for 1-MW of the plant’s installed capacity; [2] Estimated revenues are based on market projections for Germany and Poland
Abbreviations: CRM = Capacity Remuneration Mechanism, FCR = Frequency Containment Reserve; aFRR = automated Frequency Restoration Reserve; mFRR = manual
Frequency Restoration Reserve, DSF = Demand side exibility.
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Possible revenues from exibility provision in
2030

Flexibility provided by the furnace could derive up to 7 EUR/t o4 Of revenues per year and save up to 2
tCO /IMW* of installed capacity.

Capacity reservation across the aFRR, mFRR and CRM markets constitute the main revenue streams from
possible exibility provision, with the glass melting furnace operating year-round without interruptions.
Energy activation in wholesale and balancing markets is not expected to generate relevant revenues due
to the operational risks and limitations of shifting the furnace’s energy intake and the low share of exible
load.

In terms of emissions reduction, exibility provision could allow to reduce emissions at a rate of 0.25 tCO
per ton of switch-to-gas production, assuming an OCGT emission factor of 0.5 tCO /MWh. The shift from
electricity to natural gas leads to some additional emissions being released.

IMPACT OF FLEXIBILITY PROVISION ON PRODUCTION COSTS 2030 EUR/t

CONTAINER GLASS HYBRID GLASS MELTING FURNACE

Production cost o set thanks to exibility provision Power system emission savings

Intra-Day: 0-0.1 EUR/t
aFRR Activation: 0-0.1 EUR/t
0-7 EUR/t aFRR Reservation:0-2.5 EUR/t 1-2 tCO /MW
i mFRR Activation: 0-0.1 EUR/t 0.25 tCO /t switch-to-gas
mFRR Reservation: 0-3 EUR/t
CRM Reservation: 0-1.2 EUR/t

700
2 Industrial DSF
%]
g 600 _14cy‘__|
> 500 === .EUETSCostS
2 -1%4——
‘= 400
§ 300 . Non-energy OPEX
E 200 . Energy OPEX
a 100
0 . CAPEX
Fossil-based Furnance Fossil-based Furnance Hybrid Furnance Industrial DSF
incl. E-booster incl. E-booster Electricity and Raw material costs

- with free allocation - without free allocation Naturall Gas

Sources: Compass Lexecon analysis.

*According to SEl average CO emissions in the EU27 in 2021 were at 8 tCO /per capita/a.

Abbreviations: CRM = Capacity Remuneration Mechanism, FCR = Frequency Containment Reserve; aFRR = automated Frequency Restoration Reserve; mFRR = manual
Frequency Restoration Reserve, DSF = Demand side exibility, OCGT = Open-cycle gas turbine.
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Possible revenues from exibility provision in
2030

Flexibility provided by the process could derive almost 300 EUR/KW per year across the di erent electricity
and exibility markets.

The process could witness over 900 activations per year, representing~770 MWh of curtailed energy and

no delayed production (for each MW of installed capacity).

No arbitrage strategies are assumed to occur in the Day-Ahead market, due to relevant opportunity costs
and operational limitations.

In the Intra-Day market, arbitrage strategies could yield revenues of up to 74 EUR/KW.

The process can provide both aFRR and mFRR services due to storage. However, exibility provision is
expected to occur primarily in the aFRR market, with revenues 0£.99 EUR/kW from capacity reservation and

of ~96 EUR/KW from load activation. mFRR provision could yield revenues of 13 EUR/kW from load activation.
In the CRM market, the reservation of capacity is based on a derating factor of 1-hour DSF (19%), leading to
possible revenues between 7 and 13 EUR/KW.

REVENUE GENERATION FROM FLEXIBILITY PROVISION 2030 EUR/kW?
LOW CARBON CEMENT PRODUCTION PROCESS

Wholesale markets Ancillary services (balancing markets) .

. Capacity
Flexibility Day- Intra- aFRR aFRR mFRR mFRR market
provision Ahead Ahead reservation activation reservation activation (CRM)

350 . CRM
Average Average
duration of number of 300
activation activations/year . Intra-day market
250
40-60 560-920 © 4 . Day-ahead market
minutes E 200
4 aFRR Activation
X 150 96 .
Time Activated energy ey 7 aFRR Reservation
between over annual 00
activations consumption 50 MERR Activation
(incl. congestion management)
L0 10-15% 0

hours mFRR Reservation

Min Max

Sources: Compass Lexecon analysis

Notes: [1] Revenues are projected for 1-MW of the plant’s installed capacity; [2] Estimated revenues are based on market projections for Germany and Italy

Abbreviations: CRM = Capacity Remuneration Mechanism, FCR = Frequency Containment Reserve; aFRR = automated Frequency Restoration Reserve; mFRR = manual
Frequency Restoration Reserve



smart .

Possible revenues from exibility provision in
2030

Flexibility provided by the process could derive up to 50 EUR/t .4« Of revenues per year and save up to 380
tCO /IMW* of installed capacity.

Capacity reservation across the aFRR market could amount to 17 EUR/t, with reservation in the mFRR and
CRM markets yielding above 2 EUR/t, assuming an average yearly plant availability of 65% (weighted average
for raw milling and cement milling processes and accounting for forced outages and planned maintenance).
Energy activation in the Intra-Day, aFRR and mFRR markets could occur and o set production costs by
13 EUR/, 16 EUR/t and 0.2 EUR/t respectively, assuming the power consumption requirement of the milling
processes to be ~0.1 MWh/t.

