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Electric boilers and large heat pumps are among the largest flexible loads entering the Nordic
power system, and their value depends on day-ahead and reserve markets that shift as
variable renewable energy (VRE) generation grows toward 2035. The market value of three
electrified-heat archetypes is examined and compared: a standalone electric boiler, an
electric boiler with thermal storage, and a large heat pump.

Two questions are addressed in parallel: how the market value of each archetype evolves
toward 2035, and how large-scale deployment of electrified heat reshapes the spot and
reserve prices that this value rests on. Studying these together within a single comparative
ranking, rather than as the separate system-level and asset-level problems they are usually
treated as, is the contribution.

All three carry the same annual heat duty, a Finnish heating-degree-day profile, so that
differences in value follow from price, efficiency, reserve eligibility and storage timing
rather than from differing run hours. Each is dispatched against 2025 to 2026 Finnish day-
ahead spot and manual frequency restoration reserve (mFRR) prices. Their value is then re-
evaluated under three 2035 scenarios (Reference, Electrification-led, and VRE-led). Each
scenario reshapes the price series so that large-scale deployment bids up the cheap hours an
asset relies on.

No single technology wins outright; the ranking changes with the scenario and with the
markets counted. The heat pump leads on spot value in every scenario through its coefficient
of performance; once mFRR energy and capacity are added, the storage boiler leads in
today's market and the VRE-led future. The heat pump regains the lead under heavy
electrification. Because each archetype is strongest under a different future and market, the
most resilient design is not a single technology but a hybrid: a heat pump for efficient
baseload, a boiler and thermal storage for reserve participation and cheap-hour shifting, and
a firm, low-cost fuel such as biomass to cap the most expensive hours.
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Sdhkokattilat ja suuret lampopumput ovat suurimpia Pohjoismaiden séhkojérjestelméén
tulevia joustavia kuormia, ja niiden arvo riippuu markkinoista, jotka muuttuvat vaihtelevan
uusiutuvan energian tuotannon kasvaessa kohti vuotta 2035. Tydssd vertaillaan kolmen
sdhkoistetyn ldmmon arkkityypin arvoa hybridijarjestelméssa: erillinen sdhkokattila,
lampovarastolla varustettu sdhkdkattila ja [imp&pumppu.

Tyosséd tarkastellaan rinnakkain kahta kysymystd: miten kunkin arkkityypin vuosiarvo
kehittyy kohti vuotta 2035 ja miten sdhkoistetyn ldmmon laajamittainen kayttdonotto
muokkaa spot- ja reservihintoja, joithin tima arkkityyppien arvo perustuu. Tyon tarkoitus on
tarkastella nditd kysymyksid yhdessd saman vertailevan arvojérjestyksen sisélld sen sijaan,
ettd ne kisiteltdisiin erillisind jarjestelmé- ja laitostason ongelmina, kuten ne yleensa
kisitelladn.

Kaikilla kolmella on sama vuotuinen ldmpdkuorma (Suomen lammitystarveluvun
kausiprofiili), jotta erot tulevat hinnasta, hydtysuhteesta, reservikelpoisuudesta ja
varastoinnin ajoituksesta eivitkd kéyttotunneista. Kukin ajetaan vuosien 2025-2026
Suomen vuorokausimarkkinan ja sddtosdéhkon (mFRR) hintoja vastaan ja arvioidaan
uudelleen kolmessa vuoden 2035 skenaariossa (referenssi, sdhkdistysvetoinen ja VRE-
vetoinen), joissa laajamittainen kdyttoonotto nostaa hyddynnettyjen halpojen tuntien hintaa.

Mikddn yksittdinen teknologia ei voita yksiselitteisesti, vaan arvojdrjestys vaihtuu eri
skenaarioiden ja markkinaosallistumisten mukaan. Ldmpdpumppu johtaa spot-arvolla
kaikissa skenaarioissa energiatehokkuutensa (COP) ansiosta; reservien kanssa
lampovarastollinen kattila johtaa nykymarkkinassa ja VRE-vetoisessa tulevaisuudessa.
Lampopumppu ottaa johdon takaisin voimakkaassa sdhkodistyksesséd. Kestavin ratkaisu titen
ei ole yksittdinen teknologia, vaan monipuolinen hybridijérjestelma: lampdpumppu tuottaa
tehokkaan  peruskuorman,  sdhkokattila ja  ldmpOvarasto  tuovat  syvyyttd
reservimarkkinaosallistumiseen ja halpojen tuntien ajoittamiseen. Sdhkoistymisen lisdksi
joustava polttoaine, kuten biomassan kayttd kattaa kalleimmat sdhkomarkkinoiden hetket.
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domestic-hot-water share of annual heat demand

scenario level (mean) shift in the price-series transform (EUR/MWh)
reserve and capacity compression factor (scenario sensitivity)

tail (spread) factor in the price-series transform



Scenario labels

Reference

reference 2035 scenario (the 2025-26 market carried forward)

Electrification-led electrification-led 2035 scenario (electrified-heat demand outpaces

variable renewable supply)

VRE-led

demand)

Abbreviations
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BESS

BRP

BSP

CET

CHP

COP

DH

DHW

DSO

ENTSO-E

FCR

FCR-D

FCR-N

FFR

FI

FLH

VRE-led 2035 scenario (variable renewable supply outpaces flexible

automatic frequency restoration reserve

battery energy storage system

balance responsible party

balancing service provider

Central European Time

combined heat and power

coefficient of performance

district heating

domestic hot water

distribution system operator

European Network of Transmission System Operators for Electricity
frequency containment reserve

frequency containment reserve for disturbances
frequency containment reserve for normal operation
fast frequency reserve

Finland (Finnish bidding zone of Nord Pool)

full-load hours



FMI

HDD

ISP

mFRR

MTU

NBM

P2H

PV

SDAC

SIDC

TES

TSO

VRE

Finnish Meteorological Institute
heating degree days

imbalance settlement period
manual frequency restoration reserve
market time unit

Nordic Balancing Model
power-to-heat

photovoltaic

single day-ahead coupling
single intraday coupling
thermal energy storage
transmission system operator

variable renewable energy
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1 Introduction

This chapter motivates the study, characterises the policy and market context in which the
work sits, states the research gap, poses the research questions, and outlines the scope,

limitations, and structure of the thesis.

1.1 Background and motivation

The Nordic power system is shifting rapidly toward wind and solar power production. The
Nordic transmission system operators (TSOs) project that variable renewable energy (VRE)
capacity will rise from approximately one third of total Nordic generation capacity in 2023
to roughly three quarters by 2050 (Nordic TSOs 2025b, 8). The trajectory toward 2035 is
already producing a measurable increase in low-residual-demand and negative-residual-
demand hours (Nordic TSOs 2025b, 13—14). The same trajectory is already producing
supply-side profit cannibalisation in the Nordic day-ahead market for wind generators, with

the effect expected to extend to photovoltaic generation as PV scales (Seppild & Syri 2025).

Power-to-heat assets enter this market as flexible loads that can absorb low-priced and
negatively priced electricity into thermal output, displace fossil-fuel combined heat and
power (CHP), and participate in frequency-restoration reserves. Figure 1 illustrates the scale
of the projected Nordic electricity-consumption growth across this period, with industrial
electrification, hydrogen production, and data-centre demand identified as the principal

drivers (Nordic TSOs 2025b, 8).
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Figure 1. Nordic electricity consumption by sector, 2023 (realized) and projected to 2050.
Drawn by the author from Nordic TSOs (2025b, 8).

Electrification of heat supply through electric boilers and large heat pumps is both a mature
near-term decarbonisation pathway and one of the most significant of these flexibility
resources. These large, industrial-scale assets are most visible in Nordic district heating but
are relevant wherever low-to-medium-temperature heat is produced. The opportunity
concentrates at the low and medium temperatures where these technologies are already
commercial. Below roughly 200 °C lies the window that covers most district-heating supply
and a large share of low-temperature industrial heat. Within it, compression heat pumps and
electric boilers can already displace direct fossil-fuel combustion (IEA 2022, 37). The
electrifiable share is substantial. Madeddu et al. (2020, 4) estimate that already commercial
power-to-heat (P2H) technologies can meet 42 to 66 percent of EU27 and UK industrial
useful energy, and harmonised EU27 data confirm that much of the relevant heat demand

sits in this low-to-medium-temperature band (Gjorgievski et al. 2025).

Deployment in the Nordics has moved from pilot to commercial scale across multiple
countries. Finland's district heating sector hosted approximately 1.3 GW of electric-boiler
capacity across the seven largest cities plus an aggregated remainder at the modelled baseline
of Hiltunen et al. (2025, 3). In 2024, heat recovery, heat pumps, and electric boilers together
supplied 7,800 GWh of district heat, just over a fifth of total supply and up 103 percent over

the preceding five years. Over the same period the specific carbon-dioxide intensity of



Finnish district heating fell to 73 gCO2/kWh, 22 percent below the 2023 Ilevel
(Energiateollisuus 2025).

Denmark's electricity-based district heating fleet expanded from 101 plants in 2019 to 326
in 2024, reaching approximately 2,600 MW of electricity-based heat-production capacity,
with an additional 2,000 MW of heat pumps and electric boilers projected by 2030. The
district heating sector accounted for 61 percent of Denmark's total electrification increase
between 2019 and 2024 (Danish Energy Agency 2024, via DBDH 2025). Large heat pumps
are likewise material in Finnish district heating, with the capital-region systems alone
(Helsinki, Espoo, and Vantaa) totalling roughly 545 MW of installed heat-pump capacity at
the modelled baseline of Hiltunen et al. (2025, 3). At this deployment scale the market and
system implications are no longer marginal: the price formation of the Nordic spot and
reserve markets, and the comparative value proposition of competing electrified-heat
technologies, are the questions this thesis addresses. Two practical decisions now hang on
these answers: which technology a heat operator should build, and how reserve and

balancing procurement should adapt as this flexible load scales.

1.2 Policy and market context

This deployment is supported by converging policy at the global, EU, and Nordic levels.
Globally, the displacement of fossil-fuel combustion in heat supply by electricity is
identified as a near-term decarbonisation lever, with low-temperature heat the priority
window because compression heat pumps and electric boilers are already commercial at

scale (IEA 2022, 37).

At the European Union level, the European Climate Law establishes binding targets of a 55
percent net reduction in greenhouse-gas emissions by 2030 against 1990 levels and climate
neutrality by 2050 (European Union 2021). The electrification of heat is one of the load-
bearing levers for meeting them (Madeddu et al. 2020). The Nordic region sits ahead of the
EU average on both fronts, with electricity supply among the most decarbonised in Europe
and several Nordic countries setting national targets that pull ahead of the 2050 horizon
(Nordic TSOs 2025b). The thesis keeps this Nordic framing in its title because the market
design, the variable-renewable trajectory, and the reserve markets are common to the

synchronous area. The quantitative model is then bounded to the Finnish (FI) bidding zone,



with the rest of the Nordic system treated as exogenous. Finland is where the electrified-heat
deployment wave is most measurable at the time of writing, and where bidding-zone-level

analysis can be cleanly delimited.

Within this regional framing, the market-design context in which electrified-heat assets earn
their value is itself in transition. The Nordic balancing market is being redesigned to
accommodate higher VRE penetration and faster-moving demand-side participation, and the
Nordic TSOs publish multi-scenario long-term outlooks that anchor the 2035 horizon used
in this thesis. The Nordic Balancing Model (NBM) is the multi-year programme through
which the four Nordic TSOs coordinate the modernisation of imbalance settlement and
reserve-market architecture. The transition to a 15-minute imbalance settlement period in
May 2023 brought the Nordic system into alignment with the European 15-minute target and
enabled faster-acting flexibility to be valued in settlement (NBM 2023). The roadmap
continues to refine the reserve-energy and capacity markets, the procurement allocation
between bidding zones, and the imbalance settlement architecture, with staged changes
toward 2026 and beyond (NBM 2025b; Fingrid 2026a; Fingrid 2026b; Fingrid 2026¢). These
market-design choices directly shape the value capture that an electrified-heat asset can
realise across its product portfolio, and the methodology in Chapter 5 takes the 2025 to 2026

market design as the baseline and projects forward into the 2035 horizon.

On the system-outlook side, Fingrid publishes a four-scenario electricity-system vision for
Finland in 2035 (Local Power, Windy Seas, Hydrogen from Wind, Power to Products), each
scenario specifying different combinations of electricity demand, wind and solar capacity,
and electrolyser deployment (Fingrid 2023). The joint Nordic TSO Nordic Grid
Development Perspective 2025 extends this to the Nordic regional scale with explicit
residual-demand and variable-renewable-share trajectories toward 2035 (Nordic TSOs
2025b). The three 2035 scenarios constructed in this thesis (Reference, Electrification-led
2035, and VRE-led 2035), read as points on the balance between electrified-heat demand
growth and variable-renewable supply growth, sit within the envelope these published
outlooks define. The scenario design is anchored against the same Nordic TSO trajectories

rather than against speculative parameter values.



1.3 Research gap and aim of the study

Three threads in the existing literature on electrified heat in the Nordics do not yet meet in a
single comparative frame. Bloess et al. (2018) survey the technology landscape of electric
boilers, heat pumps, and thermal energy storage (TES) hybrids at the technology-and-
modelling level without ranking the alternatives under endogenous market conditions.
Hiltunen et al. (2025, 4-9) quantify the impact of multi-GW Finnish electric-boiler
deployment on Nordic spot clearing and district-heating economics but explicitly exclude
the reserve markets (Hiltunen et al. 2025, 11). Seppéld and Syri (2025) document supply-
side cannibalisation of variable-renewable generation in the Nordic spot market at
deployment scale, but address neither the demand-side analogue under flexible-load entry
nor the comparative archetype ranking that the cannibalisation reshapes. No single study
brings these threads together to rank the three electrified-heat archetypes across the day-
ahead spot, reserve-energy, and reserve-capacity layers under endogenous 2035 price
feedback, joining the system-level reshaping that large-scale deployment produces with the

asset-level ranking that this system reshaping conditions.

The aim of this thesis is to close that gap by combining the system-reshaping and asset-level
comparative readings within a single quasi-empirical framework. It places three electrified-
heat archetypes, a standalone electric boiler, an electric boiler coupled to thermal energy
storage, and a large heat pump, on one common seasonal heat-demand envelope built from
Finnish heating degree days and a domestic-hot-water floor. Each archetype must then serve
the same annual heat duty, so their differences emerge from price, efficiency, reserve

eligibility and storage timing rather than from an assumed access gap.

The archetypes are dispatched against 2025 to 2026 Finnish hourly and 15-min prices, and
their value is then re-evaluated under three plausible 2035 futures, constructed by reshaping
the price series to reflect the balance between electrified-heat demand growth and variable-
renewable supply growth. The three differ in ways this comparison does not score. The heat
pump is the most efficient, but it is the most capital-intensive and is limited to lower supply
temperatures. The electric boiler is cheaper and simpler, and it can reach the higher
temperatures some district-heating networks need. These differences in cost, complexity,

and temperature reach matter for a real technology choice and are returned to in Chapter 7.



The framework lets each technology's own large-scale deployment bid up the cheap hours it
earns against, capturing the demand-side price feedback that an exogenous, fixed-price
reading conceals. This is the demand-side mirror of the supply-side capture-price
cannibalisation already documented for Nordic renewable generators (Seppald & Syri 2025).
The central result is that the comparative ranking is conditional rather than structural: it
depends on which 2035 future arrives and on which market layer is counted. The heat pump
leads on spot value in every future and on combined energy in all but the VRE-led future.
The storage-coupled boiler leads once reserve capacity is added, under both today's market
and the VRE-led future. The heat pump regains every layer under the Electrification-led
future, where the boilers lose most of the cheap hours their value depends on. Because the
comparison is of operating value rather than investment return, the ranking is a market-value

result rather than an investment verdict.

1.4 Research questions

The aim is decomposed into a main research question and four sub-questions, organised to
move from baseline characterisation through system-effect analysis to comparative ranking

and implications.

Main RQ. How does the value proposition of different electrified heat
technologies (electric boilers, large heat pumps, TES-coupled hybrids) in
Nordic energy and reserve markets evolve toward 2035, and what system-

level effects does their combined deployment produce?

The four sub-questions are:

1. Baseline. Under current (2025 to 2026) Nordic market conditions, what stacked value per MW-heat-year
across spot and reserve products does each archetype realise, and how is that value composed across the
streams?

2. System effect. How does Nordic-scale deployment of electrified heat reshape day-ahead and reserve
market price distributions in 2035 scenarios?

3. Comparative ranking. Under each 2035 scenario, which archetype delivers the highest stacked value
per MW-heat-year, how does the ranking shift when endogenous price feedback is captured rather than
treating the market as exogenous, and how robust is the ranking to the principal sensitivity drivers (the
annual heat-demand budget, the domestic-hot-water share, the thermal-store relaxation, the biomass
price, and the declared reserve sensitivity)?

4. Implications. What does this imply for electrified-heat asset selection and for the wider Nordic flexibility
stack toward 2035?



Sub-questions 1 to 3 are answered by the analytical chapters (Chapter 5 methodology,
Chapter 6 results and robustness); sub-question 4 is taken up in Chapter 7 (Discussion) and

Chapter 8 (Conclusions).

1.5 Scope and limitations

The thesis scope is bounded geographically, temporally, and by market coverage.
Geographically, bidding-zone-level modelling covers Finland (the FI bidding zone of Nord
Pool), with the rest of the Nordics treated as exogenous and Nordic-region context drawn
from the joint Nordic TSO publications. Temporally, the baseline is 2025 to 2026 15-min
and quarterly-hour market data, and the analytical horizon is 2035. The market scope covers
the day-ahead spot market, the manual frequency restoration reserve (mFRR) energy market
up and down, with mFRR capacity included as a stacked extension. The automatic frequency
restoration reserve (aFRR) is excluded on operational grounds, because a thermal binary
boiler cannot deliver the continuous symmetric regulation aFRR requires. The frequency
containment reserves (FCR-N and FCR-D) and the fast frequency reserve (FFR) are also
excluded, because no archetype is operationally eligible. Operational reserve eligibility
differs by archetype: the two electric-boiler archetypes participate in spot, mFRR up and
down energy, and mFRR capacity, while the heat pump archetype is modelled in spot only,

reflecting its slower compression-cycle ramp.

Several modelling choices are declared here and developed in Chapters 5 and 7. The three
archetypes are placed on one common annual heat duty so that the comparison isolates
market-driven differences. This is a comparability device, not a deployment claim: a real
standalone boiler runs as a peaking asset of a few hundred to a few thousand full-load hours,
while a large heat pump runs closer to base-load. The utilisation each archetype realises
emerges from economic dispatch rather than being assumed. That heat duty follows a
district-heating-style seasonal profile, set by Finnish heating degree days with a domestic-
hot-water floor. The comparison therefore applies most directly to district heating and carries
over to low-temperature industrial heat served by the same boilers and heat pumps, rather
than to flat year-round industrial process loads. Aggregate 2035 deployment enters the model
through the price-series transform and the demand- and supply-side price feedback rather

than through a per-asset strategic-bidding loop.