In terms of emissions reduction, exibility provision could allow to reduce emissions at a rate of 0.6 tCO
per ton of production, assuming an OCGT emission factor of 0.5 tCO /MWh. exible.

IMPACT OF FLEXIBILITY PROVISION ON PRODUCTION COSTS 2030 EUR/t

LOW CARBON CEMENT PRODUCTION PROCESS

Production cost o set thanks to exibility provision Power system emission savings

Intra-Day: 0-13 EUR/t
aFRR Activation: 0-16 EUR/t
aFRR Reservation:0-17 EUR/t 260-380 tCO /MW

0-50 EUR/t mFRR Activation: 0-0.2 EUR/t 0.6 tCO /t exible

mFRR Reservation: 0-2 EUR/t
CRM Reservation: 0-2 EUR/t

EUR/t Cement

0-50 EUR/t due to
exibility provision

450 Industrial DSF
400
350 EU ETS costs
300
250 Non-energy OPEX
200
150 Energy OPEX
100
50 CAPEX
0
Rotary kiln Rotary kiln Rotary kiln with all Industrial DSF Raw material costs

- with free allocation - without free allocation - electric concepts
- without free allocation

Sources: Compass Lexecon analysis.

*According to SEl average CO emissions in the EU27 in 2021 were at 8 tCO /per capita/a.

Notes: In the low-carbon H2-DRI-EAF route, it is assumed that electrolysers producing hydrogen from renewable electricity act as the price-setting technology within a
European market context.

Abbreviations: CRM = Capacity Remuneration Mechanism, FCR = Frequency Containment Reserve; aFRR = automated Frequency Restoration Reserve; mFRR = manual
Frequency Restoration Reserve, OCGT = Open-cycle gas turbine.
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Industrial exibility provision potential in 2030

Some processes
running in
batches can be
interrupted easily,
but challenges
remain in some
sectors

A form of storage
allows to harness
the value of
providing grid
services without
much impact on
production

Opportunity

costs of curtailing
production
remain signi cant
in comparison

to potential
captured
revenues in many
processes

By 2030,
revenues from
exibility could
contribute to
bridging the
decarbonisation
cost gap and
boosting
competitiveness

Industries operating in batches, such as cement or steel (EAFs), can modulate
or delay production cycles without disrupting output quality.

Industries that must rely on continuous energy intake and have a xed baseload
consumption, such as glass, often lack exibility capabilities due to the high
associated risks of compromising product quality or causing costly restarts.

Product and/or energy storage allow for exible operation in industrial processes,
such as in cement production or paper production, and can lead to a strong
business case for industrial exibility provision.

Storage technologies, such as steam accumulators, enable to decouple energy
use from production, greatly enhancing exibility potential, extending the
duration and controllability of DSF without compromising product output.

Most industrial applications are technically able to provide exibility across
the di erent electricity and exibility markets; however, some industries, such
as glass, remain inherently less exible.

High opportunity costs, and the current lack of su cient market participation
incentives, have been so far the main factors hampering the business case
for industrial exibility provision in some industries, e.g. steel and aluminium.

Looking ahead to 2030, the exibility potential in decarbonised/electri ed
processes could improve the business case of switching to smartelectri cation
in many industrial sectors. However, other complementary enabling measures
are required in addition to support the required investments.

While industrial exibility provision potential could co ntribute to a solid business
case in switching to smart electri cation in some sectors, its ability to boost
the competitiveness of EU industries requires further analysis, accounting for
e.g. aggregation e ects and potential additional exibility besides the core
industrial process.
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Some form of material/energy storage on-site
can both improve process safety and allow to
monetize exibility revenues

The industrial site can curtail machinery at certain steps of the process or curtail the energy withdrawal from
the grid while continuing to produce downstream. In that case opportunity costs are limited because there
is no loss of production.

The costs associated with exibility provision relate to the CAPEX and OPEX of the storage unit, the possible
additional wear and tear of the equipment in the plant and the personnel costs to operate exibly.

As soon as the trade-o between those additional costs and revenues / savings derived from electricity
markets is positive, investing in storage on-site can be bene cial to the business case of the application/
industry.

Additionally, on-site storage can be valued as additional energy security in case of network failure.

Impact of exibility provision on production costs — 2030 (EUR/t)
Glass and paper industrial exibility potential

PROCESS WITHOUT STORAGE PROCESS WITH STORAGE
( ILLUSTRATIVE )

t 4__|_ Steam accumulator allows to
. ----- —_E - - - - - - unlock larger revenues

Container Glass Container Glass Glass Paper Paper Paper
Fossil-based Furnance Hybrid Furnance Industrial DSF CHP plant (NG) Electric boiler Industrial DSF
incl. E-booster Electricity and NG - with free allocation

- with free allocation

Raw material costs . Energy OPEX . EU ETS costs . CAPEX . Non-energy OPEX . Industrial DSF

Source: Compass Lexecon analysis based on cost models.
Abbreviations: DSF = demand side exibility, NG = natural gas, CHP = Combined heat and power.
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Additional monetisation opportunities beyond
those modelled are available in some markets
and through aggregation

ADDITIONAL
VALUE SOURCES

NOT MODELLED
IN THE STUDY

Oversizing

Battery storage

Flexibility provision
from non-core
processes

Sources: Compass Lexecon analysis

ECONOMIC TRADE OFF
TO BE OPTIMISED

Additional CAPEX to build industrial plant
Revenues form downward exibility
provision

CAPEX for on-site battery storage
Revenues from battery operation in power
markets

Costs of 3rd party aggregator / revenue
sharing agreement

Revenues from more frequent / wider
market participation

Total costs of non-core processes
Additional revenues from exible operation
of non-core processes

Abbreviations: Ells = Electro intensive industries; DSF = Demand side exibility.

EXPLANATION

Unitary costs of production in Ells are mostly
comprised of energy costs additional CAPEX
may be o set by downward exibility provision.

For processes with no embedded storage,
industrial sites usually use back-up power
generators on-site.

Replacing back-up generators with batteries
could provide revenues when the battery is
operated for market services while providing
back-up.

By allowing market access to sites that could
not participate as a standalone DSF unit,
aggregation can unlock a premium over
standalone revenues depending on pricing /
derating / market balance locally.

Our study focuses on core energy-intensive
processes for upstream products (primary steel,
primary aluminium, container glass, etc).

Other processes in each sector’s facilities /
value chains may hold high potential for cost-

e cient exibility provision.



smart .

Unlocking industrial demand-side exibility
through aggregation can be a strategic enabler
for energy-intensive industries

Aggregators can combine dispersed exible loads from multiple industrial sites, making them signi cant
enough to participate in energy or balancing markets while identifying exibility that limits impacts and risks
on core processes for industrials at each given time.

Aggregators can shape responses throughout the day, potentially providing more continuous and stable
revenues for industrials at lower risk than the case of exibility provision through standalone units.

By aggregating industrial assets together, exibility limitations are reduced, with lower frequency of activations
and faster activation times becoming possible. This then reduces the opportunity cost for industrials.

Source: Compass Lexecon analysis based on cost models.
Abbreviations: DSF = demand side exibility.
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Our EU electricity market model is set up
with a range of infputs derived from latest
announcements fr

market players

om TSOs, regulators, and

Comments

Key power
price driver Sources

Demand
Compass Lexecon analysis based on Our projection of demand growth is more
numerous benchmarks: latest available TSO moderate in 2030 than in ERAA 2023
Power demand reports. (NECPs compliant), due to our more

conservative assumptions on electri cation
and economic growth (-10% in 2030).

Supply
Compass Lexecon analysis based on Draft/ We consider recent historical market trends,
nal NECPs 2024. project pipelines and national targets/

RES capacity support to forecast RES capacity.

Compass Lexecon analysis based on Draft/ Existing nuclear and coal phase down plans
nal NECPs 2024 and national targets. are respected.
Nuclear and thermal
capacity

Compass Lexecon analysis based on
numerous benchmarks: latest available TSO
reports, Draft/ nal NECPs 2024 and security

Storage technologies of supply analysis.

Commodity prices

Forwards, WEO 2024 - IEA. Forwards until 2026, converge to IEA WEO
2024 STEPS by 2030.
Gas
Forwards, European Commission’s The CO price is projected to rebound to a
reference scenario. level of 100 €/tCO by 2030 and converge
CO EUA linearly in the long-run to the European

Commission’s reference scenario to reach
c185 €/tCO by 2050.

Compass Lexecon analysis based on Based on our critical review of numerous
numerous benchmarks: ERAA 2023 and benchmarks and the latest delays
TSO reports. announcements.

Interconnection
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Electric_itK demand is expected to increase until
2030 with electri cation of transport, heating,
and industry

Electricity demand in Europe is expected to increase to attain decarbonisation objectives by 2050, with the
electri cation of transport, heating, and industry.

Electricity demand is expected to be slightly lower than expected in the NECPs because of the global
economy slowdown.

The electricity demand reaches ¢.3430 TWh by 2030.

EU-25 + GB demand outlook (TWh)

4500
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[ ]
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e e —————_—
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2020 2025 2030
EC,EE  essssse EC,CIRC ~ eeceeses EC,ELEC eeceesse EC, H2
''''''' EC, P2X eees EC, COMBO - e e EC 1.5TECH - e == EC, 1.5LIFE
EC, EUCO30 Smart Electri cation scenario | ERAA 2023

Sources: Compass Lexecon analysis.
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Overall, while we increase RES capacity b
2030 in line with targets, we also factor delays
to re ect country-speci ¢ bottlenecks

The solar sector continued its strong growth in 2023, recording a yearly growth almost twice as that in 2021
(55 GWly vs 29 GW/y). Although the wind sector’s growth was slightly higher in 2023 than in 2022, it was
still lower than the level needed to meet the 2030 EU-wide target in RePowerEU.

Considering these market trends and the countries’ energy policies especially the NECPs, we've increased
our wind capacity outlook but more signi cantly our solar capacity outlook to re ect bottom-up delays due
to country-speci ¢ bottlenecks.

Overall, solar capacity is expected to increase across the forecast horizon, reaching ¢.570 GW by 2030 in
the EU + GB. Overall wind capacity is expected to reach ¢.350 GW by 2030 in the EU + GB.