The results report operating value per MW-heat-year, with no capital cost or discounting, so
the comparison ranks operating value rather than investment return. The sharp capital-cost
difference between a heat pump and a boiler, and the heat pump's off-model benefits such
as co-produced cooling and a higher coefficient of performance (COP) on a warm waste-
heat source, are weighed in the Chapter 7 discussion. The reserve-and-capacity layer is an
optimistic upper bound, since a single unit is credited both its full spot saving and its full
reserve offer in the same hour, under perfect foresight and without competition from
batteries or other demand response. The VRE-led future is the least anchored of the three
scenarios. A representative rather than temperature-dependent COP, and a 15-minute
dispatch resolution that does not capture sub-quarter-hour dynamics, complete the principal

simplifications.

1.6 Structure of the thesis

The thesis is organised in seven further chapters. Chapter 2 establishes the Nordic power and
reserve market design. Chapter 3 characterises the supply-side and demand-side participants
of these markets, with the most attention given to the demand-side flexibility classes that
compare against the electrified-heat archetypes. Chapter 4 builds the per-archetype techno-
economic profiles that feed the methodology. Chapter 5 sets out the methodology, covering
the data layer, the asset-level bidding model and the common seasonal heat-demand
envelope, the scenario construction by chronological price-series transformation with
demand- and supply-side cannibalisation, and the key performance indicators. Chapter 6
presents the results structured by sub-research-question, with an embedded robustness
subsection (Section 6.6) covering the principal sensitivity drivers. Chapter 7 discusses the
results against existing literature. It takes up four themes: the endogenous demand-side
reading of the comparative ranking and its methodological contribution; the conditional
tradeoff between efficiency and flexibility that makes the winning archetype depend on the
scenario and the market layer; electrified heat within the wider Nordic flexibility stack; and
the implications for asset selection and hybrid-system design. Chapter 8 restates the
contribution, summarises findings against each research question, and identifies limitations

and future work.



2 Nordic power and reserve markets

In this chapter, the theoretical background will be created on the operations and
functionalities of the Nordic Power and Reserve markets. The markets in Finland, Sweden,
Norway and Denmark are closely intertwined. A common Nord Pool market platform, close
collaboration between transmission system operators (TSOs), and a synchronous grid make

the Nordic countries heavily reliant on each other for balance.

The power and reserve markets themselves consist of various products being traded to
maintain constant balance between supply and demand. The products have different
characteristics based on duration, reaction time and purpose. Different future scenarios can
make different products more crucial and limited than others at different times. Sections 2.1
to 2.3 will describe the different markets starting furthest away from delivery. Because the
focus of this thesis is the near-term balancing markets, the focus will be on the grid balancing
reserve markets. The futures electricity market is not taken into consideration in this chapter
as it is more of a hedging tool for speculative energy prices in the future. Throughout, these
are the markets into which electrified-heat assets, the electric boilers and large heat pumps
this thesis examines, bid as flexible loads. The day-ahead spot price sets the cost they
dispatch against, while the balancing and reserve products described below are where that

flexibility can earn additional value.

2.1 Day-ahead market

The day-ahead market is the primary location to trade electricity in Finland and the Nordic
countries. The market is operated by Nord Pool in the Nordic countries. In addition to the
Nordic countries Norway, Sweden, Denmark and Finland, Nord Pool also operates as the
marketplace for several Baltic and central European countries. More than 300 buyers and
sellers across 15 countries can trade in the day-ahead market of Nord Pool. The markets are
divided into 21 different bidding zones that affect each other's prices based on transmission
capacity and other supply and demand limitations. The goal of the market mechanism is
social welfare maximization utilizing the transmission connections between countries to

match supply and demand as well as possible. (Nord Pool 2025a.)
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The day-ahead auction process in the Nordics is part of a larger aim in the EU to create a so-
called Single Day-Ahead Coupling or (SDAC). This initiative has long aimed at creating a
single coupling area for the whole of Europe, where trading can take place across borders
within the limitations of grid connections. This would further increase the balance of power
systems and optimize social welfare throughout the EU area. Nordic countries have led the
way in being part of the first price coupling solutions. In 2014, the Nordics with a number
of Baltic and central European countries extended the existing Nordic price coupling into a

broader multi-regional day-ahead price coupling in Europe. (ENTSO-E 2025a.)

This day-ahead market price coupling system creates a base for the day-ahead market, which
is used for electricity trading within Nord Pool. As in most day-ahead markets in Europe,
the price auction of the orders and bids are organized daily to create the pricing for the next
day. The schedule of the daily process starts with publishing the capacity of interconnections
and the grid at 10:00 Central European Time (CET). Then the sellers and buyers have 2 more
hours until 12 CET to set bids to Nord Pool to be auctioned for next day delivery. The prices
are then formed by Euphemia, the Pan-European Hybrid Electricity Market Integration
Algorithm, matching orders within the pan-European market coupling process. (Nord Pool
2025a.) As of the end of September 2025, the prices for each day are formed for each 15-
minute time unit. This change from a 60-minute interval to 15-minute Market Time Unit
(MTU) and Imbalance Settlement Period (ISP) aligns the Nordic timing with the European
intraday integration target and accommodates higher shares of variable renewable

generation. (Nord Pool 2025c.)

The Nordic day-ahead market participants on the consumer side consist of electricity
retailers and large consumers. Only those can place orders on the market. Smaller private
consumers can only buy electricity at market price from the retailer. An energy order at the
market consists of order price and energy volume. It can have different lengths down to 15-
minutes with varying prices or capacities depending on the forecasted demand. On the
producer side, different capacities in €/ MWh can be bid to market by any generation
company that is eligible for Nord Pool trading. The market price is then created for each 15-
minute interval of the day by a market clearing process automatically created by the
Euphemia algorithm. It takes the equilibrium price and volume for each MTU based on

offers and bids. (Nord Pool 2025c.)
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In the day-ahead electricity market, like the one managed by Nord Pool in the Nordic
countries, price formation is achieved through an auction-based market clearing process
which creates a balance in supply and demand for each 15-minute period. Producers submit
selling orders based on their marginal generation costs, while buyers of electricity bid based
on their willingness to pay. The following intersection of the two curves based on the
quantity and price creates an equilibrium of price and volume. This merit order principle
leads to a system where the cheapest technologies are always dispatched first, and the price
is determined by the most expensive technology in the market to fulfil a given demand. The
day-ahead clearing process is graphically illustrated in Figure 2. (Nord Pool 2025b; Nord
Pool 2025c.) This day-ahead price is the cost against which the electric boilers and heat
pumps of this thesis are dispatched, and the baseline series later reshaped by the 2035

scenarios of Chapter 5.
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Figure 2. A schematic representation of the merit order and the day-ahead auction.

(Vattenfall 2025)

2.2 Intraday market

Once the day-ahead market prices for each 15-minute MTU have been published, trading in
the intraday market opens. It allows the market participants to make changes, increase or
decrease capacity bought for different periods. Participating in this market is gaining interest

because of the increased share of intermittent renewable energy production and the
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electrification on the consumption side. It is crucial to be able to balance supply and demand
as close to the delivery period as possible. The purpose of the intraday market is to act as a
mediator between the day-ahead and the balancing markets. It takes place continuously after
the day-ahead market for the next day, with trading available until one hour before delivery
in the Nordic and Baltic markets and, in some cases, up to the delivery hour itself, with

country-specific gate-closure timings (Nord Pool 2024).

The orders to an intraday market can be set for time periods ranging from individual 15-
minute periods to a specified block period determined by the participants. Like the day-ahead
market, the current intraday market is based on the target of a Single Intraday Coupling or
(SIDC) system throughout the EU, the goal of which is to increase flexibility across borders
within transmission limitations (ENTSO-E 2025b). Since the Nord Pool intraday is
continuous throughout the day, the market price for each MTU is constantly created based
on buy and sell orders. The prices can vary significantly from the day-ahead prices for the
time, as the market dynamics are based on different limitations. The matching of buy and
sell orders happens through an automatic system that clears the bids when a buy order price

exceeds the sell side bid price. (Nord Pool 2024.)

This separate market dynamic for intraday and the low liquidity in the market often drives
the market prices to have large deviations from day-ahead and average market prices. The
price difference between day-ahead prices and intraday prices is measured and focused on
by researchers of the power market and is called the price premium between two products.
The main driver of large price premiums compared to the day-ahead and intraday pricing is
the forecast error of consumption and generation. Studies have been conducted on the
symmetrical or asymmetrical nature of these price premiums. Studying Nordic data for 2015,
Soysal et al. (2018) find that intraday prices are generally higher than day-ahead prices and
that the premium is asymmetric with respect to the direction of the load-adjustment need,
the asymmetry being significant on the consumption side. This structure creates an incentive
for wind producers and consumers to bid strategically in the day-ahead market, although the
small size of the intraday market relative to the day-ahead market limits how far the incentive
is exploited. (Soysal et al. 2018.) The intraday market lies outside the modelled set of this
thesis, which dispatches the electrified-heat archetypes against the day-ahead and reserve

markets; it is described here only for completeness.
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2.3 Nordic reserve market

As the final near-term balance tool to match supply and demand there are different short-
term balancing and reserve markets. In the highly liberalized electricity markets of the
Nordic synchronous area (consisting of Fingrid, Svenska kraftnét, Statnett and Energinet),
real-time balance is maintained through integrated services and market products. This
advanced liberalized market mechanism ensures high stability of the grid frequency within
acceptable limits. This chapter focuses on the Nordic imbalance settlement mechanism, as
well as the different frequency containment products, including their purpose, pricing and

requirements for participation.

2.3.1 Imbalance

In the Nordic synchronous area, the grid needs to be balanced ultimately in real time
constantly. Small imbalance of the system occurs constantly because of the difficulty to
forecast the supply and demand accurately. Since November 2021 a single-price, single-
balance model was implemented, where positive and negative imbalances within a certain
ISP are settled at the same price. This increased strength of the market and improved
transparency and efficiency as the price of deviations in the balance were all now based on
marginal cost to the system operator. (NBM 2021.) In May 2023 the transition from 60-
minute to 15-minute ISP between eSett and balance responsible parties was made. This
further improved the economic value of fast-acting flexibility. It also formed a base for the
upcoming day-ahead, intraday and manual frequency restoration reserve (mFRR) 15-minute

market time units. (NBM 2023.)

The Balance Responsible Party (BRP) is defined by eSett as a "company that has a valid
Imbalance Settlement Agreement with eSett and a valid Balance Agreement with a TSO and
manages a Balance Obligation on its own behalf as a producer, consumer, or trader of
electricity or on the behalf of other producers, consumers, or traders of electricity" (eSett
2024, 1). The BRP is required to provide a forecast of the schedule including load, generation
and interchange for each ISP. In turn they provide data through metering against those
schedules. The difference between the metered value and the scheduled value will form an

imbalance in MWh. (eSett 2024.)
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The role of the BRP is to ensure that the balance between electricity injected into and
withdrawn from the national electricity system is maintained. A BRP can be a large producer
or a consumer that holds agreements with the TSO and eSett. But if the company doesn't
have simultaneously varying production and/or consumption under its possible balance
responsibility area, it is not valuable to become a BRP. Often a large retailer is also a BRP.
This lets the retailer optimize a large portfolio, balance the positive and negative imbalances

within its area, and so avoid the costs those imbalances would cause. (eSett 2024.)

The responsibilities of covering imbalance costs can also be contractually agreed between a
BRP and generators, consumers, or third-party flexibility providers. According to the
imbalance settlement rules established by eSett, eSett performs the imbalance adjustment
calculation using the balancing energy volumes activated by the TSO and the corresponding
reports from Balancing Service Providers (BSPs) on delivered and undelivered balancing
services. These adjustments are applied to correct the impact of balancing actions, where up
regulation is entered with a negative sign to offset the increase caused by the activations.
BSPs play a key role by reporting the delivery status of the activated reserves through eSett's
settlement system, enabling eSett to calculate whether there are differences between TSO-
activated volumes and actual delivery, thereby performing the correct imbalance adjustments

for the affected BRPs. (eSett 2025.)

From 5 June 2025, an independent aggregation model has expanded the potential for flexible
resources to participate in the Finnish automatic frequency restoration reserve (aFRR)
energy market. Imbalances caused by delivered balancing energy are adjusted in the Balance
Responsible Party's balance through standardized imbalance adjustment mechanisms (eSett
2025). After adjustments and imbalance calculation, Fingrid settles the remaining imbalance
at an imbalance price defined for each 15-minute ISP (eSett 2024, 65). It sells imbalance
energy to the BRP when the BRP's position is negative (actual consumption exceeding the

scheduled) and buys imbalance from the BRP when actual production exceeds the scheduled.

In November 2025, Fingrid opened a consultation on a proposed change to BRP imbalance
price determination. The change would move to a joint volume-weighted average of aFRR
and mFRR activation prices. The aim is a more justified determination of system balancing
costs when automatic and manual frequency restoration reserve activations occur in different
proportions. Written statements were requested by 21 December 2025 and the

implementation timeline is subject to Energy Authority review (Fingrid 2025a).
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The imbalance cost is based on a transparent single-price model. The price of imbalance is
equal to the marginal balancing-energy activation price in the direction that is dominating at
that moment. This type of mechanism has broad implications for the management of a BRP
and the operational incentives in general. In this model, a BRP is always driven by marginal
cost of system imbalances. The system's imbalance price in this single-price model is
determined by the real activation prices of regulating bids in the reserve markets in
dominating mFRR and aFRR activations in either direction. If there are no activations during

that time, the price will be based on the day-ahead price. (Fingrid 2024a.)

In a one-price system, the sales and purchase prices of energy imbalance are identical. The
price of imbalance is always linked to the activation price of mFRR and aFRR. The marginal
price of the most expensive activated mFRR bid in upward regulation, or the lowest price in
downward regulation determines the price of the balancing energy in ISP. After the
introduction of the aFRR energy market, the imbalance price in the Nordics may additionally
be directed by whichever of the two products was primarily used to restore balance. This
system further incentivizes the BRPs to support mechanisms that provide flexibility services
that most efficiently based on marginal costs support the grid stability (eSett 2024, 65), as

illustrated in Figure 3.
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Figure 3. One-price system logic. (Fingrid 2025b)

This mechanism is harmonized and coordinated through the Nordic Balancing Model or
NBM, which unifies the operations in the markets for Denmark, Norway, Sweden and
Finland. The joint program was created to set common goals for further integrating the
Nordic balancing markets as more granularity is required to balance a more developed
electrical system. Several different unification goals have been implemented over the years,

and the capacity market will in the future operate under one marketplace in the Nordics, with
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the Nordic TSOs procuring the required reserves through a unified Nordic balancing-market
framework. (NBM 2025b.) An electrified-heat asset sits within this settlement framework as
part of a balance responsible party's portfolio, and reaches the reserve markets through a

balancing service provider or aggregator, as described in Chapter 3.

2.3.2 Reserve market products

The TSO-procured products in the reserve market vary in activation time, capacity size, and
procurement frequency. The fastest acting are the frequency containment reserves and the
fast frequency reserve, while the slower restoration reserves operate primarily as energy

markets in which sustained activation is paid at the marginal bid price.

Fingrid procures four reserve products organised as a layered cascade: fast frequency reserve
(FFR), frequency containment reserves (FCR), aFRR, and mFRR. FCR is divided into FCR-
N for normal operation, a symmetric product providing both up- and down-regulation, and
FCR-D for disturbances, procured separately for upward and downward regulation. Capacity
is procured both through annual tenders and through hourly markets. For the 2025 annual
market, Fingrid procured 52.5 MW of FCR-N at 25.30 € MW/h, 292.4 MW of FCR-D up-
regulation at 4.00 € MW/h, and 202.6 MW of FCR-D down-regulation at 8.66 € MW/h. The
rest of the 2025 reserve obligation, which totals FCR-N 126 MW, FCR-D up at most 305
MW and FCR-D down at most 294 MW, is met additionally from hourly markets and
through Nordic exchange. (Fingrid 2024b.)

aFRR sits one step slower in the cascade. It is a centralised product, activated remotely by a
Nordic-level frequency controller, with a maximum full activation time of five minutes and
a minimum bid size of | MW (Fingrid 2026a). Fingrid procures Finland's share of the Nordic
aFRR requirement from the Nordic aFRR capacity markets, where reserve providers submit
hourly capacity bids separately for upward and downward regulation and receive a marginal-
price capacity payment. With the introduction of the aFRR energy market, providers also

earn activation payments for energy delivered (Fingrid 2026a).

mFRR is the slowest of the cascaded products and operates primarily as an energy market.
mFRR energy bids can be activated by Fingrid for any 15-minute Market Time Unit, with a

minimum bid size of 1 MW and a required full power change within 12.5 minutes (Fingrid
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2026b). Bids are submitted to the Nordic mFRR energy market and arranged in a Nordic
merit-order list; for up-regulation, the cheapest accepted bid is activated first, and for down-
regulation, the most expensive accepted bid first, in both cases within available transmission
capacity. Activated bids are paid the marginal price for the relevant 15-minute period.
Fingrid additionally procures mFRR capacity through a separate capacity market to ensure
sufficient up- and down-regulation availability at any time. A major Nordic transition
occurred on 4 March 2025 with the launch of the automated mFRR Energy Activation
Market, replacing the previously manual cross-Nordic activation process and aligning
Nordic balancing with the Nordic Balancing Model roadmap. (NBM 2025a.) These reserve
products, together with the single-price imbalance mechanism of Section 2.3.1, are the
markets into which the electrified-heat archetypes of this thesis bid their flexibility. The
merit-order spot price and single-price balancing dynamics set out in this chapter are the

price-formation mechanisms that the 2035 scenarios of Chapter 5 later perturb.
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3 Electricity and reserve market participants

This chapter describes the supply- and demand-side participants in the Nordic energy and
reserve markets, working from conventional supply through variable renewables to flexible
demand-side and aggregator classes. The participant classes covered in the demand-side
sections form the comparison set against which Chapter 4 positions electrified heat as a

Nordic flexibility resource.

3.1 Conventional supply-side participants

This section covers two conventional supply-side participant classes in the Nordic energy
and reserve markets: hydropower (Section 3.1.1) and combined heat and power (CHP)
(Section 3.1.2). Hydropower is the existing flexibility benchmark of the Nordic synchronous
area against which new participant classes are compared in later sections. CHP is a still-
significant supply resource whose flexibility is structurally bounded by district heating
demand and whose share of Nordic supply is being eroded by the shift to heat-only boilers

and large heat pumps in district heating production.