EU25 + GB - wind capacity (onshore and o shore) (GW)
700
600

EU wind strategy
500 targeting c. 500GW

by 2030 (FitFor55)

400
= 14 GW/
© 300 -
-
oowy  16cwy Y7 iW/y -~
200 + 1
- I
0
2020 2021 2022 2023 2030
EU25 + GB - solar capacity (GW)
700
EU solar strategy
600 targeting c. 600GW
by 2030 (FitFor55)
500 v
41GWly
’
400 , ’
% ’
300 55 GWiy £
42 GWly 4
200 29 GWly 4
*
- .
0
2020 2021 2022 2023 2030

Sources: Compass Lexecon analysis, WindEurope, SolarEurope, UK Government. * Historical yearly growth (GW/y)
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Coal phase out plans will drive controllable
cag%g(t)y down by ¢.110 GW in 2040 compared
fo

Many European countries committed to closecoal facilities by 2030: from 111 GW in 2020 lignite/coal capacity
are projected to reduce to 39 GW in 2030 and 2.5 GW by 2040.

These phase outs willsharply reduce exible capacity in Europe, and stress issues related to renewables’
variability and need for exibility.

Recent market conditions such as theETSat relatively high levels and gas prices cooling down make coal
plants less competitive in Europe.

This combined with political announcements is accelerating coal and lignite phase out plans as shown by
the pledge of the German coalition bringing forward coal and lignite closure plans from 2038 to 2030 as
well as Slovenian, Croatian and Romanian pledge by 2032 and Spain by 2025.

Coal phase out plan in Europe

by 2025

by 2030

by 2035

by 2040

No phase-out

No coal

EU-27 coall/lignite capacity evolution
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Several new nuclear projects are planned
across Europe to support decarbonisation but
some older plants are being retired

Nuclear strategies in Europe by 2035 and SMR

Hinckley Point C in
construction, plan for other
units in the near future (e.g.
Sizewell C) but di culties

of the other consortiums
raised a debate on the type
of regulatory arrangements
to support new nuclear.

Flamanville plant under
construction, plan to build
14 reactors + SMR Nuward

Phasing out
nuclear in 2035

Russia’s full scale invasion of Ukraine has reshaped EU’s view on nuclear, with countries such @elgium
delaying nuclear phase-out to reinforce security of supply.

In 2023, eleven EU members including France, Finland, Poland and Eastern membersigned a declaration
to cooperate more closely to promote new nuclear capacity.

France is committed to extend its existing eet and develop new nuclear as one of its decarbonisation pillars.
Eastern countries reply on nuclear new builds to support coal phase-out policies.

The Netherlands and Sweden have pledged recently to build large-scale plants and carried out SMR projects
to support decarbonisation and electri cation.

SMRs potential: commercially viable nuclear product by the early 2030s, with possibly mass production,
could be used for district heating, desalination, heat processing for energy-intensive industries and hydrogen
production.

Two large scale reactors
Olkiluoto 3 plant in operation
projects carried out since 2023, discussions on new
nuclear including SMRs ongoing

Country with
nuclear power

plant in operation Two large scale reactors by 2035

and SMR projects carried out

Nuclear
phase out
in 2023

Country
without nuclear
power plant in
operation

Building new projects in

/ the future, including SMRs
Mochovce 4 under
I' _—W construction

Building new projects in

' *’ the future, including SMRs

SMR Building new projects
projects in the future
carried out

Nuclear phase out Phasing out nuclear in
delayed to 2035 2035, under debate

Sources: European Parliament, September 2023, Nuclear energy in the European Union, Compass Lexecon analysis.
Abbreviations: SMR = small modular reactor.
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Gas and CO price trajectories are based on our
analysis of reference sources

GAS PRICE OUTLOOK €2024/MWh

Gas prices increase until 2026 are based on forwards while gas prices beyond 2026 converge towards the
US Henry Hub central gas price in the long-term (from 2040 onwards), assuming the spread would remain
around the LRMC of US LNG shipped to EU (c.43/MMBtu).
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CO EU ETS PRICE OUTLOOK €2024/TCO

The CO price is projected to rebound to a level of 100 €tCO by 2030 and converge in the long-run to the
European Commission’s reference scenario to reach ¢185 €/tCO by 2050.
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Re ecting delays of development, we adjusted
the interconnection capacity from ENTSOE
Network development plan (1/2)

Our projection is based on our critical analysis of numerous benchmarks: latest ERAA, TYNDP, TSO reports
and historical ow data.

T G =)