3.1.1 Hydropower

Hydropower remains the dominant flexibility resource in the Nordic power system. Norway
alone operates roughly 33 GW of conventional installed hydropower with an annual
production of 136 TWh, alongside 1.4 GW of pumped hydro storage. The conventional fleet
runs at a capacity factor of 47%, while the pumped fleet operates at 15% (Tome Robles et
al. 2025, 5019). Reservoir-based hydro provides the multi-day to seasonal balancing
capability that the Nordic synchronous area depends on; run-of-river plants contribute
energy but limited dispatchable flexibility. The other Nordic countries hold materially
smaller fleets. As of 1 January 2024, Sweden's installed hydropower stood at 16,300 MW
(water reservoir) and Finland's at 4,868 MW (1,695 MW run-of-river and poundage and
3,173 MW water reservoir), while Denmark held essentially no hydropower (ENTSO-E
2025c, 6).
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Hydro's flexibility role is changing under variable renewable integration. Hydropeaking, the
daily and sub-daily fluctuations in streamflow driven by economic dispatch against variable
load and generation, has increased in Nordic rivers over the last decade, particularly at run-
of-river plants on rivers with low elevation heads (Tome Robles et al. 2025, 5019). Wind
forecast errors translate directly into hydro deviations, and those deviations have larger price
effects on the day-ahead and intraday markets than on the regulating market; close-to-real-
time markets are becoming more important as wind penetration grows (Tome Robles et al.

2025, 5021).

At the system level, Nordic hydro contributes to cross-border balancing through flow-based
market coupling. Flow-based coupling enables roughly 1.5 TWh of cross-border transport
across the Nordic synchronous area, drawing on flexible hydropower in southern Norway
whose dispatch produces flatter bid curves on the supply side (Tome Robles et al. 2025,
5025). Hydropower also delivers ancillary services that variable-renewable-only systems
cannot easily replicate: short-notice ramping, frequency response, and inertia from
synchronous turbines (Tome Robles et al. 2025, 5025). The same services are increasingly

being procured from the new participant classes that the rest of this chapter examines.

3.1.2 Combined heat and power (CHP)

Combined heat and power (CHP) plants remain a significant part of Nordic electricity
supply, particularly in Finland, Sweden and Denmark, where they cover a large share of
district heating production (Helin et al. 2018). The dispatch logic of a CHP plant is heat-led:

the plant runs to meet district heating demand, with electricity as a coupled by-product.

In Nordic conditions, the economic case for CHP in the electricity market has weakened.
Helin et al. (2018) attribute the trend to low Nordic electricity market prices, which have
diminished the economic competitiveness of CHP production and shifted district heating

production toward heat-only boilers and large-scale heat pumps.

In the reserve markets, CHP's participation reflects the same heat-load priority. Fingrid's
manual frequency restoration reserve (mFRR) product requires a 1 MW minimum bid and
12.5-minute full activation (Fingrid 2026b); the automatic frequency restoration reserve

(aFRR) requires 5-minute full activation (Fingrid 2026a). Large CHP units can in principle
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meet these activation timescales, but doing so requires deviating from the heat-led dispatch
point. CHP's role on the supply side of the Nordic system is therefore coupled to a heat sector
that is itself shifting toward heat-only boilers and large-scale heat pumps (Helin et al. 2018),

with the latter examined as a flexibility participant in Section 3.3.2.

3.2 Variable renewable participants

Variable renewable energy (VRE) sources, wind and solar, drive Nordic reserve-market
demand before they appear as reserve-market suppliers. Their participation in the Nordic
reserve products is asymmetric, technically conditional, and presently dominated by wind
down regulation in the manual reserve. Section 3.2.1 covers wind; Section 3.2.2 covers the

smaller solar share.

3.2.1 Wind

Wind is the largest variable renewable participant in the Nordic system. As of 1 January
2024, the four Nordic countries together held roughly 36 GW of installed wind capacity from
production units of at least | MW. Sweden had the largest fleet at 16,700 MW (all onshore),
followed by Denmark at 7,506 MW (4,860 MW onshore and 2,646 MW offshore), Finland
at 6,618 MW (all onshore) and Norway at 5,133 MW (all onshore) (ENTSO-E 2025c, 6).
Within the reserve markets themselves, wind has grown faster than solar across all five
Nordic reserve products and is now established in mFRR, with growing footprints in the

frequency containment reserves (FCR-N and FCR-D) and aFRR (Nordic TSOs 2023, 8).

Wind's reserve participation is strongly asymmetric in direction. As of summer 2023,
prequalified or maximum-hourly-bid wind volumes in Nordic mFRR energy down
regulation totalled roughly 6,350 MW across the four TSOs (Sweden 1,440 MW, Finland
860 MW, Norway 1,200 MW, Denmark 2,850 MW). The corresponding up direction held
only roughly 810 MW (Nordic TSOs 2023, 8). Frequency containment volumes are smaller
and concentrated in Sweden and Denmark. Sweden held 170 MW of wind in FCR-D up, 320
MW in FCR-D down and 150 MW in FCR-N; Denmark held 150 MW in each FCR-D
direction, 120 MW in FCR-N, and 224 MW in each direction of aFRR (Nordic TSOs 2023,

8). The asymmetry reflects the underlying economics. Down regulation can be delivered
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through curtailment that aligns with normal dispatch and is profitable when day-ahead prices
are at or below zero (Nordic TSOs 2023, 12). Up regulation, by contrast, requires
withholding capacity from the spot market and forgoing day-ahead revenue (Nordic TSOs
2023, 15).

Reserve-market access for wind is shaped by forecasting and gate-closure timing as much
as by these direction-specific economics. The Nordic TSOs treat weather-dependent
production as a forecasting problem first. The further from the operational hour a forecast is
made, the more uncertain it becomes, so the products most accessible to wind are those with
gate closure one day before delivery or closer (Nordic TSOs 2023, 29). Pilot programmes in
Sweden, Finland and Denmark are working through the prequalification, baseline-validation
and forecast-quality requirements that variable resources need to meet to participate at scale
(Nordic TSOs 2023, 30, 32, 34). Wind's relationship to the Nordic reserve markets is
therefore double-sided. It is the largest variable supplier in mFRR down regulation, yet its
forecast errors also raise the imbalance volumes that the restoration reserves are activated to

balance, within the imbalance-settlement framework described in Chapter 2.

3.2.2 Solar

Solar's role in Nordic reserve markets is currently negligible. As of summer 2023, the only
Nordic solar prequalified volumes in any reserve market were 25 MW in FCR-D down
(Sweden 10 MW, Denmark 15 MW) and 5 MW in FCR-D up at Energinet. No Nordic solar
was prequalified for FCR-N, aFRR, mFRR or the fast frequency reserve (FFR) (Nordic
TSOs 2023, 8).

The directional asymmetry that constrains wind in Section 3.2.1 is sharper for solar. Up-
regulation participation requires withholding capacity from the day-ahead market, which
forgoes solar's primary revenue stream and is unattractive at current Nordic prices (Nordic
TSOs 2023, 19). Down-regulation participation is technically straightforward during
production hours but vanishes at night, restricting the product mix in which solar can sustain
a continuous reserve commitment (Nordic TSOs 2023, 23). One alignment is favourable:
Nordic FFR demand is concentrated in summer, when system inertia is lowest, which
matches the seasonal solar production profile (Nordic TSOs 2023, 27). As of summer 2023,
however, only Danish wind, not solar, was active in the FFR market (Nordic TSOs 2023, 8).
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The Swedish pilot for variable resources includes solar parks in FCR-D down only,

consistent with this daytime-down profile (Nordic TSOs 2023, 34).

As of 1 January 2024, cumulative Nordic solar capacity for production units of at least 1
MW was roughly 7 GW. Denmark had the largest fleet at 3,730 MW, followed by Sweden
at 3,200 MW, Finland at 27 MW and Norway at 9 MW (ENTSO-E 2025c, 6). Distributed
installations below the 1 MW reporting threshold raise the totals materially in Sweden and
Finland, where the distributed segment dominates the residential and small-commercial
fleet. Looking forward, Fingrid's Electricity System Vision 2023 places 2035 Finnish solar
capacity at 7 GW under the Local Power scenario, 6 GW under Windy Seas, 15-16 GW
under Hydrogen from Wind, and 20 GW under Power to Products (Fingrid 2023, 17, 19, 21,
23). Solar's primary effect on the Nordic markets is therefore likely to materialize through

the day-ahead price profile rather than through reserve products.

3.3 Flexible demand-side participants

This section covers the three demand-side flexibility classes that make up the comparison
set for electrified heat: power-to-heat (Section 3.3.1), grid-scale batteries (Section 3.3.2),
and data centres (Section 3.3.3). Each class has a distinct flexibility profile, in response time,
energy duration, opportunity cost, and controllability, which determines the reserve products

it can serve and how it stacks revenue across them.

3.3.1 Power-to-heat

Power-to-heat (P2H) covers large-scale electric boilers and large heat pumps coupled to
district heating (DH), industrial processes, or thermal energy storage (TES). P2H has
emerged as a Nordic flexibility participant class through a rapid deployment wave in 2020-
2025. The wave was driven by low and volatile electricity prices, decarbonisation targets for
district heating, and the displacement of fossil-fuel combined heat and power (CHP) plants
described in Section 3.1.2 (Bloess et al. 2018). On the district heating supply side, P2H now

accounts for a material share of annual heat production across the Nordic region.
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Finland's P2H deployment has accelerated sharply. In the modelled baseline scenario, the
Finnish DH sector hosted approximately 1.3 GW of district-heating electric-boiler capacity
across the seven largest cities plus an aggregate of the rest (Hiltunen et al. 2025, 3).
Additional industrial-heat electric boilers are not separately tabulated in published Finnish
statistics. Electric boilers alone produced 1,540 GWh of district heat in 2024, accounting for
4 percent of total district heating supply. Renewables, heat recovery, and electric boilers
together rose from 70 percent to 73 percent of the district heating energy mix between 2023

and 2024 (Energiateollisuus 2025).

Denmark's electricity-based district heating plant base has expanded equally rapidly. The
number of plants rose from 101 in 2019 to 326 in 2024, with total electricity-based heat-
production capacity reaching roughly 2,600 MW. The Danish Energy Agency projects an
additional 2,000 MW of heat pumps and electric boilers by 2030 (Danish Energy Agency
2024, via DBDH 2025). The district heating sector accounted for 61 percent of Denmark's
total electrification increase between 2019 and 2024 (DBDH 2025). Sweden's electric-boiler
heat production rose from 193 GWh in 2022 to 357 GWh in 2023, an increase of
approximately 85 percent (SCB 2026). Norway has experienced more moderate uptake of
large heat pumps in district heating, growing at a smaller scale than the other Nordic

countries.

P2H's electricity-market participant profile carries a distinctive advantage for flexibility
provision. Electric boilers can technically meet the activation timescales required by
frequency containment reserve (FCR-D) and manual frequency restoration reserve (mFRR)
products: seconds to approximately 12.5 minutes. Heat pumps, however, face slower ramp
constraints that limit their participation in faster-response products (Nordic Energy Research
2025, 45). Both asset types can access reserve markets where minimum bid thresholds
permit: mFRR requires 1| MW and FCR-D requires as little as 0.1 MW in Sweden (Nordic
TSOs 2023). The structural advantage of P2H as a flexibility provider lies in energy
redirected to thermal load rather than dissipated as round-trip loss, as occurs with battery
energy storage systems (BESS). This advantage is strongest when P2H is coupled with
thermal energy storage, enabling flexible dispatch over multi-hour timescales while serving
heat load. The multi-day to seasonal arbitrage window available to CHP (Section 3.1.2) is
not available to P2H, but the heat-recovery coupling is distinctly different from the grid-only
dispatch profile of batteries.
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Named projects illustrate the emerging scale. Vantaa Energia's Martinlaakso installation
combines a 60 MW electric boiler with 700 MWh of thermal battery capacity (Vantaa
Energia 2025). Fortum's Espoo facility, where construction began in March 2024, will pair
a 50 MW electric boiler with an 800 MWh heat accumulator (Fortum 2024b). These projects

demonstrate the emerging scale and coupling of storage with production at Nordic sites.

Despite thermodynamic advantages and rapid physical deployment, P2H uptake in the
Nordic reserve markets has lagged battery energy storage system (BESS) deployment. The
operator-side constraint is primary: district heating companies prioritise heat-load reliability
and cost-minimisation in heat supply over electricity-market revenue maximisation
(Fernqvist et al. 2023). Market-design constraints are secondary: minimum bid sizes and the
aggregator-dependence model (examined in Section 3.4) create barriers for smaller
installations. This operator-conditional uptake pattern sets up the comparison with BESS in

Section 3.3.2 and the aggregator access path in Section 3.4.

3.3.2 Grid-scale batteries

Grid-scale battery energy storage has emerged as the fastest-growing flexibility participant
class in the Nordic reserve markets since 2020. Deployment is concentrated in Sweden and
Finland, with Denmark and Norway following at smaller scale, and reserve-market
participation rather than wholesale energy arbitrage drives the business case at current

Nordic asset sizes (Nordic TSOs 2025a, 11).

As of 1 January 2025, BESS were prequalified across all five Nordic reserve products.
Sweden held the largest portfolio, with approaching 600 MW of FCR-D in each direction,
around 300 MW each in FCR-N and the fast frequency reserve (FFR), and roughly 118 MW
per direction in mFRR. Finland followed with about 120 MW of FCR-D in each direction,
106 MW of FCR-N, 102 MW of FFR, and 40 MW per direction in aFRR. Denmark and
Norway recorded volumes one to two orders of magnitude lower across most products
(Nordic TSOs 2025a, 6-10). Multi-product participation is bounded by state of charge
(SOC) management, limited energy reservoir (LER) constraints, and reverse-direction
power reservations of 20 percent in FCR-D and 34 percent in FCR-N (Nordic TSOs 2025a,
7-8).
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Single-product capture has become unreliable as participation scales. The same publication
identifies five potential revenue streams alongside reserve products: energy arbitrage,
distribution system operator (DSO) flexibility, imbalance reduction, industrial flexibility
support, and curtailment avoidance. It notes that capturing an asset's full value requires
multi-market optimisation across them (Nordic TSOs 2025a, 13). Sweden's FCR-D market
illustrates the dynamic: prequalified BESS volume grew from roughly 80 MW in 2022 to
over 600 MW by late 2024 against a procurement requirement near 550 MW, and capacity
prices have fallen accordingly (Sourceful Energy 2025). Ahouad et al. (2024) reach the same

structural conclusion through a peer-reviewed economic assessment.

For the comparison developed in Chapter 4, BESS is the closest functional comparator to
P2H within the demand-side set: fast-responding, grid-connected, and converter-coupled.
The structural difference is the energy sink. BESS round-trip losses are dissipated as ambient

heat, while P2H redirects the converted energy to a heat load that pays for the conversion.

3.3.3 Data centres

In its Base Case, the International Energy Agency (IEA) projects global data-centre
electricity consumption to more than double, from 415 TWh in 2024 to 945 TWh in 2030
(IEA 2025, 14, 63). This is a growth rate of 15 percent per year, over four times faster than
total electricity demand. Europe-wide consumption rises from 70 TWh to 115 TWh over the

same period (IEA 2025, 58, 64).

The Nordic region is forecast to outpace the European average. The joint Nordic TSO Grid
Development Perspective tracks data centres as a separate consumption category alongside
electrolysers and electrified industry as the largest individual drivers of Nordic demand

growth to 2050 (Nordic TSOs 2025b, 7-8).

Data-centre participation in Nordic reserve markets is currently nascent. Compute-uptime
priorities and the 1-5 MW minimum bid sizes of FCR, aFRR and mFRR products constrain
direct participation, and Nordic Energy Research's 2025 survey of 45 ongoing or completed
Nordic flexibility initiatives identifies just one data-centre case, in Finland (Nordic Energy
Research 2025, 21). The IEA finds, however, that flexing for just 0.1 to 1 percent of annual

hours would suffice to integrate all new global data-centre capacity to 2035 without grid



26

reinforcement, drawing on cooling thermal storage, onsite batteries and workload shifting

(IEA 2025, 100-103).

The most material Nordic system-coupling channel today runs through district heating rather
than the reserve markets: Fortum's planned facility with Microsoft in the Espoo region is set
to supply roughly 40 percent of Fortum's local DH demand from data-centre waste heat
(Fortum 2024c). For the comparison Chapter 4 develops between P2H, BESS and the wider
Nordic flexibility set, data centres sit outside the modelled archetypes; their primary near-
term effect on Nordic markets materialises through the day-ahead price profile rather than

reserve product participation.

3.4 Aggregators

Aggregators are the participant class that operates flexibility belonging to others. A
commercial aggregator contracts with industrial loads, district heating boilers, behind-the-
meter batteries and other distributed assets, builds a portfolio across them, and bids the
aggregated capability into the wholesale and reserve markets on the asset owners' behalf.
The participant classes covered in Section 3.3 increasingly access the reserve markets
through this route rather than as standalone players: minimum bid sizes, prequalification
overhead and forecasting requirements make individual participation uneconomic at single-
asset scale. Section 3.4.1 sets out the aggregator role and its distinction from the Balance
Responsible Party (BRP) and Balancing Service Provider (BSP) roles introduced in Chapter
2 (Section 2.3). Section 3.4.2 describes the independent aggregation framework that allows
aggregators to operate across multiple supplier balance perimeters in the Nordics. Section
3.4.3 names a small set of Nordic examples and frames the price-balancing effect that

follows from aggregator-mediated capacity entering the reserve markets at scale.

3.4.1 The aggregator role and business model

A commercial aggregator operates a portfolio of distributed flexibility assets that it does not
own and bids the aggregated capability into the day-ahead, intraday, balancing energy and
reserve capacity markets on the asset owners' behalf. The Nordic TSOs frame the third-party

aggregator as a Balancing Service Provider that sits outside the conventional supply chain:
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it is neither the asset owner's electricity supplier nor the BRP for the connection point
(Nordic TSOs 2017, 6). Market revenue captured by the aggregator is shared with the asset

owner under varying contract structures.

The aggregator role is structurally distinct from the BRP and BSP roles introduced in
Chapter 2. A BRP carries financial responsibility for the imbalance position of a defined
portfolio of generation and consumption units; a BSP delivers reserve products against TSO
instruction. An aggregator may itself perform either role, or operate alongside an existing
BRP under one of the third-party aggregator models discussed in Section 3.4.2 (Nordic TSOs
2017, 10-17). Where the aggregator is not itself the BRP for the activated load, the
imbalance and energy positions of the activated volume are settled through a compensation

mechanism between the aggregator and the affected supplier or BRP (DNV 2022, 15-17).

The aggregator value proposition rests on three structural advantages. Portfolio
diversification smooths dispatch risk and forecast errors across many assets, so that a single
asset's outage or forecast deviation has limited effect on the aggregated bid. Operational
expertise covers the work of qualifying assets to TSO products, building the bid stack and
managing the prequalification, baseline-validation and metering requirements that an
individual asset owner is rarely set up to handle. Market-access scale brings sub-megawatt
assets past the | MW minimum bid threshold of mFRR and the 0.1 MW threshold of FCR-
D in Sweden (Nordic TSOs 2023, 8); without aggregation, sites at this scale cannot offer
reserves at all. The combination is what allows aggregator-mediated capacity to enter the
Nordic reserve markets in volumes that single-site participation would not deliver (Nordic

TSOs 2017, 5).

3.4.2 Independent aggregation in the Nordics

EU Directive 2019/944 Article 17 requires Member States to provide a regulatory
framework that enables independent aggregation. The Nordic Energy Research-
commissioned DNV review defines this as aggregation in which there is no contractual
relationship between the aggregator and the customer's electricity supplier or that supplier's
BRP (DNV 2022, 4, 15). The intended effect is to open the balancing and reserve markets

to commercial aggregators that operate across multiple supplier balance perimeters and to
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remove the practical exclusivity that suppliers had historically held over their customers'

flexibility.

DNV's seven-country comparison distinguishes three independent-aggregation model
variants by how the supplier is compensated for energy redirected by the aggregator. In the
uncorrected model no compensation is paid; in the corrected model the aggregator pays the
supplier directly; and in the central settlement model the TSO operates a clearing mechanism
that compensates the supplier on the aggregator's behalf (DNV 2022, 17). The same study
reports three further patterns. Most countries first implement independent aggregation in the
balancing markets and only later in the wholesale markets; all but Germany have
implemented or planned a central settlement model for at least one product; and
compensation is generally set at an approximation of the retail tariff or sourcing cost (DNV

2022, 5-6).

The four Nordic countries have implemented Article 17 differently and on different
timelines. As of 2022, Finland used an uncorrected model for FCR-D and the fast frequency
reserve (FFR), a central settlement model for FCR-N, and had not yet completed independent
aggregation in mFRR or aFRR. Sweden, Norway and Denmark each had a partial framework
in place but with model and compensation choices still under review (DNV 2022, 5).
Finland's framework was extended to cover the manual and automatic frequency restoration
reserves in cooperation with Fingrid and eSett, with independent aggregation in mFRR and
aFRR balancing energy markets entering force in June 2025 (Fingrid 2026a; see also Section
2.3). The DNV assessment that informed Fingrid's design choices proposed a USEF-aligned
framework with three independent-aggregation variants and a set of compensation-model
designs covering the day-ahead, intraday, aFRR and mFRR markets in Finland (DNV 2024,
4-6, 19). The settled approach allows independent aggregators to prequalify portfolios for
these products without the customer's electricity supplier acting as gatekeeper, with the

financial position of the activated volume reconciled through eSett's settlement processes.

3.4.3 Nordic aggregator examples

A small set of commercial aggregators is active in the Nordic reserve markets, each typically
specialised by asset type. Capalo is a Finnish aggregator focused on grid-scale battery energy

storage in the FCR, FFR and aFRR markets, where its portfolio optimisation across reserve



29

products has tracked the rapid Nordic BESS deployment described in Section 3.3.2 (Capalo
Al 2025). Sympower is an industrial demand-response aggregator with operations in the
Netherlands, Sweden and Finland, with prequalified portfolios across FCR, FFR and the
manual frequency restoration reserve at Fingrid, Svenska kraftnét and Energinet (Sympower
2025). Intergrid is a Finnish aggregator focused on industrial electrification. It operates
electric boilers and large heat pumps in district heating networks, food and forestry process
heat and greenhouse loads, and bids the aggregated thermal-coupled flexibility into the
Nordic spot, balancing energy and reserve markets (Mainsights 2025).

The asset-type specialisation reflects the operational-expertise advantage set out in Section
3.4.1. Qualifying a district-heating electric boiler for mFRR and aFRR energy differs in
technology, baseline-validation logic and dispatch constraints from qualifying a behind-the-
meter battery for the frequency containment reserves (FCR-N, FCR-D), so aggregator
portfolios tend to converge on one of these technology classes. The aFRR product is later
excluded from this thesis's modelled set on operational grounds (Section 5.2). The same
specialisation pattern is visible in the Nordic Energy Research case-study set. Across the
four Nordic countries, 45 of the surveyed demand-side flexibility initiatives concentrate in a
small number of asset-type clusters rather than spreading evenly across technologies (Nordic

Energy Research 2025, 9, 21).

Aggregator-mediated capacity has been a measurable share of the volume growth in the
Nordic reserve markets since 2020, particularly in the BESS and industrial demand-response
classes. Where aggregator entry has scaled into a market segment with a fixed procurement
requirement, the additional supply has compressed the capacity price toward the marginal
cost of the cheapest qualified resource. The Sweden FCR-D dynamic in Section 3.3.2, where
prequalified BESS volume passed the procurement requirement and capacity prices fell, is
the explicit Nordic case (Sourceful Energy 2025; Ahouad et al. 2024). For the comparison
developed in Chapter 4 between electric boilers, large heat pumps and the wider Nordic
flexibility set, the aggregator participant class matters because the market-access path for
electrified heat at most Nordic sites runs through an aggregator. Direct TSO participation is
rarely cost-efficient at the scale of one or two assets, and the techno-economic profiles
examined in the next chapter are therefore the inputs to an aggregator portfolio rather than

to a standalone bid.
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4 Electrification of industrial-scale heat

This chapter develops the techno-economic profile of the electrified-heat technologies that
Chapter 5's methodology dispatches against Nordic spot and reserve prices. Three archetypes
are treated: the standalone electric boiler, the electric boiler coupled with thermal energy
storage (TES), and the large heat pump. Section 4.1 sets up the demand side and the
electrification opportunity, locating low and medium temperature industrial heat and Nordic
district heating (DH) within the temperature window where mature electrified-heat
technologies operate. Sections 4.2 and 4.3 develop the per-archetype parameters used
downstream in the methodology: ramp rate, minimum stable load, design-point and off-
design coefficient of performance (COP) where relevant, investment cost, and lifetime.
Section 4.4 treats TES as a coupling parameter on the boiler and heat pump archetypes rather
than as a standalone archetype, in keeping with the hybrid character of real Nordic
deployments. Section 4.5 compares the archetypes side by side. Section 4.6 records the

boundary conditions, including process heat above 200 °C which is out of scope.

4.1 Industrial heat demand and the electrification opportunity

The electrification of industrial heat is driven by four parallel forces in the Nordic context.
Variable renewable generation has expanded rapidly across Sweden, Finland, and Denmark
over the past decade (Section 3.2), pushing average wholesale electricity prices down while
widening hour-to-hour price variability. Electrified heat is a large displaceable load that can
capture low-price hours, avoid the high-price ones, and displace fossil-fuel or biomass
combustion in the heat supply at the same time. Four driver strands fold into one rationale:
cheap-electricity capture, supply diversification, decarbonisation of the heat sector, and
active flexibility provision in the markets that the same renewable buildout makes
increasingly valuable (Bloess et al. 2018). Chapter 2 set out those markets; this chapter

examines the technologies through which the value is captured.

Industrial heat divides cleanly along temperature lines, and the technology window for
electrification has opened decisively below 200 °C. The IEA (2022, 36-37) classes industrial
heat pumps at technology readiness level (TRL) 11 below 80 °C and TRL 10 between 80
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and 100 °C. TRL drops to 8-9 between 100 and 140 °C and to demonstration projects
between 140 and 160 °C, while high-temperature steam systems above 200 °C remain at
early-prototype maturity. On the demand side, Madeddu et al. (2020, 4) find that mature-
technology electrification, using compression heat pumps, electric boilers, mechanical
vapour recompression, and resistive heaters, can address 42 percent of EU27 and UK
industrial useful energy demand, or 66 percent if chemical feedstocks are excluded. A
harmonised Zenodo dataset republishes that methodology against JRC-IDEES 2021 data and
provides per-Member-State temperature-band breakdowns (Gjorgievski et al. 2025). The
IEA places the share of global industrial process heat below 200 °C at just below 40 percent
in its 2030 announced-pledges scenario (IEA 2022, 37); this is a global figure, with Nordic-
specific shares not separately published. Section 4.6 returns to the >200 °C cut.

District heating is a uniquely large and uniquely centralised heat sink in the Nordic region.
Finland's DH systems delivered approximately 32,700 GWh of heat to a connected heat load
0f 20,100 MW in 2024 (Energiateollisuus 2025). Within industrial heat, the Nordic sectors
that sit comfortably inside the heat-pump TRL window are food and beverage processing,
pulp and paper in part, lower-temperature chemicals, and greenhouse horticulture. Per-
country deployed capacity of electric boilers and large heat pumps, and the named Nordic
project examples behind those numbers, are recorded in Section 3.3.1 and not repeated here.
This chapter focuses on the parameters that govern how those installations bid into electricity

and reserve markets.

A near-universal feature of recent Nordic deployments is hybrid configuration. The named
projects already documented in Section 3.3.1 (Vantaa Energia's Martinlaakso and Fortum's
Espoo plant) each pair an electric boiler with thermal storage. Greenhouse horticulture sits
at the small-capacity end of the same pattern, and the setting lends itself to two distinct
hybrid configurations. The first is a heat pump on industrial waste heat, which has emerged
as a low-emission option in peer-reviewed Finnish work (Marttila et al. 2021, 2, 6). The
second is an electric boiler coupled with thermal energy storage. The boiler charges the
thermal store during low-price hours, and the store discharges into the greenhouse heat
circuit during the rest of the day, monetising the wholesale-price volatility introduced earlier
in this section (Bloess et al. 2018; Sihvonen et al. 2024). One commercial Nordic example
is the Sigg-Plant horticultural operation in Finland. Its electric boilers, installed as part of

the heating system, are now used both for price-responsive dispatch and for participation in
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Fingrid frequency reserve markets through the Fortum Spring service (Fortum 2024a).
Because greenhouses are semi-independent heat systems with bounded daily heat-load
profiles, they are practical small-scale testbeds for price-responsive dispatch of the same
hybrid combinations that operate at district-heating scale. The hybrid character motivates
Section 4.4's treatment of TES as a coupling parameter on the electric boiler and heat-pump

archetypes rather than as a standalone archetype.

4.2 Electric boiler archetype

Electric boilers convert electrical power to heat through ohmic resistance, achieving
conversion efficiencies approaching unity. Two main designs exist in the deployment range
relevant to district heating and industrial applications: resistance boilers, typically sized
below 5 MW, and electrode boilers, deployed at capacities up to 75 MW and above in single
units (Danish Energy Agency 2022, 311; Parat 2024). The key distinction centres on
electrical architecture: electrode boilers connect directly to the grid without an external
transformer, because the heating medium itself acts as the resistive element. This direct
connection becomes economically preferable above the multi-megawatt threshold,
eliminating transformer costs and system complexity (Danish Energy Agency 2022, 311).
The Nordic deployments documented in Section 3.3.1, including the Vantaa Martinlaakso
and Fortum Espoo installations, exemplify electrode boiler dominance in modern large-scale

district heating systems.

The techno-economic profile is anchored on the Danish Energy Agency (DEA) 2022
technology catalogue and complemented by manufacturer specifications from Parat
Halvorsen. Investment costs span a voltage-dependent range of 0.07 to 0.15 million euro per
megawatt depending on class. High-voltage electrode boilers sit at the lower end through
direct grid integration, while low-voltage resistance boilers incur transformer and
distribution costs that raise unit cost (Danish Energy Agency 2022, 306-313). Operating
costs follow two components. Fixed maintenance is typically 1,070 to 1,100 euro per
megawatt per year at design duty (500 full-load hours annually), while variable costs are 0.8
to 1.0 euro per megawatt-hour, dominated by electricity pricing rather than maintenance
burden (Danish Energy Agency 2022, 306-313). Total electrical-to-thermal efficiency

remains constant at 98 to 99 percent across the deployment lifetime, reflecting the inherent
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stability of resistive heating; equipment lifetime is specified as 20 years under normal
industrial operation. The Parat (2024) IEH brochure confirms manufacturer-stated response
capability: transition from minimum operating point to full load in 30 seconds, and cold start
from ambient to full capacity in under 5 minutes, both performance metrics critical for
reserve-service eligibility (Parat 2024). Minimum stable load is specified by DEA at 5
percent of nameplate capacity across the voltage classes. A notable gap exists in the publicly
available Parat documentation: the brochure does not disclose ramp rate expressed as
percentage change per minute, nor does it publish minimum stable load as a percentage; the

methodology therefore uses the DEA technology-class specifications for these parameters.

The 30-second response time and 5 percent minimum load make the standalone electric
boiler eligible in principle for the disturbance and restoration products of the Chapter 2
cascade. These are frequency containment reserve for disturbances up and down (FCR-D),
automatic frequency restoration reserve up and down (aFRR), and manual frequency
restoration reserve up and down (mFRR). It is not eligible for frequency containment reserve
for normal operation (FCR-N), which requires the symmetric partial-load headroom a
district-heating boiler cannot hold while honouring its heat-load contract, nor for fast
frequency reserve (FFR), whose sub-second response sits below the boiler's 30-second ramp.
The boiler participates as a consumption-side asset, so upward frequency support is achieved
by reducing electrical consumption and thus heat output, while downward support is
provided by consuming more electricity to increase output. Single-product participation in
any one reserve product is increasingly insufficient given the market saturation dynamics
observed for Sweden's frequency containment reserve, so value is stacked across the
modelled set finalised in Chapter 5 rather than within any single product. This archetype
operates as a purely electrical interface with no thermal coupling beyond the instantaneous
heat output, so thermal energy storage coupling is treated separately at Section 4.4 to avoid
conflating the standalone boiler dynamics with boiler-plus-storage behaviour. Of the
products for which the boiler is eligible in principle, the modelled set finalised in Chapter 5
is the day-ahead spot market and mFRR up and down energy, with mFRR capacity as a
stacked extension. aFRR is excluded from the modelled set on operational grounds, because

a thermal binary boiler cannot deliver the continuous symmetric regulation aFRR requires.
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4.3 Large heat pump archetype

Large-scale compression heat pumps have become the dominant technology for flexible
district heating supply across the Nordic region, particularly where seawater or industrial
waste heat sources are available. The Danish Energy Agency catalogue (2022, 299)
documents three source-and-sink archetypes: ambient air and industrial excess heat at 1, 3,
and 10 MW thermal, and seawater at 20 and 65 MW thermal. Two landmark Nordic
installations exemplify the current state of practice. Stockholm Exergi operates the Virtan-
Ropsten complex with approximately 10 heat pump units of 21-22 MW thermal output each,
drawing heat from seawater and supplying the broader Stockholm district heating network
(Stockholm Exergi & IEA HPT 2018). In Helsinki, Helen commissioned the Esplanadi
underground facility in summer 2018 with two heating units of 11 MW capacity each, plus
two cooling units of 7.5 MW each, sourced from waste heat recovery and thermal storage
(Helen 2018). These installations establish the technical and operational envelope in which

the archetype operates.

The techno-economic profile reflects a strong efficiency advantage offset by thermal inertia.
Design-point coefficient of performance (COP) varies with heat source and sink
temperatures: ambient-air, industrial-excess-heat, and seawater archetypes share a common
compression-cycle architecture, with the highest COPs on warm excess-heat streams and the
lowest on cold seawater intakes (Danish Energy Agency 2022, 297-299). Technical lifetime
is typically 15 to 25 years (Danish Energy Agency 2022, 297, 299). The Pieper et al. (2020)
peer-reviewed comparison of four COP estimation methods for district heating applications
concluded that thermodynamically grounded methods outperform constant-COP and
constant-efficiency assumptions, which induce large errors under off-design operation.
Helen has not published the Esplanadi plant's specific design-point COP, refrigerant type, or
electrical power input, limiting direct comparison with archetype parameters; the
technology-class COP and efficiency behaviour instead ground on the Pieper et al. (2020)
methodology and Danish Energy Agency tabulations.

The central operational trade-off between large heat pumps and the electric boiler archetype
of Section 4.2 lies in ramping capability and dispatch flexibility. Large heat pumps ramp on
the order of minutes and, in district-heating service, operate as base-load providers that track

heat demand and flex far less than a boiler. Their minutes-scale ramp and continuous heat-
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load coupling preclude reliable participation in the restoration energy products (aFRR and
mFRR) and in the containment products (FCR-N, FCR-D) and fast frequency reserve (FFR),
so the heat pump is modelled as a spot-only asset (Section 5.3, Table 3). This embodies an
explicit efficiency-flexibility trade-off. The boiler, operating at near-unity efficiency, can in
principle supply rapid grid services across the disturbance and restoration products (the
modelled set is mFRR). The heat pump, operating at a COP of 3 to 4, instead concentrates
its value in spot dispatch. When a large heat pump is equipped with thermal energy storage,
the storage acts as a flexibility buffer, allowing the HP-plus-TES system to participate in
faster reserve products through the storage unit rather than the heat pump compressor.
However, this coupled archetype is noted only qualitatively and is not modelled as a fourth
primary archetype in the present analysis. Section 4.4 addresses thermal storage as a
coupling parameter on both the boiler and heat pump baselines, whilst Section 4.5 presents
a synthetic comparison of all three archetypes' techno-economic profiles and operational

constraints.

4.4 Thermal energy storage as a coupling parameter

Thermal energy storage decouples the timing of electricity consumption from the timing of
heat delivery. Consider an electric boiler or large heat pump serving a district heating
network or an industrial heat circuit. Adding a thermal store lets the asset charge during low-
price hours and discharge across the rest of the day, monetising spot-price volatility while
still meeting the heat-load profile (Bloess et al. 2018; Sihvonen et al. 2024). In Section 4.1
this decoupling was introduced as the operational mechanism behind the hybrid
configurations that dominate recent Nordic deployments; this section treats the storage
parameters that the methodology in Chapter 5 will use. Five coupling parameters are
sufficient to characterise the storage from the dispatch perspective: the maximum charge
power in megawatts, the maximum discharge power in megawatts, the storage capacity in
megawatt-hours, the round-trip efficiency, and the usable temperature swing. The first three
describe how much electricity can be banked and how fast the heat can be drawn back. The
last two describe how much of the banked heat is recovered and how the storage temperature

window interacts with the heat-circuit forward and return temperatures.
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Two technology classes cover the operational use cases relevant to this thesis. Tank thermal
energy storage (TTES), in which water at network forward temperature is stored in
pressurised or atmospheric tanks, is the dominant configuration for Nordic electric-boiler
hybrids and is sized for cycle horizons from a few hours to roughly a week. Pit thermal
energy storage (PTES), in which a large excavated and lined pit holds water at district-
heating temperatures, is sized for seasonal storage and is the dominant configuration in
Danish solar district heating. The Nordic electric-boiler-plus-TTES installations introduced
in Section 3.3.1, including Vantaa Energia's Martinlaakso plant and Fortum's Espoo plant,
use accumulators sized for daily-to-weekly cycling rather than seasonal storage. This fits the
daily price-arbitrage logic that underpins the electric boiler plus TES archetype (B) of
Section 4.2. The Marstal pit storage in Denmark is the canonical Nordic PTES reference. It
holds 75,000 m?, is charged to 80 to 85 °C in summer and discharged down to 10 °C in
winter, and has a service life of 25 years certified by Lloyd's Register and a maximum heat

loss specification of 10 percent annual (CEE Bankwatch Network 2022; Steinbeis 2019).

The methodology relevance differs between the two classes. Short-cycle TTES couples
cleanly to the daily and intraday spot-price cycle and to the reserve-product activation
timescales, so the electric boiler plus TES archetype in Section 4.2 is the operational case
the Chapter 5 perturbation model focuses on. The storage capacity in megawatt-hours and
the round-trip efficiency enter the model as parameters on the boiler. Seasonal PTES, by
contrast, performs solar-harvest balancing across months and is not the operational case for
daily price arbitrage; the Marstal reference functions in this thesis as a technology-class
anchor for storage longevity at scale rather than as the directly modelled coupling. For the
heat pump plus TES case introduced briefly in Section 4.3, the storage absorbs the heat
pump's slow-ramp constraint and unlocks faster reserve-product participation; this
combination is noted qualitatively as a future-work item rather than treated as a fourth

archetype.