MAF MAF MAF | ERAA | ERAA | ERAA cL MAF | ERAA | TYNDP] ERAA | ERAA | TYNDP cL
18 19 20 21 22 23 20 21 22 22 23 24 ref

AT-CH 1700 1200 1200 1200 1200 1200 1200 1700 1200 1200 1600 1200 1200
AT-CZ 900 900 900 900 900 900 900 900 900 900 1500 900 900
AT-DE 7500 5400 5400 5400 5400 4900 7500 7500 7500 7500 6000 7500
AT-HU 800 800 800 800 800 800 800 800 800 800 800 800 800 800
AT-SI 950 950 950 950 950 950 950 950 950 1450 950 950 950 950
BE-DE 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000
BE-FR 2800 2800 2800 2800 2800 2800 2800 2800 2800 3800 2800 2800 2800 2800
BE-NL 3400 2400 2400 2400 2400 2400 2400 3400 3400 2400 3400 2400 3400 3400
CH-DE 5600 4600 4200 4200 4000 4000 4000 4600 4400 5400 4200 4200 4200 4600
CZ-DE 2100 2100 2100 2100 2900 2600 2100 2600 2600 2100 2900 2700 2600 2600
DE-DKW 3000 3500 3500 3500 3500 2500 3500 3500 3500 3500 3500 3500 3500
DE-DKE 600 600 600 1000 1000 600 1000 600 1000 1600 1000 600 600 1000
DE-FR 3000 3000 3000 3000 3000 3000 3000 4800 4800 4800 4800 4800 4800 4800
DE-NL 5000 5000 4400 5000 5000 4400 5000 5000 5000 5000 5000 5000 5000
DE-NOS 1400 1400 1400 1400 1400 1400 1400 1400 1400 1400 1400 1400 1400 1400
DE-PL 2000 2000 2000 2000 2000 2000 2000 2000 2000 5000 2000 2000 2000 2000
DE-SE4 615 615 615 615 615 615 615 1315 1315 2015 1315 1315 1315 1315
DKW-DKE 590 590 590 600 590 590 600 590 600 600 590 590 590 600
DKW-NOS 1640 1640 1632 1632 1632 1632 1632 1632 1632 1640 1632 1632 1632 1632
DKW-SE3 740 740 715 715 715 715 715 715 715 715 715 715 715 715
DKE-SE4 1700 1700 1700 1700 1700 1700 1700 1700 1700 1700 1700 1700 1700 1700
EE-FI 1016 1016 1016 1016 1016 1016 1016 1016 1016 1016 1016 1016 1016 1016
FI-SE1 2000 2000 2000 1200 1100 1100 1100 2000 2000 1100 2000 2000 2000 2000
FI-SE3 1200 1200 1200 1200 1200 1200 1200 1200 1200 1200 1200 1200 1200 1200
FR-GB 4000 4000 4000 4000 4000 5000 4000 5400 5400 5400 5400 6400 5600

FR-IE 0 0 0 0 0 0 0 700 700 0 700 700 700 700
GB-BE 1000 1000 1000 1000 1000 1000 1000 1000 1000 3800 1000 2000 1000 1000
GB-DE 1400 1400 1400 0 0 0 0 1400 1400 1400 1400 1400 1400 1400

GB-DKW 1400 1400 1400 1400 1400 1400 1400 1400 1400 1400 1400 1400 1400

GB-NL 1000 1000 1000 1000 1000 1000 1000 1000 1000 3000 1000 1000 1000 1000
GB-NOS 1400 2800 1464 1464 1400 1464 1400 2800 1400 4200 1464 1464 1400 1400
IE-GB 500 500 500 500 500 500 500 500 500 1754 1000 1500 1750 1000
IE-NI 1100 1250 1250 300 300 300 300 1250 1250 1250 1250 300 1250 1250
ITN-AT 490 500 500 705 545 545 545 1150 1355 1600 545 545 695 545
LT-SE4 700 700 700 700 700 700 700 700 700 700 700 700 700 700

LUB-BE 0 0 0 0 0 0 180 0 0 380 0 0 0 180
LUG-DE 2300 2300 2000 2300 2300 2300 2300 2000 2300 2300 3700 2300 2400 3300
LUF-FR 0 0 0 0 0 0 0 0 0 380 0 0 0 0

Sources: ENTSO-E MAF, ERAA, TYNDP, TSOs.
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Re ecting delays of development, we adjusted
the interconnection capacity from ENTSOE
Network development plan (2/2)

Our projection is based on our critical analysis of numerous benchmarks: latest ERAA, TYNDP, TSO reports
and historical ow data.

5 O S R S
18 19 20 21 22 23 20 21 22 22 23 24 ref
NL-DKW 700 700 700 700 700 700 700 700 700 700 700 700 700 700
NL-NOS 700 700 700 700 700 700 700 700 700 700 700 700 700 700
NOS-NOM 1400 1400 420 1375 600 500 1400 420 1375 1400 1400 500 600 1400
NOS-SE3 2145 2145 2145 2145 2145 2145 2145 2145 2145 2145 2145 2145 2145 2145
NOM-NON 1300 1300 210 1200 1300 400 350 210 1200 1300 1300 400 350
NOM-SE2 600 600 600 600 600 600 600 600 600 600 600 600 600 600
NON-SE1 700 700 700 700 700 600 700 700 700 700 700 700 700 700
NON-SE2 250 250 1575 300 300 250 200 1575 300 250 300 250 250 200
PL-SE4 600 600 600 600 600 600 600 600 600 600 600 600 600 600
SE1-SE2 3300 3300 3300 3300 3300 3300 3300 3300 3300 3300 3300 3300 3300 3300
SE2-SE3 7800 8100 8100 8100 7300 7300 7300 8100 8100 8900 8100 8100 7300 8100
SE3-SE4 7200 7200 6200 6200 6200 6200 6200 6200 6200 6200 6200 5700 6200 6200
BA-HR 1250 750 750 900 900 800 900 1200 1200 750 900 800 900 900
BG-GR 1350 1350 1350 1700 1700 1700 1700 1350 1700 1700 1700 1700 1700 1700
BG-MK 500 500 500 500 400 400 400 500 500 500 500 400 400 500
BG-TR 1200 900 900 900 900 900 200 900 900 2000 900 900 900
ES-FR 5000 5000 2600 2900 2500 2900 2500 5000 5200 8000 5670 5000 5000 5000
ES-PT 4200 4200 4200 4200 4200 4200 4200 4200 4200 4200 4200 4200 4200 4200
FR-CH 3700 3700 3200 3700 3700 3700 3200 3200 3200 2800 3700 3700 4500 3200
FR-ITN 4100 4100 4350 4350 4350 4485 4350 4350 4350 4100 4350 4485 4486 4350