4.5 Comparative archetype summary

The three archetypes covered in Section 4.2 to Section 4.4 differ along axes that the
methodology in Chapter 5 will treat as inputs and the results in Chapter 6 will treat as the

comparative-ranking surface. Table 1 collects the parameter set for the Chapter 5
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methodology. The numbers come from the same primary sources cited in the preceding
sections: the Danish Energy Agency (2022) Technology Data Catalogue for the technology-
class central values, Parat (2024) for the manufacturer-stated boiler dynamics, Pieper et al.
(2020) for the heat pump COP envelope, and the CEE Bankwatch (2022) report for the pit
thermal energy storage longevity benchmark. Where a parameter is not stated in the verified
primary source, the table records the gap explicitly rather than infilling it; the underlying

gaps are documented at Section 4.6.

Table 1. Comparative parameter set for the three Chapter 4 archetypes.

window served

6 to 85 bar(g) for
low/medium-T industrial heat

temperature limited by
network return

(A) Electric boiler
Parameter standalone (B) Electric boiler + TES (C) Large heat pump
Temperature Up to ~100 °C in DH; steam | As (A); TES forward ~80 to 100 °C forward (air,

seawater); up to ~140 °C
with industrial excess heat

Design-point

98 t0 99 %

98 to 99 % at boiler, x TES

COP varies with source and

heat-load variation

efficiency or COP round-trip efficiency for the sink temperature; off-design
stored fraction benchmarked against Pieper

et al. (2020)
Ramp rate 305s,0to 100 % 30 s at boiler; TES decouples | Minutes (compression-cycle

bound)

Minimum stable
load

5 % of nameplate

5 % at boiler; TES allows
full-load operation in low-
price hours

Not tabulated in DEA 2022
PDF; multi-unit installations
modulate by switching
COmpressors

Investment cost
(capacity
component)

0.07 to 0.15 ME/MW (HV
electrode to LV resistance)

Boiler as (A); short-cycle
TTES not tabulated in the
DEA catalogue

~0.8 to 1.1 ME/MW total
(Pieper et al. 2018); HP unit
38 to 54 % of total; size- and
source-sink-dependent (cf.
§4.6)

Technical lifetime

20 years

20 years (boiler); 25 years
(PTES)

15 to 25 years

Reserve eligibility
(in principle;
modelled set in

FCR-D, aFRR, mFRR up and
down; not FCR-N or FFR

As (A); TES widens
dispatchable hours, not
eligibility

Spot-only (Table 3)

Table 3)

Hybrid coupling Rare alone; most installations | Dominant configuration in HP plus TES noted

note include TES recent Nordic deployments qualitatively, not modelled as
(Vantaa Martinlaakso, a fourth archetype
Fortum Espoo)

Sources: boiler efficiency, ramp, minimum stable load, cost and lifetime from Danish Energy Agency (2022, 306-313); heat-pump COP
and lifetime from Danish Energy Agency (2022, 297-299); heat-pump project cost from Pieper et al. (2018); off-design COP
methodology from Pieper et al. (2020); thermal-store (PTES) service life from CEE Bankwatch Network (2022); boiler ramp also Parat
(2024).

Reading across the table, the central operational contrast is the trade-off between flexibility
and efficiency. The standalone electric boiler is the most flexible asset, with 30-second
ramping, 5 percent minimum load, and in-principle eligibility for the disturbance and

restoration products. The modelled set is spot plus mFRR up and down energy and mFRR
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capacity, with aFRR excluded on operational grounds (Table 3). Its conversion efficiency is
near unity, which sets a low-ceiling on-heat output per electricity input but also keeps the
marginal cost of heat tied directly to the wholesale electricity price. The large heat pump is
the most efficient asset: a COP between 3 and 4 at design point delivers three to four units
of heat per unit of electricity. The compression cycle and refrigerant inventory, however,
limit ramping to the order of minutes and exclude the heat pump from the fastest reserve

products.

The capital-cost ratio runs in the opposite direction: published specific investment costs for
large-scale district-heating heat pumps are on the order of 0.8 to 1.1 ME/MW (Pieper et al.
2018), several times the electrode boiler's 0.07 to 0.15 ME/MW (Danish Energy Agency
2022, 311). The heat-pump unit itself makes up 38 to 54 per cent of the total project cost,
and the remainder falls on the heat source, integration and grid connection (Pieper et al.
2018). Adding thermal energy storage does not change the boiler's instantaneous parameters,
but it adds a time-shifting layer that lets the asset charge during low-price hours and deliver
heat across the day. Under volatile spot-price profiles this lifts the boiler's expected revenue

per installed megawatt (Bloess et al. 2018; Sihvonen et al. 2024).

The implication for the analysis that follows is an efficiency-flexibility tradeoff between the
archetypes. The boiler operates at near-unity efficiency and across the disturbance and
restoration reserve products. The heat pump operates at a far higher coefficient of
performance, but its slower ramp confines it to spot dispatch, and it sits behind a higher bid
floor. Which property dominates the stacked value is the comparative question that Chapter
6 resolves across the three 2035 scenarios, reading off the parameter set collected here. The
modelled market set in Chapter 5 is the day-ahead spot market and mFRR up and down
energy, with mFRR capacity as a stacked extension. aFRR is excluded on operational
grounds, so the in-principle reserve eligibility recorded above is physical capability rather
than the modelled stack. The comparative analysis applies a conservative annual-average
coefficient of performance of 2.5 for the heat pump, below the 3 to 4 design-point range, to
reflect winter derating and part-load operation. Section 4.6 records the boundary conditions

and the parameter gaps that constrain the ranking exercise.
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4.6 Boundary conditions and limitations

The chapter parameterises three archetypes (electric boiler standalone, electric boiler plus
thermal energy storage, large heat pump) for the methodology in Chapter 5. Several

boundaries on what the chapter does and does not cover are set out below.

The scope is locked to district heating and low-medium-temperature industrial heat including
greenhouses. Industrial process heat above 200 °C is out of scope. The IEA temperature-tier
framing introduced at Section 4.1 places industrial heat pumps at progressively lower
technology readiness as temperature rises, reaching early-prototype maturity above 200 °C
(IEA 2022, 36-37). The high-temperature tier is therefore not addressed by the heat-pump
and electric-boiler archetypes treated here; direct electrification routes (resistance, plasma,
induction, microwave) and hydrogen-based heat are the dominant decarbonisation

candidates above 200 °C, and they are not modelled in this thesis.

A few parameter gaps constrain the archetype profiles and are noted here. The Parat (2024)
electrode-boiler brochure does not state ramp rate, minimum stable load, or total efficiency
as explicit figures, so Chapter 5 uses the Danish Energy Agency (2022) technology-class
values for these three parameters rather than the manufacturer's materials. The Danish
Energy Agency catalogue reports Lorenz-efficiency data and per-archetype datasheets for

heat pumps, but it does not tabulate a full per-size investment-cost matrix in the public PDF.

The Section 4.3 cost band is therefore anchored on the published large-scale heat-pump
investment dataset of Pieper et al. (2018), which reports a total specific investment of about
0.8 to 1.1 ME/MW across 26 Danish district-heating projects, cross-read with the catalogue's
component-allocation framework (Danish Energy Agency 2022, 298). Helen has not
published the Esplanadi heat pump's design-point COP, refrigerant, or electrical input, so
Section 4.3 reports only the stated figures and grounds the technology-class COP on Pieper
et al. 2020. Round-trip efficiency and operational temperature swing for seasonal pit thermal
energy storage are not given as single figures in the sources cited at Section 4.4, so the pit-

storage parameters are treated qualitatively rather than as fixed model inputs.

The named large-heat-pump installations used in Section 4.3 are limited to the well-
documented Virtan-Ropsten and Esplanadi projects, the two Nordic cases for which design

parameters can be sourced; no further named project is added beyond these.
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Finally, behaviour outside the locked archetype set is not modelled. High-temperature
electrification options (direct resistance, plasma, induction, microwave) and hydrogen-based
heat are out of scope by the >200 °C cut and would in any case sit in different sections of
the merit-order stack. The heat-pump-plus-TES coupling is noted qualitatively and left to
future work rather than treated as a fourth archetype here. The chapter therefore exposes the
parameters required for the methodology in Chapter 5 and records its boundaries; the asset
bidding philosophy and the sensitivity treatment of the coupling-parameter ranges land in

their respective chapters.
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5 Methods

This chapter sets out the methodology used to answer the research questions, organised in
the order the analysis flows. Section 5.1 fixes the purpose and scope, and Section 5.2 the
data layer. Section 5.3 sets out the asset-level dispatch model, comprising the opportunity-
cost bid floors and the common seasonal heat-demand envelope that all three archetypes
share. Section 5.4 constructs the three 2035 scenarios by a chronological price-series
transform, Section 5.5 defines the key performance indicators, and Section 5.6 the sensitivity

design.

5.1 Purpose and scope

Chapter 5 specifies a two-layer methodology. The asset layer dispatches the three Chapter 4
archetypes under opportunity-cost bidding against the 2025-26 hourly Finland (FI) day-
ahead spot price and the Fingrid manual frequency restoration reserve (mFRR) clearing
series. All three archetypes share a common seasonal heat-demand envelope, built from
Finnish heating degree days and a domestic-hot-water floor. The envelope fixes how much
heat each archetype must serve in each month. Merit-order dispatch then fills every month's
heat budget from the cheapest viable quarter-hours, so that price, the coefficient of
performance (COP), reserve eligibility and storage timing differentiate the archetypes rather
than an assumed per-technology utilisation quota. The system layer represents how large-
scale 2035 deployment reshapes the prices the archetypes earn against, through a
chronological transform of the price series. A cheap-hour-fill transform that lifts and
compresses the low-price tail captures the demand-side effect, in which deeper electrified-
heat deployment bids up the cheapest hours and erodes boiler spot value. A mean-and-tail
shift captures the supply-side effect, in which rising variable-renewable energy (VRE)

generation depresses and deepens spot prices. The transform is set out in Section 5.4.

Each methodological component answers a specific sub-research question. The asset-level
dispatch model of Section 5.3 comprises the bid-floor rules (Equations (1) and (2)), the per-
quarter dispatch (Equations (3) to (5)), and the common seasonal heat-demand envelope

(Equation (6)). Read at the Reference scenario, it addresses Sub-RQ 1: the baseline value an
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archetype earns and how it is composed across streams. The price-series transform of Section
5.4 addresses Sub-RQ 2, how large-scale deployment reshapes the Finnish spot distribution
toward 2035. The per-archetype dispatch evaluated across the three scenarios, together with
the endogenous-versus-exogenous comparison, addresses Sub-RQ 3, the comparative
ranking and its sensitivity to capturing price feedback rather than treating the market as
exogenous. Sub-RQ 4, the asset-selection and wider-flexibility-stack implications, is taken
up in the Chapter 7 discussion. The key performance indicators that report each are specified

in Section 5.5.

The headline stacked-value calculation in Chapter 6 includes the day-ahead spot market and
the mFRR up and down energy markets; mFRR capacity is reported as a stacked extension
rather than in the energy-only headline. The automatic frequency restoration reserve (aFRR)
is excluded on operational grounds: it is continuous second-by-second symmetric regulation
that a thermal binary boiler cannot deliver, consistent with the frequency containment
reserve exclusion below. Frequency containment reserves (FCR-N, FCR-D) and fast
frequency reserve (FFR) are excluded because no Chapter 4 archetype is operationally

eligible. Per-archetype eligibility within this modelled set is fixed in Section 5.3.

The clearing region modelled is the Finnish (FI) bidding zone only; cross-border flow is
treated as exogenous, with Nordic-wide implications discussed semi-qualitatively in Chapter
7. The calibration window is the 12 months ending at the most recent complete month before
submission (1 May 2025 to 30 April 2026 in the present analysis). Dispatch is computed at
15-minute resolution, the native imbalance settlement period (ISP) from the 1 October 2025
Nordic transition; pre-transition hourly spot values are carried at 15-minute resolution within

each hour, and each quarter-hour contributes 0.25 MWh per MW.

Three scenarios for 2035 are introduced here at headline level and parameterised in Chapter
6, read as points on a single axis: the balance between electrified-heat demand growth and
VRE supply growth toward 2035. Reference carries the 2025-26 market forward.
Electrification-led 2035 is the case in which electrified-heat deployment outpaces VRE
growth, so flexible demand fills the cheapest hours faster than new renewables deepen them.
VRE-led 2035 is the opposite case, in which renewable supply grows faster than flexible

demand can absorb, leaving a deeper low-price tail. Reference sits between the two.



43

The methodology tests three hypotheses. Each is a prior expectation grounded in the dispatch
mechanism, and each is tested against the results in Chapter 6. HI1 is the efficiency
hypothesis. On spot and combined energy value per MW-heat, the large heat pump (C) is
expected to lead. Its coefficient of performance (COP), set at 2.5 (Pieper et al. 2020), lowers
its effective cost of heat and keeps it economic up to a spot price of about 102.5 EUR/MWh,
against the boilers' 35 EUR/MWHh. It therefore serves more of the annual heat budget on
electricity. H2 is the reserve-stacking hypothesis. Only the electric boilers (A and B) are
eligible for mFRR, and the thermal store of archetype B extends two-way availability across

the year.

Adding mFRR energy and capacity can therefore lift the storage-coupled boiler B above the
heat pump on total stacked value, even where the heat pump leads on spot alone. H3 is the
cross-over hypothesis. The ranking is expected to be conditional on the demand-versus-
supply balance rather than structural. Deeper electrified-heat deployment bids up the deep-
cheap and negative hours on which the boilers' spot value most depends, cannibalising boiler
value far more than the COP-buffered heat pump. An Electrification-led future therefore
moves the heat pump ahead on every layer, while a VRE-led future favours the boilers. Prior
comparative work that holds the price series exogenous misses this demand-side feedback,

and so understates how much the ranking moves with the scenario.

5.2 Data layer

This section defines the data inventory, source set, and harmonisation rules. The
methodology operates on six Finnish (FI) bidding-zone market series: the day-ahead spot
price, the manual frequency restoration reserve (mFRR) up and down energy clearing prices,
the mFRR activation volume, and the mFRR up and down capacity prices. Sources are the
Fingrid (2026c) Open Data Portal and the European Network of Transmission System
Operators for Electricity (ENTSO-E) Transparency Platform (ENTSO-E 2026). One
meteorological series, the daily mean outdoor temperature at the Helsinki Kaisaniemi
observation station of the Finnish Meteorological Institute (FMI), supplies the heating
degree days that build the seasonal heat-demand envelope of Section 5.3 (FMI 2026). All

series are downloaded directly from these sources and pre-processed for time-zone
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normalisation, granularity reconciliation, unit conversion, and missing-value treatment

before entering the analysis.

The energy-only headline isolates day-ahead spot and mFRR up and down energy. mFRR
capacity is reported separately as a stacked extension, because capacity products pay for
standby availability rather than energy delivered, whereas an electrified-heat archetype
captures most of its value through fuel displacement that requires energy actually dispatched.
The automatic frequency restoration reserve (aFRR) is excluded on operational grounds: it
is continuous symmetric regulation a thermal binary boiler cannot deliver. Frequency
containment reserve for normal operation (FCR-N) is likewise operationally incompatible
with district-heating contracts: electric boilers cannot hold symmetric partial-load headroom,
and heat pumps' minutes-scale equilibration rules out FCR-N participation. Other products
(FCR-D, FFR) may be cited at point of use in Section 6 or Chapter 7 but do not enter the

headline series.

Source assignment runs from the inventory. The Fingrid Open Data Portal hosts five of the
six series natively. These are the mFRR up and down energy clearing prices (datasets 244
and 106), the signed mFRR activation volume (dataset 342), and the mFRR up and down
capacity prices from the balancing capacity market (datasets 329 and 330). The day-ahead
spot price comes from the ENTSO-E Transparency Platform under data item 12.1.D. Figure
4 summarises the source-to-dispatch data flow, and Table Al.1 (Appendix 1) specifies the
primary source and methodological role per series. The 2035 scenarios are not fitted to
Finnish hourly demand and renewable-generation series. They are built by a declared
parametric transform of the spot series (Section 5.4), anchored on the published Nordic
variable-renewable-energy trajectory (Nordic TSOs 2025b) and on the electric-boiler full-
load-hour response reported by Hiltunen et al. (2025, 6). The load, wind, solar, hydro, and
cross-border series used by the earlier residual-demand approach therefore do not enter the

data layer.
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Fingrid Open Data Portal (Fingrid 2026c) ENTSO-E Transparency (ENTSO-E 2026)

mFRR up/down energy price (244, 106)
mMFRR activation volume (342)
mFRR up/down capacity price (329, 330)

. /

Pre-processing (series by series)

Day-ahead spot price
under data item 12.1.D

Time-zone normalisation; granularity reconciliation to the
15-minute quarter; VAT-inclusive c/kWh to EUR/MWh; missing-value treatment

i

Six FI series (Table T5.2-1)

spot; mFRR up/down energy price; activation volume;
mMFRR up/down capacity price

v

Corrected per-quarter dispatch (Section 5.3) and scenario transform (Section 5.4)
Per-archetype utilisation factors; demand- and supply-side cannibalisation

Figure 4. Source-to-dispatch data flow for the Chapter 5 methodology.

Granularity is handled in two phases separated by the 1 October 2025 Nordic balancing-
market transition. Through September 2025 the mFRR energy series are published at 60-
minute imbalance settlement period (ISP), aligning with the hourly target. From October
2025 onward the Nordic markets move to 15-minute ISP, and the series are used at their
native 15-minute resolution, with pre-transition hourly values carried within each quarter.
The mFRR activation volume is published at sub-hourly resolution and is aggregated to the
dispatch quarter as a signed activation indicator; the mFRR capacity prices are hourly and
enter as an hourly fee. The day-ahead spot price is converted from the published value-
added-tax-inclusive ¢/kWh quotation to EUR/MWh before dispatch. The harmonisation
rules are specified in Table A1.2 (Appendix 1).

The analysis window is the twelve months from 1 May 2025 to 30 April 2026, the most
recent complete year before submission, shown in Figure 5. The corrected dispatch is
evaluated directly over this window as a single quarter-hourly series rather than split into
calibration and out-of-sample validation periods; the window spans the 1 October 2025 ISP

transition, and the harmonisation above produces a single comparable series across it.
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2025 1 Oct 2025: 60-min ISP to 15-min ISP 2026

Analysis window: 1 May 2025 to 30 April 2026 (12 months, single series)

May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr

Dispatch evaluated directly over the window at 15-minute resolution; no out-of-sample split. Harmonisation per Table T5.2-2

Figure 5. Analysis window, 1 May 2025 to 30 April 2026, spanning the 1 October 2025

imbalance-settlement-period transition.

Both tables are reference material rather than core narrative and are reproduced in Appendix

1.

5.3 Asset-level bidding model

Flexible-heat assets submit bids based on opportunity-cost logic. An asset dispatches on
electricity when the prevailing market price falls below the cost of an alternative fuel, here
biomass. This price-threshold rule is the established way power-to-heat is operated in Nordic
district heating, where an electric boiler runs in the cheapest hours and switches back to the
alternative heat source as electricity becomes expensive (Bloess et al. 2018, 13; Hiltunen et
al. 2025, 7). The bid-floor rules of Equations (1) and (2) apply this standard formulation
directly; the thesis's own contribution is instead the common seasonal heat-demand envelope
on which the three archetypes are compared, the price-series transform that builds the 2035

scenarios, and the calibration of both to Finnish data.

The value credited to a running asset is the avoided biomass cost, captured as a saving against
the spot price it pays, together with any mFRR energy and capacity revenue it earns; capital
cost and discounting are excluded, so the comparison ranks operating value. The biomass
alternative-fuel cost is the author's central assumption, set at 45 EUR/MWh and swept from
30 to 60 EUR/MWh in the Section 5.6 sensitivity. It is the single most load-bearing
parameter, because it sets both bid floors. The bid floor reflects this switching cost.
Archetypes A and B set the bid floor equal to the alternative-fuel cost minus the distribution
surcharge (transfer). Archetype C operates at a COP greater than one, so its bid floor is the

alternative-fuel cost multiplied by COP and minus transfer. This yields a higher spot-price
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threshold that reflects the heat pump's thermodynamic advantage. This opportunity-cost

framing is applied consistently: assets bid at the threshold where the dispatch decision flips.

The bid floor for each archetype is given in Equations (1) and (2). For archetypes A and B,
the floor is the alternative-fuel cost minus the transfer cost. For archetype C, the alternative-
fuel cost is first multiplied by the COP and the transfer cost is then subtracted, giving the
alternative-fuel cost times COP, minus transfer. Example 5.1 then works the dispatch
through with the model's representative COP of 2.5, a biomass cost of 45 EUR/MWh, and
the 10 EUR/MWh transfer cost carried through the analysis, so its bid floors match those in
Table 6.

Equation (1) gives the floor for archetypes A (electric boiler) and B (electric boiler plus
thermal energy storage); Equation (2) gives the floor for archetype C (large heat pump).

bid flOOI.A,B = Cait — Cxfer (1)
bid floorc = ¢, X COP — t4; (2)

where ¢, is the alternative-fuel cost expressed in EUR per MWh of heat delivered, t,., is
the distribution surcharge or transfer cost expressed in EUR per MWh of grid-delivered
electricity, and COP is the coefficient of performance (dimensionless). The transfer cost
combines a network tariff and the Finnish electricity tax. Only the tax component is sourced
(Verohallinto 2026); the 10 EUR/MWh central value is the author's estimate of the tariff and
tax together. The COP factor on archetype C scales the per-MWh-heat alternative cost up to
the per-MWh-electricity break-even spot price; the transfer cost is then subtracted at its
native per-MWh-electricity basis. For archetypes A and B (boiler efficiency near unity), the

two bases coincide and the formula reduces to the difference shown.

The bid-floor formula governs dispatch at every clearing: if the spot price falls below the bid
floor, the asset runs on electricity; if a reserve product clears above the bid floor and the
asset is eligible, the asset participates in the reserve market instead. The methodology is
illustrated by a stylised two-hour example, set out in Example 5.1. It compares one electric
boiler (representing archetype A or B) with one large heat pump (archetype C). Both are
rated at one MW of heat output (MW-heat), the per-MW-heat basis used throughout the
chapter, so each delivers one MWh of heat per hour. The boiler consumes one MWh of

electricity for that heat, whereas the heat pump, at a COP of 2.5, consumes only 0.4 MWh.
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The alternative fuel is biomass at 45 EUR per MWh of heat, and the transfer cost is 10 EUR

per MWh of electricity, the central values carried through the analysis.

Example 5.1. Opportunity-cost dispatch over a stylised two-hour case,

per MW-heat.

The bid floors follow Equations (1) and (2). For the boiler the floor is 45
minus 10, or 35 EUR/MWHh; for the heat pump it is 45 times 2.5 minus 10, or
102.5 EUR/MWh. These are the values carried in Table 6.

In hour one the day-ahead spot price is 30 EUR/MWh and no balancing is
activated. The boiler runs, because 30 lies below its 35 floor; it avoids one
MWh of biomass while paying for one MWh of electricity plus transfer, a
saving of 45 minus (30 plus 10), or 5 EUR per MWh of heat. The heat pump
also runs, because 30 lies far below its 102.5 floor, it avoids one MWh of
biomass while paying for only 0.4 MWh of electricity plus transfer, a saving
of 45 minus 0.4 times (30 plus 10), or 29 EUR per MWh of heat. The same
heat-pump figure follows from its electricity-basis margin of 102.5 minus 30,
divided by the COP of 2.5.

In hour two the spot price is again 30 EUR/MWh, but mFRR up-regulation
is activated and clears at 80 EUR/MWh. The boiler is eligible for mFRR.
Because the 80 clearing price exceeds its 35 floor, the boiler is worth more
curtailing its heat consumption and selling up-regulation than running for
heat, earning 80 minus 35, or 45 EUR per MWh of heat curtailed. The heat
pump is not eligible for mFRR under the Section 5.3 modelled set, so it
continues on spot and again saves 29 EUR per MWh of heat.

Over the two hours the boiler earns 5 plus 45, or 50 EUR per MW-heat, while
the heat pump earns 29 plus 29, or 58 EUR per MW-heat. The heat pump
leads on spot value alone, and the boiler closes most of the gap through the

reserve stream that it can reach and the heat pump cannot.

The example is stylised. Full results under the historical and scenario-perturbed price series

are reported in Chapter 6.
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Dispatch is evaluated per 15-minute quarter against the bid floor of Equations (1) and (2),
subject to the monthly heat budget of Equation (6). In each quarter the archetype runs on
electricity when the spot price sits below its bid floor, banking a spot saving equal to the
floor-minus-spot difference. While running, a boiler can additionally provide mFRR up-
regulation: when up-regulation is activated and its clearing price exceeds the bid floor, the
boiler reduces consumption and is paid an increment of up-regulation-price-minus-floor.
While idle, a boiler provides mFRR down-regulation as surplus absorption: when down-
regulation is activated and clears below the bid floor, the boiler turns on to consume the
surplus and banks floor-minus-down-price. A down-activation delivers heat and so draws on
the same monthly heat budget as a spot-run quarter; the two never use the same heat sink
twice. The boiler's down-side reach is therefore bounded by the seasonal heat-demand
headroom set out in Equation (6) rather than by a fixed summer cut-off. The large heat pump

(archetype C) is restricted to spot dispatch.

A consuming load can up-regulate only while it is running, that is, only in cheap hours. It
therefore structurally misses the high-value up-regulation that clears in the expensive
scarcity hours. Down-regulation, by contrast, is available whenever the load is idle and has
heat-demand headroom. mFRR capacity is added on top as an availability premium paid per
MW per hour whether or not it is activated, and is reported as a stacked extension above the
energy-only headline. The store of archetype B both shifts its spot consumption toward the
cheapest days and widens its reserve availability in both directions, as Equation (6) makes

precise.

Per installed MW and per quarter, with s;, the spot price, ¢, and c}, the mFRR up and down

clearing prices, and B, the bid floor:
SpotSaving, = max(0, B, —sp) - 1/4  (running, s, < B,) 3)
mFRRup, = max(O, cj — Ba) -1/4  (running and up-regulation activated) 4)
mFRRdown,, = max(O, B, — c,ll) -1/4  (idle and down-regulation activated) (5)

The cost bases follow directly from the bid floor B, = c,; — tyfer- A spot-run quarter
consumes electricity and pays the spot price plus the transfer cost, so its value c,;; — (s, +
tyer) €quals the floor-minus-spot difference. A down-activation likewise consumes

electricity and pays the balancing-down price plus transfer, so its value c,; — (c,ll + tyfer)
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equals floor-minus-down. An up-activation curtails consumption rather than adding it, so no
transfer is paid and its value is C,Tl — (Ca1t — tfer), the up-clearing price minus the bid floor,
banked on top of the spot saving already earned while running. For the heat pump the same
logic applies per unit of heat, where the effective cost of heat is (s, + tys,)/COP, which is
why its in-the-money band reaches a spot price of 102.5 EUR/MWh against the boiler's 35.
One simplification is declared. A single 1 MW-heat unit is credited the full spot saving and
the full mFRR energy of the same quarter. This over-counts the physical conflict between
consuming for heat and curtailing for reserve, so the energy and reserve totals are an upper

bound, restated where they are reported in Chapter 6.

The three archetypes are compared per MW-heat on a common annual heat duty rather than
under separate per-technology utilisation quotas, so that price, COP, reserve eligibility and
storage timing differentiate them rather than an assumed access gap. An earlier formulation
scaled each archetype by a single annual utilisation factor (0.21, 0.29 and 0.68 for A, B and
C, drawn from heterogeneous sources). Those factors are retired, because giving a 1 MW-
heat heat pump and a 1 MW-heat boiler different annual operating quotas pre-judged the
comparison. Utilisation is instead an emergent outcome of dispatching every archetype

against the same monthly heat-demand envelope.

The envelope distributes one MW-heat-year of demand across the twelve months as a share
d,, combining a flat domestic-hot-water (DHW) floor and a weather-driven space-heating

term:

A =1£2+ A=Pwm, Y dn=1 (©
m
where w,, = HDD,,,/>HDD is the monthly share of Helsinki heating degree days and f is
the DHW share of annual heat demand. This is the demand decomposition of Javanshir et
al. (2024, 4), who model the same capital-region district-heating networks with hourly space-
heating demand linearly dependent on outdoor temperature, zero above a +17 °C base, and
domestic hot water held at 30 per cent of annual heat demand spread evenly across the year.
The DHW share is therefore set to f = 0.30 (Javanshir et al. 2024, 4), with 0.20 and 0.40
carried as a sensitivity in Section 5.6. The degree-day shares wy, are the Helsinki Kaisaniemi
S17 lammitystarveluku over the analysis window (FMI 2026), the published degree-day sum

on the same +17 °C base, so the FMI series is exactly the space-heating numerator of the
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Javanshir decomposition. June and July register zero degree days and are carried entirely by

the DHW floor.

Each month's heat budget is Q,, = Hyer, - 4y, MWh-heat per MW-heat, where Hg.,, is a
common annual full-load-hour cap of 6000 hours shared by all three archetypes, taken from
the base-load district-heating heat-pump figure of the Danish Energy Agency (2022, 11).
The figure is a base-load heat-pump dimensioning, but it is applied here as a shared ceiling
rather than as a per-technology utilisation, so that no archetype is given a larger annual heat
duty than another. Using a single base-load cap is therefore a deliberate comparability
choice; the difference between this cap and the lower running hours of a real peaking boiler
is taken up in Chapter 7. The budget is filled by merit order: within each month the cheapest
viable quarter-hours, the spot-run quarters below the bid floor and the surplus-absorbing
down-activation quarters, are taken until Q,,, is met. The two limits bind in opposite seasons:
price binds in winter, when scarce cheap power leaves few viable hours, and heat demand
binds in summer, when power is cheap but little heat is needed. Archetypes A and C dispatch
the budget day by day; the thermal store of archetype B dispatches it across the whole month,
concentrating consumption on the cheapest days, which is the emergent spot-side edge of
storage rather than a hard-coded uplift. Table 2 sets out the resulting envelope and the

common dispatch parameters.

Table 2. Seasonal heat-demand envelope (Helsinki S17, 1 May 2025 to 30 April 2026) and

common dispatch parameters.

Month Degree-day share w,, Demand share d,,
January 0.215 0.175
February 0.204 0.167
March 0.123 0.111
April 0.092 0.089
May 0.041 0.054
June 0.000 0.025
July 0.000 0.025
August 0.003 0.027
September 0.017 0.037
October 0.075 0.077
November 0.103 0.097
December 0.128 0.115

The degree-day shares w,, are the Helsinki Kaisaniemi S17 ldmmitystarveluku over the
analysis window (FMI 2026), normalised to sum to one. The demand shares follow Javanshir

etal. (2024, 4).d,,, = /12 + (1 — B) w;, £ = 0.30 The parameters held in common across
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the three archetypes carry the following provenance. The annual heat cap Hy.p, is 6000 full-
load hours, sourced from the Danish Energy Agency (2022, 11). The COP is 2.5, sourced
from Pieper et al. (2020) and set conservatively below their design-point range. The biomass
alternative cost c,; is 45 EUR/MWh, the author's central assumption, swept from 30 to 60
in Section 5.6. The transfer cost t,s, is 10 EUR/MWh, the author's estimate of a network
tariff plus the Finnish electricity tax, of which only the tax is sourced (Verohallinto 2026).
The bid floors, 35 EUR/MWh for archetypes A and B and 102.5 EUR/MWh for archetype
C, are derived from these values through Equations (1) and (2). Only the normalised monthly
shape enters the model, so the higher annual degree-day total of the colder analysis-window

winter changes the distribution of demand across months but not the result.

Reserve participation is recomputed from this capped dispatch on a seasonal availability
factor rather than a single annual scalar and applies to the boilers only. The down-side
availability a4, = d,,/max,,d,, is the continuous monthly analogue of the boiler's ability to
absorb a turn-on only where heat demand has headroom. It is high in winter and near zero
in the demand-starved summer, consistent with capital-region electric boilers running base
load on the cheapest hours and standing idle in summer when waste-heat and base units
cover the load (Hiltunen et al. 2025, 7). The thermal store of archetype B raises this to a5, =
af + (1 —a#)s, always above A and still seasonal. Here s is a storage-relaxation
parameter, set at the author's central assumption of 0.40 and swept from 0.20 to 0.60 in
Section 5.6. mFRR capacity is the availability premium introduced with the per-quarter
dispatch above. It accrues as up-capacity on running hours and as down-capacity on idle
hours, each weighted by the same seasonal factor. For the store there is an additional idle-
hour up-capacity contribution: it requires charging uneconomically, so it is credited only
where the capacity premium exceeds that spot loss, and only net of it. The up and down
directions share one availability factor (a4, for A, aB, for B), so the directional difference
lies in the netted value rather than the availability, and the heat pump earns no reserve or
capacity. The utilisation each archetype realises, and the resulting stacked value, emerge

from this dispatch and are reported in Chapter 6.

The modelled market set is deliberately limited to the day-ahead spot market and mFRR up
and down energy and capacity. Electric boilers can in principle reach the faster products

(FCR-D, aFRR), and do so in practice through aggregation. Those products are excluded
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here for tractability and because mFRR is the product the archetypes satisfy most cleanly.

The heat pump is excluded from all reserves on the operational grounds set out above.

The per-archetype eligibility within the modelled market set is given in Table 3. Archetypes
A and B can participate in spot, mFRR up and down energy, and mFRR capacity (reported
as a stacked extension). Archetype C is restricted to spot dispatch. The footnote carries the

substantive rationale for the C asymmetry.

Table 3. Per-archetype eligibility within the modelled market set.

mFRR-up mFRR-down
Archetype Spot (Energy) (Energy) mFRR capacity
A: Electric boiler v v v v
B: Boiler + TES N4 v v v
C: Large heat v X X X
pump

Archetype C is restricted to spot dispatch because the compression cycle and refrigerant-
inventory equilibration of a large heat pump operate at minutes-scale, exceeding the ramp
and hold windows of mFRR. Heat-load coupling further restricts intermittent activation.
mFRR-down opportunism (the heat pump absorbing during system surplus) may be feasible
at specific sites but is not stacked into the headline. aFRR, FCR, and FFR are excluded per
Section 5.2. mFRR capacity is an additive hourly fee (up-capacity while running, down-

capacity while idle) reported as a stacked extension, not part of the energy-only headline.

Each archetype bids at its opportunity-cost-derived floor against the prevailing price series,
behaving as a price-taker at the asset level. Aggregate 2035 deployment is represented at the
system level through the Section 5.4 price-series transform. A cheap-hour-fill shift bids up
the low-price tail, capturing the demand-side feedback as the boilers' cheap-hour spot capture
erodes under deeper deployment, while a mean-and-tail shift represents the supply-side
effect of rising VRE. Re-dispatching each archetype on the transformed series lets this
feedback emerge in the result rather than imposing it as a separate factor. This closes the
system-aware link between asset-level dispatch and aggregate price formation and is the

methodological seam between Chapter 5 and Chapter 6.
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5.4 Scenario construction via price-series transformation

This section specifies how each 2035 scenario is computed. Each scenario applies a
chronological transform to the 2025-26 spot price series, and the per-quarter dispatch of
Section 5.3 is re-run on the transformed series. The change in the boilers' cheap-hour capture,
and therefore the demand-side cannibalisation, then emerges from the re-dispatch rather than
being imposed as a separate factor. The parametric-price-series-as-scenario-handle structure
follows Ueckerdt et al. (2015), applied here to the day-ahead price series rather than to
residual load. The three scenarios are points on the electrification-versus-VRE balance:

Reference, Electrification-led 2035, and VRE-led 2035.
The transform maps each quarter's spot price sy, to a scenario price s';, through Equation (7).
s'lh=m+A4p + o (s, —m) (7)

Here m is the mean of the 2025-26 series, 4p is a level shift and o is a tail factor. The
transform preserves the hour-by-hour ordering, so the dispatch can be re-run against the
realised reserve series. Across the equation set, Equations (1) to (5) state the standard
opportunity-cost bidding and value rules for flexible loads (Bloess et al. 2018), the seasonal
heat-demand envelope of Equation (6) is constructed for this thesis from Helsinki heating-
degree-day data and the domestic-hot-water share of Javanshir et al. (2024, 4), and the price
transform of Equation (7) above is the author's own. The Reference scenario applies no
transform (4p = 0, 0 = 1). The VRE-led scenario shifts the mean down and widens the tail
(4p = —6 EUR/MWh, o = 1.20), reflecting the supply-side cannibalisation that rising wind
and solar impose on Nordic spot prices. Seppidld and Syri (2025) document a sustained
capture-price decline for Nordic renewable generators, and the Nordic VRE-share trajectory
rises toward 2035 (Nordic TSOs 2025b, 8). These publications set the direction and order of
magnitude but give no numeric coefficient, so the specific pair Ap = —6 and ¢ = 1.20 is
the author's choice within that cited direction, a declared parametric stress rather than a

sourced figure.