GR-ITS 500 500 500 500 500 500 500 500 500 500 500 500 500 500
HU-HR 2000 1700 1700 900 900 1000 10004 1700 900 1700 900 1000 1000 1000 4

ITCN-ITCS 1400 1400 2000 2000 2500 3050 2500 2150 2150 2650 3650 4650 4700
ITCS-ITS 9999 9999 9999 5000 2400 2400 2400 9999 5500 3100 3100 3100 3600
ITN-ITCN 4100 4100 4400 4400 4300 4700 4700 4 4400 4400 4400 5300 5300 5300
ITN-CH 2300 1700 1700 1910 1910 1910 1910 2800 1910 3750 1910 1910 3110 2800
ITCS-ME 600 600 600 600 600 600 600 1200 600 600 600 600 1200
ITN-SI 1650 650 680 680 680 680 680 1710 680 785 680 680 1080 680
PL-CZ 800 800 800 1200 1000 900 800 1200 0 1000 1000 800
PL-LT ~ 1000 500 500 492 492 485 492 700 700 1200 700 0 700 700
PL-SK 990 990 990 818 818 781 990 876 1980 876 781 781

RO-BG 1100 1100 1400 2190 2190 2300 2190 1400 2600 1500 2300 2300 2190 2300

RS-BG 200 400 300 350 400 360 400 300 350 810 423 360 350 400

RS-HR 600 500 500 300 300 400 500 500 300 1080 300 400 400 500

SI-HR 2000 2000 2000 1200 1200 2000 1200 2000 1200 2000 1200 2000 1500 1200

IT Calabria-ITSI 1500 1500 1500 1500 1500 1500 2000 1500 2000 2000 2000
IT Calabria-ITS 2450 2350 2350 2350 2350 2850 3250 3250 3250 3260 3300

Sources: ENTSO-E MAF, ERAA, TYNDP, TSOs.
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European power prices are expected to
rebalance in the medium-term due to
the rebalancing of commodity prices and
penetration of renewables

Designed to re ect the expected evolution of power demand, commodities and associated power mix, this
scenario is based on a European dispatch model optimisation re ecting current policy objectives.

As of today, Italian prices remain structurally higher than in the rest Europe, due to its mix (relatively expensive
exible technologies), its grid rigidities and its heavy dependence on imports.

As of today, Swedish prices remain structurally lower than in the rest Europe, due to its mix (mainly hydro,
nuclear and renewables), and its exchanges with Norway.

Power prices are expected to decrease over the medium term, primarily due to the rebalancing of gas
markets, and the growing penetration of renewables in the EU mix.

Power Price (€ 2024/MWh)
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Sources: Compass Lexecon analysis.
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Historical prices for aFRR vary widely from
country to country

TIME WEIGHTED aFRR UPWARD RESERVATION PRICES 2023/2024 €/MW/H

No capacity remuneration
in Italy in 2023/2024, TSO

operates an integrated 0
wholesale dispatch 35
including reservation needs
but only the activated 30
energy is remunerated e
afterwards. -
§ 20
Until June 2024, aFRR in &
France was symmetrical 15
and remunerated at a xed 0
price. During that month,
Poland also implemented 5
signi cant changes to its AS |
to Comply Wlth Egropean 0 2023 2024 2023 2024 2023 2024 2023 2024 2023 2024 2023 2024
Balancing Guidelines. — I I g
: .
NO data are avai|ab|e for Germany Spain France Italy Poland Sweden
Spain in 2023.

LOAD WEIGHTED aFRR UPWARD ACTIVATION PRICES 2023/2024 €/MWh

In 2023 and 2024,
Germany was already
be part of the PICASSO 300
exchange platform.

250
In July 2023, Italy
partially joined PICASSO, 200
but prices spiked, and
Italy has decided to
suspend temporarily its

150
activities in PICASSO in 100
March 2024.
The other countries °
were not yet part of . N

€/MWh

0
PlCASSO In 2023 or ° 2023 2024 2023 2024 2023 2024 2023 2024 2023 2024 2023 2024
_2(_)24, but have since — I I —
joined the platform or ‘ ]|
will do so by 2030. Germany Spain France Italy Poland Sweden

Sources: Terna - Italian grid code, ENTSO-E Transparency Platform, RTE, Regelleistung, Terna data center, Esios REE
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Historical prices for mFRR vary widely from
country to country

TIME WEIGHTED mFRR UPWARD RESERVATION PRICES 2023/2024 €/MW/H

No capacity remuneration
in Italy in 2023/2024,

45
TSO operates an
integrated wholesale 40
dlspatch_ including 35
reservation needs
but only the activated 30
energy is remunerated - 25
afterwards. §
@ 20
Poland launched its 15
MFRR in June 2024 and
Sweden in October 2024. 10
) ) 5
In France, mFRR is a mix . . -
between daily and yearly 0
. 2023 2024 2023 2024 2023 2024 2023 2024 2023 2024 2023 2024
auctions. — . I I -
1T
On|y energy activation iS Germany Spain France Italy Poland Sweden

remunerated in Spain.