The Electrification-led scenario carries the demand-side cannibalisation that is the thesis's
central system effect, and the cheap-hour-fill form is what makes it endogenous. Deeper
electrified-heat deployment bids up precisely the cheapest hours, so the transform combines

a level rise with tail compression (4p = +10 EUR/MWh, ¢ = 0.75). Under this transform
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the mean spot price rises about 19 per cent, from the 2025-26 series mean m of roughly 52
EUR/MWh to about 62 EUR/MWh, while the deep-cheap and negative hours on which the
boilers depend are lifted toward the bid floor. The +10 and 0.75 pair is not read off a source
directly. It is the author's inverse calibration, tuned so that re-dispatching the standalone
boiler reproduces the full-load-hour drop reported by Hiltunen et al. (2025, 6). They find
that doubling Finnish electric-boiler capacity from the 100 to the 200 boiler deployment
level cuts capital-region full-load hours by a third or more (Helsinki 1958 from 2503, Espoo
1089 from 1877, Vantaa 1059 from 1716). Re-dispatching the standalone boiler on the
transformed series reproduces this drop endogenously: its spot full-load hours fall from 2680
at Reference to 1746, within the Hiltunen 200-boiler band. The cannibalisation is therefore
read off the re-dispatch rather than applied as a separate utilisation haircut. The heat pump,
viable to a far higher spot threshold, loses much less, because the hours bid up are the deep-
cheap ones the boiler relies on rather than the broad below-floor region the heat pump runs

across. The size of that asymmetry is a result reported in Chapter 6, not an input.

The reserve and capacity streams accrue to the boilers only, and their evolution toward 2035
is treated as a declared sensitivity rather than a sourced figure, because the reserve markets
sit outside the published electric-boiler models (Hiltunen et al. 2025, 10). Two rules apply.
First, deeper electrified-heat deployment cannot create more down-regulation opportunity
than the low-deployment world, so the down-energy and down-capacity streams are capped
at their Reference level before any scaling. Without this cap the merit-order re-dispatch
mechanically backfills the freed heat budget with down-activations, inflating the downside
in exactly the scenario where it should shrink. Second, all four reserve streams are then
scaled by a factor k swept across 0.7, 0.85 and 1.0, representing the compression of reserve
clearing as prequalified battery and demand-response capacity competes for a roughly fixed
Nordic activation pool (Nordic TSOs 2025a). That source sets the direction but gives no
numeric coefficient, so k is a declared sensitivity rather than a sourced figure, with the
central 0.85 the author's midpoint between full clearing and the 0.7 lower bound. Because
the heat pump earns no reserve revenue, this compression hurts only the boilers, reinforcing
rather than offsetting the cross-over. Table 4 collects the transform parameters and the

reserve treatment for the three scenarios.
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Mean shift Ap Reserve / capacity | Boiler A spot full-
Scenario (EUR/MWh) Tail factor o treatment load hours
Reference 0 1.00 full (x = 1.0); cap 2680
not binding
Electrification-led +10 0.75 down-energy and 1746
2035 down-capacity
capped at
Reference; K
swept 0.7 to 1.0
VRE-led 2035 -6 1.20 full (k = 1.0) 3000

Two readings of each 2035 scenario are reported. The endogenous reading re-dispatches
every archetype on the transformed series, so the change in its cheap-hour capture, and the
demand-side feedback, is internal to the result. The exogenous reading holds each archetype
at its Reference dispatch volumes but values them at the transformed prices, the price-taker
assumption of a study that captures the average price shift but not the change in price shape
that its own class's deployment causes. The comparison is reported in Chapter 6 and isolates
the contribution of the system-aware framing: where the two readings differ materially in

value or in ranking, an exogenous-price study would draw a different conclusion.

5.5 Key performance indicators

This section specifies the key performance indicators reported in Chapter 6. The set is
organised around three chart families. Table A2.1 (Appendix 2) lists them. The headline
metric is stacked value per MW-heat per year; the remaining two families expose mechanism
and defend the contribution. All three are produced by the Section 5.4 dispatch at the three

scenario points.

Family 1, the per-archetype per-scenario stacked-value chart, tests H1 and H2, and reads the
cross-over of H3 across its three scenario panels. Per-archetype stacked value per MW-heat
per year is decomposed by stream: spot savings, mFRR-up energy, mFRR-down energy,
mFRR up-capacity, and mFRR down-capacity. Each scenario panel reads the ranking
directly from bar height; segment composition shows where value comes from. Archetype
C carries only the spot-savings segment under the Table 3 participation constraint;
archetypes A and B carry all five. Capacity is shown as a stacked extension above the energy-

only stack.
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Family 2, the spot price-distribution view per scenario, shows the system effect. For each
scenario the day-ahead spot prices are sorted from highest to lowest and drawn as a single
curve, with the archetype bid floors marked, so the chart shows how the Electrification-led
scenario lifts the low-price region while the VRE-led scenario deepens it. The plot is a
descriptive view of the transformed price series only, the system-side counterpart to the
asset-side cannibalisation that Family 1 shows; it carries no separate modelling step of its

owin.

Family 3, the endogenous-versus-exogenous chart, defends the contribution. Paired bars per
archetype compare stacked value under a price-taker assumption (markets exogenous, no
demand cannibalisation) against the endogenous reading that applies the Section 5.4
cannibalisation. A material divergence between the two bars under the 2035 scenarios is the
defence of the system-aware framing: where they differ in value or ranking, an exogenous-

price study would draw a different conclusion.

The full specification, with axis quantities, units, decomposition, and the hypothesis each

family tests, is reproduced in Appendix 2.

5.6 Sensitivity design

Section 5.6 stress-tests the result set against the parameters the seasonal-envelope
methodology rests on. Five drivers are swept: the domestic-hot-water share 8, the common
annual heat cap H,.,,, the storage-relaxation parameter s, the reserve-compression factor k,
and the biomass alternative-fuel price c,;. The first three shape the heat-demand envelope
and the boilers' reserve availability, k governs the 2035 reserve treatment, and c,); sets the
bid floors. Table 5 collects the drivers, their central values, sweep ranges, the model element

each shift, and what each puts at risk.

Driver 1 is the domestic-hot-water share 3, central 0.30 (Javanshir et al. 2024, 4), swept to
0.20 and 0.40. It sets the flat summer floor against the winter degree-day shape of the
envelope: a higher [ flattens demand toward a year-round level, a lower § concentrates it in
winter. The spot and energy results are stable across the range, because [ redistributes
demand between seasons rather than changing which hours are cheap, so the heat pump's

energy lead and the Electrification-led cross-over both hold.



58

Driver 2 is the common annual heat cap Hge,, central 6000 full-load hours (Danish Energy
Agency 2022, 11), swept to 4500 and 6500. Because the cap is shared by all three archetypes,
it scales every heat budget together: absolute per-MW-heat values move with it, but the

ranking is preserved, since no archetype is advantaged by the change.

Driver 3 is the storage-relaxation parameter s, central 0.40, swept to 0.20 and 0.60. It sets
how far the storage boiler B's seasonal reserve availability sits above the standalone boiler
A's, in both directions, and so moves only the capacity layer; the spot and energy results are
untouched by s. At the central reserve assumption (k = 0.85) the heat pump retains the
capacity-layer lead at Electrification-led across the whole 0.20 to 0.60 range. The storage
boiler overtakes it there only at the joint optimistic corner of undiminished reserve clearing
(k = 1.0) and the most generous store (s = 0.60). The central 0.40 therefore sits

comfortably inside the region where the Electrification-led cross-over holds.

Driver 4 is the reserve-compression factor k applied to the boilers in the Electrification-led
scenario, central 0.85, swept across 0.7 to 1.0. It scales the boilers' four reserve streams;
because the heat pump earns no reserve revenue, a lower k widens the heat pump's lead. The
Electrification-led ranking with capacity included, the heat pump ahead of both boilers,
holds across the whole 0.7 to 1.0 band.

Driver 5 is the biomass alternative-fuel price c,;, central 45 EUR/MWh, swept to 30 and 60.
The mechanism is Equations (1) and (2): a higher ¢, lifts both bid floors and so the economic
running window and the spot value of all archetypes, amplified on the heat pump through its
COP-scaled floor, and also raises the heat pump's economic-dispatch utilisation. The ranking

at Reference is preserved; the gap to the heat pump narrows or widens but does not cross.

Two limitations bear on the magnitudes rather than the ranking. First, the common heat-
demand envelope is a deliberate comparability device: it asks what each technology earns if
dimensioned into the same annual heat duty, so that price, COP and reserve eligibility
differentiate them. Real deployments differ: a base-load heat pump is sized for roughly 6000
full-load hours, while a standalone boiler is often a peaking unit at a few hundred. That
difference is taken up in Chapter 7; the envelope isolates the market-driven comparison
rather than the dimensioning decision. Second, the reserve and capacity streams are an upper
bound. They assume perfect foresight, always-accepted price-taking bids, heat always

usable, no competition from batteries or other demand response, and a single 1 MW-heat
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unit credited both full spot and full mFRR energy in the same quarter. The robust results are
therefore reported on the spot and energy layers, with mFRR capacity carried as an optimistic

stacked extension, and the k sweep bounds the reserve treatment.

Two qualitative threads carry forward to Chapter 7 that the headline calculation does not
address explicitly. First, individual-bidder behaviour under each scenario: each archetype's
response to scenario prices, including heterogeneity within an archetype class, is absorbed
in the scenario price series at the system level rather than read off per asset. Second, cross-
technology competition with the broader Nordic flexibility stack: batteries, conventional
demand-response loads, and price-responsive hydro flexing all enter the realised 2025-26
price response and are carried into the scenario transforms, but the comparative ranking in
Section 5.5 is electrified-heat-only by design. Chapter 7 discusses both threads qualitatively

against the headline result set.

Table 5. Sensitivity drivers, central values, sweep ranges, mechanism, and what is at risk.

Mechanism
(model
Sensitivity element
# Driver Central value range shifted) At risk
1 DHW share § | 0.30, sourced 0.20/0.40 Equation (6) seasonal
(Javanshir et envelope: flat demand split;
al. 2024, 4) floor vs magnitudes
degree-day
shape
2 Common 6000 FLH, 4500/ 6500 Equation (6) magnitudes,
annual heat cap | sourced monthly heat not ranking
Hjem (Danish budget
Energy (shared)
Agency 2022,
11)
3 Storage 0.40, author's 0.20/0.60 Equation (6) B capacity
relaxation s = | assumption seasonal lead; Elec-led
Sup reserve capacity cross-
availability a8 | over (flips only
at k=1.0 and
5=0.6)
4 Reserve 0.85, author's 0.7/1.0 Section 5.4 boiler
compression k | midpoint boiler reserve magnitudes;
(Electrification scaling capacity cross-
-led) over robust
5 Biomass 45 EUR/MWh, | 30/60 Equation (1) magnitudes;
alternative-fuel | author's EUR/MWh bid floor gapto C
price ¢, assumption (amplified on
C via COP)
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Together the drivers bound the result magnitudes and the conditional ranking against the
methodology's principal judgement calls. The spot and energy results, including the heat
pump's energy lead and its widening advantage under Electrification-led, are robust across
all five sweeps. The capacity-layer cross-over, by contrast, depends on the storage-relaxation
and reserve-compression choices that the s and k sweeps make explicit. The resulting

robustness pattern is reported in Section 6.6.
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6 Results

This chapter states the analytical outcomes of the methodology specified in Chapter 5.
Section 6.1 recaps the three scenarios and the inputs that drive them and reports the realised
utilisation that the common heat-demand envelope produces. Section 6.2 gives the baseline
result under the Reference scenario, decomposed across the modelled revenue streams.
Section 6.3 reports how the Finnish day-ahead spot distribution shifts across the scenarios
and what that does to each archetype. Section 6.4 reports stacked annual value per MW-heat
across the scenarios and the ranking cross-over. Section 6.5 frames the comparative ranking
and the endogenous-versus-exogenous reading. Section 6.6 reports the robustness analysis.
Section 6.7 maps the findings against the sub-research questions and the hypotheses set out

in Chapter 5.

The chapter lands on three findings. First, the comparative ranking is not structural: it
depends on the scenario and on which markets are counted, and the three archetypes lie
within about 40 per cent of one another at Reference once capacity is included. Second, on
the robust spot and energy layers the large district-heating heat pump (archetype C) leads. It
leads narrowly on combined energy value at Reference, but by a wide margin under
Electrification-led 2035. In that scenario the standalone and storage-coupled electric boilers
(archetypes A and B) lose roughly 78 per cent of their spot value, against the heat pump's 21
per cent. The boilers fall so far because the deep-cheap hours they live on, the cheapest hours
where they do almost all their earning, are exactly the ones bid up under deeper
electrification. Third, on the optimistic stacked layer that adds mFRR capacity, the storage-
coupled boiler B leads at Reference and under VRE-led 2035, while the heat pump retakes
the lead under Electrification-led 2035 across the whole reserve-sensitivity band. The
common annual heat duty placed on all three archetypes is a comparability normalisation
rather than a deployment claim, and the realised operating patterns that emerge from it are

reported in Section 6.1 before the value results.
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6.1 Scenarios and inputs

The three scenarios are read as points on a single axis: the balance between the growth of
electrified-heat demand and the growth of variable renewable energy (VRE) supply.
Reference carries the 2025-26 market forward unchanged. The Electrification-led 2035
scenario is the case in which electrified-heat deployment outpaces VRE growth, so flexible
demand fills the cheapest hours faster than new renewables deepen them. It is represented
by a cheap-hour-fill transform of the price series that lifts the mean and compresses the low-
price tail. The VRE-led 2035 scenario is the opposite case, in which renewable supply grows
faster than flexible demand can absorb, leaving a deeper and more persistent low-price tail;
it is represented by a downward mean shift with tail widening. Reference sits between the
two. The transforms are specified in Chapter 5 (§5.4); their parameters and the reserve

treatment are collected in Table 6.

The modelled markets are the Nord Pool day-ahead spot market and the Fingrid manual
frequency restoration reserve (mFRR) up and down energy markets, with mFRR capacity
reported as a stacked extension rather than as part of the energy-only headline. The automatic
frequency restoration reserve (aFRR) is excluded on operational grounds: it is continuous
symmetric second-by-second regulation that a thermal binary boiler cannot deliver,
consistent with the frequency containment reserve exclusion set in Chapter 5. The standalone
boiler (A) and the storage-coupled boiler (B) participate in spot and mFRR; the large heat
pump (C) participates in spot only, because its compression-cycle ramp is too slow for

activation and its bid floor sits far above the reserve clearing range.
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Table 6. Scenario inputs and the reserve treatment (per MW-heat basis; COP 2.5, biomass
alternative-fuel price 45 EUR/MWh, transfer fee and tax 10 EUR/MWh throughout; these

three parameters and their provenance are specified in Chapter 5, §5.3).

Input Reference Electrification-led 2035 | VRE-led 2035

Demand-supply balance | 2025-26 baseline electrification outpaces | VRE outpaces flexible
VRE demand

Price transform (mean (0, 1.00) (+10, 0.75) (-6, 1.20)

shift, tail factor)

Resulting spot mean 51.9 61.9 459

(EUR/MWh)

Reserve and capacity actual 2025-26 declared k 0.7-1.0 actual, on transformed

treatment sensitivity (central 0.85, | series

author's midpoint);
downside capped at

Reference
TES storage-relaxation | 0.40 0.40 0.40
factor s (author's central
value)

The cheap-hour-fill transform of the Electrification-led scenario, a mean shift of +10
EUR/MWh combined with a tail compression to 0.75, reproduces a Hiltunen-consistent
boiler full-load-hour drop endogenously rather than by a hand-applied multiplier. It lifts the
average spot price by about a fifth and bids up the deep-cheap and negative hours. The re-
dispatch therefore lowers boiler running hours and erodes the bargain value on which boiler

spot revenue most depends.

The reserve and capacity streams are treated as a declared sensitivity. Deeper electrification
cannot create more down-regulation than the low-deployment world, so the down-energy
and down-capacity streams are capped at their Reference level, while the up streams fall
endogenously with the boiler's reduced running hours. All four reserve streams are then
scaled by a factor k swept across 0.7, 0.85 and 1.0. No published source anchors a reserve-
side compression figure, because Hiltunen et al. (2025, 11) exclude the reserve markets from
their model; the k sweep is therefore a parametric stress whose direction is consistent with
the growth in prequalified battery and demand-response capacity competing for a roughly
fixed Nordic activation pool (Nordic TSOs 2025a). The VRE-led transform is the least-
anchored of the three and is presented as a stylised mirror of the Electrification-led case. Its
direction is consistent with the Nordic VRE-share trajectory toward 2035 (Nordic TSOs
2025b) and with the capture-price decline that Seppéléd and Syri (2025) document for Nordic

renewable generators.
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Each archetype is dispatched against a single common seasonal heat-demand envelope rather
than under an assumed per-technology utilisation quota, so that price, COP, reserve
eligibility and storage timing differentiate the three rather than an externally imposed access
gap (Chapter 5, §5.3). The utilisation each archetype realises is therefore an emergent
outcome of merit-order dispatch, not an input. Table 7 reports the realised economic-
dispatch utilisation at Reference. The standalone boiler runs 2680 spot full-load hours, a
utilisation of 0.31, which brackets the 2503 hours that Hiltunen et al. (2025, 6) report for the
low-deployment 100-boiler Helsinki case; under Electrification-led conditions the same
boiler is pulled down to 1746 hours, in the band Hiltunen et al. report for the cannibalised
200-boiler deployment (1958 hours in Helsinki). The heat pump realises 4394 hours, a
utilisation of 0.50, which sits below the 6000-hour base-load dimensioning figure of the
Danish Energy Agency (2022, 11) used here as the common annual heat budget. This is
because real winter scarcity prices push even the COP-buffered heat pump off against the
biomass alternative, and the summer cheap hours carry little heat demand. This realised
utilisation is an economic-dispatch outcome rather than a dimensioning figure, and it is
sensitive to the assumed biomass alternative-fuel cost; the implications of representing

operation this way are taken to the Chapter 7 discussion.

Table 7. Realised economic-dispatch utilisation at Reference (emergent from the common

heat-demand envelope, not assumed).

Archetype Spot-run full-load hours Utilisation (of 8760 h) | Reserve eligibility
A: Electric boiler 2680 0.31 | spot + mFRR up and
standalone down

B: Electric boiler with 3046 0.35 | spot + mFRR up and
TES down

C: Large heat pump 4394 0.50 | spot only

One simplification carried through every result bounds the reserve and capacity figures from
above. A single 1 MW unit cannot deliver its full spot saving and its full mFRR offer in the
same hour. The model credits both on the same running hour, so it reports the energy and
capacity stack as an upper bound rather than a netted realisable figure. The hypotheses
against which the results are read are set out in Chapter 5 (§5.1) and follow directly from
this setup. H1 expects the heat pump to lead on spot and combined energy value through its
COP. H2 expects the storage-coupled boiler to overtake the heat pump once mFRR energy

and capacity are stacked. H3 expects the ranking to be conditional on the demand-versus-



65

supply balance rather than structural, with Electrification-led conditions favouring the heat

pump on every layer and VRE-led conditions favouring the boilers.

6.2 Baseline stacked value

Figure 6 reports the Reference result decomposed by revenue stream on a per-MW-heat
basis, and Table 8 gives the underlying figures. On spot value alone the heat pump leads by
a clear margin, at 127 828 EUR per MW-heat per year against 78 615 for the storage-coupled
boiler and 68 018 for the standalone boiler. That is a lead of about 1.6 times over archetype
B and 1.9 times over archetype A. The heat pump leads on spot because its COP-scaled bid
floor of 102.5 EUR/MWh sits far above the typical spot price. It is therefore economic in
roughly half the hours of the year and captures a saving across a near-base-load pattern,
whereas the boilers, economic only below 35 EUR/MWHh, run on the genuinely cheap hours
only. The same heat-basis figure corresponds to 319 570 EUR per MW-electrical for the
heat pump once the COP of 2.5 is removed.