LOAD WEIGHTED mFRR UPWARD ACTIVATION PRICES 2023/2024 €/MWh

In 2023 and 2024, Germany

was already part of the 1450 484
MARI exchange platform, 2%

which had little demand but

high load-weighted prices. 250

Spain joined the MARI 200
platform in Q4-2024.

150
We do not have data
available for Italy in mFRR 100
activation, but we can
approximate it with the MSD
price (Dispatching Services =0
Market).

0

€/MWh

The Other COUntrieS were 2023 2024 2023 2024 2023 2024 2023 2024 2023 2024 2023 2024
. — I I .
not yet part of MARI in 2023 : ]|

or 2024, bu'[ haVe Since Germany Spain France Italy Poland Sweden
joined the platform or will
do so by 2030.

Sources: Terna - Italian grid code, ENTSO-E Transparency Platform, RTE, Regelleistung, Terna data center, Esios REE.
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Capacity markets already exist in some
countries, and we consider that all countries in
Europe in 2030 will have a capacity market

CAPACITY MARKETS IN EUROPE

Load following obligation Reliability option

a P4 Centralised CM I Centralised CM
74 N Up to 15 yrs contracts Up to 15 years contracts

Centralised CM
Load following obligation
Up to 17 years contracts

Centralised CM
Reliability obligation
Up to 10 years contracts

d
Transition from decentralised .
to centralised CM
Availability Obligation
Up to 7 years contracts

Capacity market
already introduced

Capacity market
under consideration

Centralised CM
. Reliability option
No capacity market Up to 15 years contracts
introduced nor considered

to our knowledge

AUCTION PRICE PER DELIVERY YEAR €/kW/Y

Prices displayed for
France are the results
of the DSF tenders.

Italy has two di erent
prices depending

on existing and new 60
capacity.
pacity < 50
) ) =
Polish prices 2 40
correspond to Y-5 20
auctions.
20
10
0
Existing New Existing New
2023 2024 2023 2024 2023 2024
France Italy Poland

Sources: Terna, RTE, PSE, Elia, National Grid, Eirgrid
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Our European power market model is used to
quantify wholesale market prices from which
exible industrial processes can bene t

Geographic scope of the model

2

J

Compass Lexecon’s power market model uses the dispatch optimization software Plexos®, using data and
Compass Lexecon assumptions for demand, supply and interconnection.

— Plexos® is globally used by regulators, TSOs, and power market participants.

CL's power market model uses ENTSOE Pan-European Climate Database (PECD) for hourly time series for
RES production and demand pattern.

CL's power market model covers theEU-27 countries as well as the UK, Switzerland, Norway, the Balkans
and Turkey.

— Countries beyond this geographic scope are modelled at an aggregate level.

The power market model determines zonal prices as the marginal value of energy accounting for generators’
bidding strategies.

— Supply in each price zone is determined based on aggregated plants.
— The model’s plants database contains technical parameters of all European thermal plants.
— It also considers cross-border interconnectors and unit-commitment plant constraints.
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Our modelling involves four steps to cover the
main potential sources of revenue for industrial
demand exibility in power markets in 2030

CAPACITY VALUATION DAY AHEAD VALUATION

Yearly generation

Revenues fromcapacity market.

Considered for all countries / sectors, even if capacity
markets do not yet exist in these countries.

Capacity market price are based on the missing money
of 2h-battery in 2030 in the range of countries studied.
This missing money is calculated with Compass Lexecon
2030 wholesale run and historical prices.

INTRADAY VALUATION

Revenues fromintraday market.

Revenues are calculated as a percentage of AS
activation revenues.

To determine these percentages, we use the intraday
data available to us (Belgium, from 2021 to 2023, and
France in 2024), and we perform a co-optimisation

of this historical data between intraday prices and

AS activation prices based on the constraints of each
sector.

Yearly revenues in
total and per type
of markets

Captured price
per market

Revenues fromwholesale market and Ancillary

services upward reservation (aFRR Up and/or mFRR Up
depending on the sector/country).

Co-optimisation between these markets.

Wholesale prices come from our 2030 wholesale run.
Due to uncertainty surrounding the evolution of ancillary
service prices between now and 2030, we use historical
prices.

REAL TIME VALUATION

Revenues fromAncillary services upward activation
(aFRR Up and/or mFRR Up depending on the sector/
country).

Congestion revenues are captured by mFRR activation
revenues.

Co-optimisation between AS upward activation markets
Revenues are reduced by a percentage to take into
account intraday activations.

Number of Avoided CO
activations emissions
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Capacity markets can generate signi cant
revenue If the technology is not too limited in
Its activation period

METHODOLOGY

This section concerns revenues fromcapacity markets.

These revenues are considered for all countries and sectors, even if capacity markets do not yet exist in
these countries.

Capacity market price are based on themissing money of 2h-battery in 2030 in the range of countries
studied.

This missing money of 2h-battery is calculated with Compass Lexecon 2030 wholesale run and historical prices.

RESULTS

CM prices range from 35 EUR/KW to 70 EUR/KW.

Consequently, revenues range between 7 EUR/KW and 13 EUR/KW for steel, cement, glass, aluminium, and
paper sectors, as their maximum duration is considered to be one hour.

Comments Sources

Capacity market

Capacity market prices gﬁ_sbeac{tgpytir:]ezrg?ging money of new built Compass Lexecon analysis
CAPEX: 926 EUR2023/kW ERAA24
FOM: 18 EUR2023/kW/y In ation: Eurostat
Battery costs WACC: 6.44%

Economic lifetime: 15 years
In ation 2023: 3.4%

AS revenues: based on historical prices Compass Lexecon analysis
+ market share (reserve needs/battery AS historical prices: ENTSOE Transparency
Battery revenues volume) in 2030 Reserve needs in 2030: ERAA24
Wholesale revenues: based on Compass Battery volume in 2030: Compass Lexecon
Lexecon 2030 wholesale run analysis
2h-battery: 38% Elia, 2024 Y-4 Auctions in Belgium.
1h max load-shifting duration: 19% (steel,
Derating factors glass, cement, paper)

Unlimited load-shifting: 100% (aluminium)
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Revenues on AS reservation range widely
depending on the country and the assets

METHODOLOGY

This section concerns revenues fromwholesale market, aFRR upward reservation and mFRR upward
reservation.

Co-optimisation between these markets: for each hour, the asset can only be placed on a single market
where the price is highest.

Due to uncertainty surrounding the evolution of ancillary service prices between now and 2030, we use AS
historical prices (2023 and/or 2024, depending on the data available).

Availability and load exibility share are applied ex post and are speci ¢ to each sector. They can vary
signi cantly, ranging from 65% to 100% and from 5% to 80% respectively.

Revenues are reduced by a percentage to take into account intraday as mentioned on the previous page.

RESULTS

It is always less attractive for assets to participate on the wholesale market than on reservation markets,
because being reserved does not involve any activation costs (unlike participating in the wholesale)

Revenues vary greatly depending on the characteristics of the assets and the reservation prices in the
countries concerned.

For each sector, the low range results correspond to the lowest (aFRR reservation + mFRR reservation)
revenue, and not the two independently, and conversely for the high range.

Inputs Comments Sources

Wholesale market

Compass Lexecon 2030 wholesale runs — Compass Lexecon analysis
Wholesale market prices see more details on assumptions in Annex
A: Modelling assumptions

aFRR upward reservation market

2023 and 2024 data Germany: Regeillestung
France: RTE
Poland: ENTSOE Transparency
Spain: ENTSOE Transparency
Sweden: ENTSOE Transparency

aFRR Up
reservation prices

mFRR upward reservation market

2023 and 2024 data Germany: Regeillestung
mFRR Up France: RTE
reservation prices Poland: ENTSOE Transparency

Sweden: ENTSOE Transparency



smart .

Intraday revenues can represent a signi cant
portion of total revenues

METHODOLOGY

This section concerns revenues fromintraday market.
Revenues are calculated as apercentage of AS activation revenues.

Two intraday historical datasets are used for that: one concerning a European country from 2021 to 2023,
and the other, for France in 2024,

Percentages are calculated by performing two runs: one co-optimising Intraday and AS activation prices
(runss.0), and the other with just AS activation price (rugs), and calculated as follows:

—  %ID revenues = (ID revenues rug/ ID revenues runs)
—  %AS revenues = (AS revenues ruf,/ AS revenues runs)

This analysis was performed for each sector for both datasets to capture all characteristics of these assets.

RESULTS

Intraday market revenues can represent a signi cant portion of total revenues, up to 35% in some cases.

Comments

Sources

Intraday market

Two datasets Not publicly disclosable
Historical intraday One concerning a European country from
market prices 2021 to 2023

The other one for France in 2024

Historical AS activation Two datasets corresponding to the ENTSOE Transparency
market prices Intraday datasets RTE
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Revenues on AS activation range widely
depending on the country and the assets

METHODOLOGY

This section concerns revenues fromaFRR upward activation and mFRR upward activation.

Co-optimisation between these markets: for each hour, the asset can only be placed on a single market
where the price is highest.

Congestion revenues are included in mFRR activation revenues (cost of redispatching corresponding to
that of mFRR activation in most countries)

Due to uncertainty surrounding the evolution of AS prices between now and 2030, we use AS historical
prices (2023 and/or 2024).

Revenues are reduced by a percentage to take into account intraday as mentioned in the previous page.

Availability and load exibility share are applied ex post and are speci ¢ to each sector as for da-ahead
valuation.

RESULTS

Revenues vary greatly depending on the characteristics of the assets and the activation prices in the
countries concerned.

For each sector, the low range results correspond to the lowest (aFRR activation + mFRR activation) revenue,
and not the two independently, and conversely for the high range.

Comments Sources

aFRR upward activation market

2023 and 2024 data Germany: ENTSOE Transparency
France: RTE
acti\?ell:t%ﬁ Urﬁ:es Poland: ENTSOE Transparency
p Spain: ENTSOE Transparency
Sweden: ENTSOE Transparency

mFRR upward activation market

2023 and 2024 data Germany: ENTSOE Transparency
France: RTE
mFRR Up Italy: Terna
activation prices Poland: ENTSOE Transparency

Spain: ENTSOE Transparency
Sweden: ENTSOE Transparency
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