Table 8. Reference stacked value per archetype, decomposed by stream (EUR per MW-heat
per year; reserve streams at k = 1.0). Stream components are rounded independently and
may not sum exactly to the engine-computed Energy and + Capacity totals; archetype A's

components differ from its total by 1 EUR.

mFRR mFRR

mFRR up down | mFRR up- down-
Archetype Spot energy energy capacity capacity Energy | + Capacity
A: Electric 68 018 21 156 27 545 10 385 16 573 116 720 143 678
boiler
standalone
B: Electric 78 615 22 657 26 132 16 788 35201 127 404 179 393
boiler with
TES
C: Large 127 828 0 0 0 0 127 828 127 828
heat pump
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Reference stacked value by revenue stream (per MW-heat)
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Figure 6. Reference stacked value per MW-heat by revenue stream (spot, mFRR up and
down energy, mFRR up and down capacity) for archetypes A, B and C.

The ranking changes layer by layer, and this is the first sign that it is not structural. Adding
the mFRR up and down energy streams lifts the boilers to within a few per cent of the heat
pump. On combined energy value the heat pump still leads, but only just, at 127 828 against
the storage-coupled boiler's 127 404, a margin of about 0.3 per cent and effectively a tie.
The standalone boiler follows at 116 720. Adding the mFRR capacity streams then reverses
the order. The storage-coupled boiler reaches 179 393 and the standalone boiler 143 678,
both above the heat pump's 127 828, so the stacked-capacity ranking at Reference is B
greater than A greater than C. The boilers overtake on this layer because they earn a two-
way reserve and capacity stack that the heat pump cannot. The storage-coupled boiler earns
more than the standalone boiler on every stream except down-regulation energy, where the
standalone boiler is marginally higher. Its thermal store lets it shift consumption into the
cheapest hours within each month, absorb down-regulation across the whole year rather than
only outside the low-demand summer, and offer up-capacity from idle charging hours as
well as from running hours. That storage up-side, worth 9645 of the storage boiler's 16 788
EUR per MW-heat of up-capacity at Reference against the standalone boiler's 3806, is the

genuine two-way value a thermal store adds.
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The capacity layer should be read as an optimistic upper bound, not as a like-for-like
extension of the spot result. It assumes perfect foresight and always-accepted price-taking
bids, credits the full spot and full mFRR offer on the same hour as noted in Section 6.1, and
abstracts from the competition of grid-scale batteries and other demand response for the
same reserve pool. The robust reading of the baseline is therefore that the heat pump leads
on spot and on combined energy, narrowly on the latter, and that the storage-coupled boiler

overtakes only once the optimistic capacity layer is added.

6.3 Spot distribution shifts across scenarios

Figure 7 illustrates the Finnish day-ahead spot prices for each scenario, sorted from highest
to lowest, with the archetype bid floors marked. The two 2035 cases move the curve in
opposite directions. Under Electrification-led 2035 the cheap-hour-fill transform lifts the
average price from 51.9 to 61.9 EUR/MWh and compresses the low-price tail, so the deep-
cheap and negative hours on which the boilers depend are bid up toward the alternative cost.
The dominant effect on the boilers is not the average-price rise but the loss of those bargain
hours: the standalone boiler's spot-operated full-load hours fall from 2680 to 1746, a drop of
about 35 per cent, consistent with the reduction Hiltunen et al. (2025, 6) report when Finnish
electric-boiler capacity doubles from the 100-boiler to the 200-boiler deployment level
(Helsinki 2503 to 1958 hours). Under VRE-led 2035 rising renewable supply lowers the
mean to 45.9 EUR/MWh and deepens the low-price tail, widening the gap between each

archetype's bid floor and the spot price and so increasing spot savings.
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Sorted Finnish day-ahead spot prices by scenario
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Figure 7. Sorted day-ahead spot-price curves (the spot price-distribution view) under the
three scenarios, with archetype bid floors marked. Electrification-led 2035 lifts and

compresses the low-price region; VRE-led 2035 deepens it.

The heat pump is far less exposed to the demand-side cannibalisation than the boilers, and
this asymmetry is the mechanism behind the scenario results. Because its bid floor sits at
102.5 EUR/MWHh, the heat pump dispatches across roughly half the year rather than chasing
only the cheapest hours, so filling the cheap-hour valleys removes only a small part of its
operating envelope. Its spot value falls 21 per cent under Electrification-led conditions, to
100 572 EUR per MW-heat per year. The boilers, whose entire spot value sits in the cheap
tail, lose far more: the standalone boiler's spot value falls 77.5 per cent to 15 278 and the
storage-coupled boiler's 78.9 per cent to 16 560 EUR per MW-heat per year. The boiler spot
value falls much faster than boiler running hours, because the hours that survive the
transform are the low-value ones near the bid floor while the deep-bargain hours are exactly

those the transform removes.
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6.4 Stacked value under 2035 conditions

Figure 8 and Table 9 report stacked annual value per MW-heat across the three scenarios,
on each of the three layers. The two 2035 cases bracket Reference: value falls under
Electrification-led 2035 and rises under VRE-led 2035, rather than both moving the same
way. The ranking, however, is not the same on every layer or in every scenario, and this is

the central comparative result.

Table 9. Stacked annual value per MW-heat (EUR per MW-heat per year) by layer,

archetype and scenario. Electrification-led at the central k = 0.85; Reference and VRE-led

atk=1.0.
Electrification-led
Layer Archetype 2035 Reference VRE-led 2035
Spot only A 15278 68 018 113 208
B 16 560 78 615 131 859
C 100 572 127 828 146 225
Energy A 46 995 116 720 160 552
B 45207 127 404 178 124
C 100 572 127 828 146 225
+ Capacity A 67 614 143 678 187 626
B 86 385 179 393 229 032
C 100 572 127 828 146 225
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Stacked value per MW-heat by scenario and layer
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Figure 8. Stacked value per MW-heat by archetype, for each scenario (Electrification-led
2035, Reference, VRE-led 2035) and each layer (spot, energy, capacity).

On the robust spot layer the heat pump leads in all three scenarios. Its lead widens
dramatically under Electrification-led conditions, where it stands at 100 572 against boiler
values near 16 000, and narrows under VRE-led conditions, where the boilers gain
proportionally more from the deeper cheap tail. On the combined energy layer the order is
closer and it moves. The heat pump leads narrowly at Reference and by a wide margin under
Electrification-led conditions, but under VRE-led conditions the boilers' reserve-energy
stack carries them ahead: the storage-coupled boiler reaches 178 124 and the standalone
boiler 160 552, both above the heat pump's 146 225. On the stacked capacity layer the cross-
over is sharpest. At Reference and under VRE-led conditions the storage-coupled boiler
leads, at 179 393 and 229 032 respectively, with the standalone boiler second and the heat
pump last. Under Electrification-led conditions the heat pump retakes the lead at 100 572,
above the storage-coupled boiler's 86 385 and the standalone boiler's 67 614. Under
Electrification-led conditions the boilers fall by about 53 per cent on the capacity layer while
the heat pump falls 21 per cent, so the same demand-side cannibalisation that the thesis sets
out to model is what moves the heat pump ahead. The ranking is therefore conditional:

storage-coupled boiler over standalone boiler over heat pump at Reference and under VRE-



71

led conditions on the capacity layer, heat pump over storage-coupled boiler over standalone

boiler under Electrification-led conditions, with the heat pump robust on spot throughout.

6.5 Comparative ranking and the endogenous reading

The comparative ranking is not the structural heat-pump dominance that a single-utilisation-
factor model would produce. It crosses over with the scenario and with the market set, and
the three archetypes lie within about 40 per cent of one another at Reference once capacity
is included. The heat pump leads where efficiency matters most, on spot and on combined
energy under Reference and Electrification-led conditions; the storage-coupled boiler leads
where the reserve and capacity stack is counted under abundant cheap hours, at Reference
and under VRE-led conditions. The earlier reading in which the heat pump led by a factor
of about three in every scenario was substantially an artefact of heterogeneous assumed
utilisation factors; under a common heat-demand envelope the gap is far smaller, and the

order is regime-dependent.

Figure 9 isolates the contribution of the endogenous reading at the Electrification-led cell,
the scenario in which the demand-side feedback bites hardest. The endogenous reading lets
each archetype's own class deployment bid up the cheap hours it earns against, through the
tail compression of the price transform. The exogenous reading holds the same 2035
average-price backdrop, the mean shift common to all participants, but removes the own-
class cheap-hour cannibalisation by leaving the tail uncompressed, so each archetype is
treated as a price-taker against an exogenously shifted price level. On spot value the
exogenous reading values the standalone boiler at 40 687, the storage-coupled boiler at 46
500 and the heat pump at 110 778 EUR per MW-heat per year, against the endogenous 15
278,16 560 and 100 572. A price-taker treatment therefore overstates the boilers' spot value
by a factor of about 2.7 to 2.8, but the heat pump's by only about a tenth. The boilers' entire
spot value sits in the cheap tail that the demand-side feedback erodes, while only a small part
of the heat pump's does. This is the demand-side analogue of the supply-side capture-price
cannibalisation that Seppild and Syri (2025) document for Nordic renewable generators, and
it is the chapter's principal methodological contribution. Ignoring the demand-side feedback
would not merely shift the magnitudes; it would reverse the comparative reading of how far

the boilers fall under deeper electrification.
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Electrification-led 2035: spot value, exogenous vs endogenous
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Figure 9. Spot value per MW-heat at the Electrification-led 2035 cell: exogenous (price-

taker) versus endogenous reading, for archetypes A, B and C.

6.6 Robustness

The result rests on several judgements that the robustness analysis examines, and the central
one is the reserve and capacity treatment under Electrification-led conditions, because the
capacity-layer cross-over lives on it. This treatment is a declared sensitivity rather than a
sourced figure, since Hiltunen et al. (2025, 11) exclude the reserve markets from their model.
Sweeping the reserve-and-capacity factor k between 0.7 and 1.0 moves the boiler stacked
totals by about a seventh in either direction, as Table 10 shows. Even so, the heat pump leads
the capacity layer at Electrification-led conditions across the whole band, by a margin that
narrows to under 2000 EUR per MW-heat per year only at k = 1.0. The cross-over to a heat-
pump lead under Electrification-led conditions is therefore robust to the reserve assumption,

not an artefact of a single chosen value.
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Table 10. Sensitivity of the Electrification-led 2035 stacked-capacity totals to the reserve-

and-capacity factor kK (EUR per MW-heat per year). The heat pump earns no reserve or

capacity revenue and is unchanged.

A: Electric boiler B: Electric boiler C: Large heat
K standalone with TES pump | Ranking
0.70 58 378 74 063 100572 | C>B>A
0.85 (central) 67614 86 385 100572 | C>B>A
1.00 76 850 98 707 100572 | C>B>A

Three further judgements bear on the magnitudes rather than the ranking. The first is the
common annual heat budget of 6000 full-load hours, taken from the Danish Energy Agency
(2022, 11) base-load figure and applied to all three archetypes. Varying it between 4500 and
6500 hours scales the totals but leaves the cross-over intact, because it changes the heat duty
all three archetypes share rather than their relative economics. The second is the domestic-
hot-water share B of 0.30, which sets the summer demand floor and is sourced from Javanshir
et al. (2024, 4); the sensitivity range 0.20 to 0.40 moves the seasonal concentration of
demand without disturbing the ranking. The third is the thermal-store relaxation factor s, the
author's central value of 0.40, which governs the storage-coupled boiler's seasonal down-
availability and its up-capacity up-side. A higher value of 0.60 would let the storage boiler
overtake the heat pump on the capacity layer under Electrification-led conditions at k = 1.0.
The central 0.40 is therefore the conservative choice that preserves the clean cross-over, and

the storage up-side is in any case part of the optimistic capacity layer.

A structural limitation bounds all of the above. Representing operation through a common
heat-demand envelope dispatched on one year of prices is a deliberate normalisation that
isolates the market-driven differences between the archetypes. A real standalone boiler, by
contrast, is a peaking asset of a few hundred full-load hours, while a large heat pump is a
base-load unit. The realised utilisations reported in Section 6.1 are therefore economic-
dispatch outcomes sensitive to the assumed alternative-fuel cost, not dimensioning figures.
The VRE-led scenario is the least-anchored of the three and is best read as a stylised upper
bound on the boiler-favouring direction. These points qualify the magnitudes throughout and
are carried to the Chapter 7 discussion; they do not bear on the cross-over, which follows

from the price-shape feedback rather than from any assumed utilisation gap.
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6.7 Findings against the sub-research questions

Sub-RQ 1, what value an electrified-heat archetype earns on the Finnish day-ahead and
Fingrid reserve markets in 2025 and how that value is composed, is answered by the
Reference column of Table 9 and the decomposition in Table 8. On spot value the heat pump
earns 127 828 EUR per MW-heat per year against the boilers' 78 615 and 68 018. Once
mFRR energy is added the three lie within about 9 per cent of one another, and once capacity
is added the storage-coupled boiler leads. Spot savings are the single largest stream for both
boilers, with mFRR energy and capacity together of comparable size, which is consistent
with the efficiency hypothesis H1 on the spot and energy layers and supports the reserve-

stacking hypothesis H2 on the capacity layer.

Sub-RQ 2, how large-scale deployment of electrified heat reshapes the Finnish spot
distribution toward 2035, is answered by Figure 7 and the Section 6.3 mechanism. Demand-
led deployment lifts and compresses the low-price region and cuts the standalone boiler's
full-load hours from 2680 to 1746, consistent with the capital-region reduction Hiltunen et
al. (2025, 6) report between the 100-boiler and 200-boiler deployment levels, while supply-
led VRE growth deepens the low-price tail. The two forces move the distribution in opposite

directions, and the net effect on any archetype depends on which force leads.

Sub-RQ 3, which archetype delivers the highest stacked value per MW-heat-year and how
the ranking shifts when endogenous price feedback is captured rather than treated as
exogenous, is answered by Table 9, Figure 8 and Figure 9. The ranking crosses over. The
heat pump leads the spot and energy layers under Reference and Electrification-led
conditions; the storage-coupled boiler leads the capacity layer under Reference and VRE-
led conditions; and the heat pump retakes the capacity layer under Electrification-led
conditions across the whole « band. This supports the cross-over hypothesis H3 directly.
Treating the market as exogenous rather than capturing the demand-side feedback overstates
the boilers' spot value by about 2.7 to 2.8 times at the Electrification-led cell, against about
a tenth for the heat pump. An exogenous reading would therefore materially misstate how
the ranking moves with the scenario. The hypotheses are supported with one qualification:
HI's claim that the heat pump leads on combined energy holds at Reference and under
Electrification-led conditions but not under VRE-led conditions, where the boilers' reserve-

energy stack carries them ahead on the energy layer.
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Sub-RQ 4, what the ranking and the endogenous reading imply for asset-selection guidance
and for the design of Nordic flexibility procurement toward 2035, is taken up in the Chapter
7 discussion. There, the conditional nature of the ranking, the demand-side cannibalisation
of boiler spot value, the optimistic status of the capacity layer, and the common-envelope
normalisation are carried forward as the principal implications and limitations of the present

analysis.
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7 Discussion

This chapter discusses the results reported in Chapter 6 and develops what they mean for the
comparative value of the three archetypes and for the Nordic markets they bid into. Chapter
6 produces three findings that frame the discussion. First, the comparative ranking is not
fixed: it depends on which 2035 future arrives and on which markets are included, and the
three archetypes lie within about 40 per cent of one another at Reference once capacity is
included. Second, on the robust spot and energy layers the large heat pump (archetype C)
leads. The lead is narrow on combined energy at Reference but wide under the
Electrification-led future, where the electric boilers (archetypes A and B) lose most of their
spot value as their cheap hours are bid up. Third, on the optimistic layer that adds reserve
capacity payments the storage-coupled boiler (archetype B) leads at Reference and under the
VRE-led future, in which variable renewable energy (VRE) supply outpaces flexible-
demand growth, while the heat pump retakes the lead under the Electrification-led future.
Capturing the demand-side price feedback, rather than treating prices as fixed, is what makes

this conditional pattern visible.

The discussion is organised in four steps. Section 7.1 takes the methodological contribution:
that the comparison becomes most informative once the analysis lets each technology bid up
the prices it earns against, exposing the demand-side cannibalisation an exogenous reading
conceals. Section 7.2 takes the asset-level question of why the winning archetype depends
on the scenario and the market layer, reading the ranking as a conditional tradeoff between
efficiency and flexibility. Section 7.3 places electrified heat within the wider Nordic
flexibility stack and examines the reserve-pool competition the capacity-layer result rests
on. Section 7.4 lands the implications for asset selection and hybrid-system design, weighs
operating value against capital cost, and gathers the analysis's limitations and the extensions

they point to.

7.1 The endogenous reading and the demand-side price feedback

The chapter's main methodological contribution is that the analysis lets each technology's

own deployment bid up the prices it earns against, instead of treating those prices as fixed.
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Prior Nordic work on electrified-heat value capture treats the price series as exogenous. On
the spot side, Hiltunen et al. (2025, 6) show that deeper electric-boiler deployment cuts boiler
full-load hours, but they exclude the reserve markets (Hiltunen et al. 2025, 11). Seppéld and
Syri (2025) document the same effect on the supply side, where more VRE generation
depresses the prices renewable generators capture. This thesis adds the demand-side
counterpart inside a single comparative ranking. Because the price transform that produces
the effect is calibrated to the full-load-hour response Hiltunen et al. (2025, 6) report rather
than chosen freely, as Chapter 5 sets out and Chapter 6 confirms, the feedback rests on
observed behaviour. What matters for the discussion is what capturing it does to the

comparative reading.

Figure 9 isolates this contribution at the Electrification-led scenario, the future in which the
feedback bites hardest. Both readings start from the same 2035 backdrop, including the
higher average price; they differ only in whether a technology's own class is allowed to bid
up the cheap hours it depends on. Treated as a price-taker, the standalone boiler is worth 40
687, the storage-coupled boiler 46 500, and the heat pump 110 778 EUR per MW-heat per
year on spot. Once the demand-side feedback is included, those fall to 15 278, 16 560, and
100 572. A price-taker reading therefore overstates the boilers' spot value by a factor of about
2.7 to 2.8, but the heat pump's by only about a tenth. The reason lies in where each
technology earns its value. The boilers are economic only in the genuinely cheap hours,
which are exactly the hours the feedback removes, whereas the heat pump runs across about

half the year and loses only the small slice of its value that sits in the deepest price valleys.

Capturing this feedback does more than rescale the numbers; it changes the comparative
reading itself. A price-taker treatment would understate how far the boilers' spot value
collapses under heavy electrification, and so would misstate how the ranking moves from
one future to the next. That ranking is not a single fixed order. On the spot layer the heat
pump leads in every future. Once manual frequency restoration reserve (mFRR) capacity is
added, the storage-coupled boiler overtakes it at Reference and under VRE-led conditions;
only under Electrification-led conditions does the heat pump lead on every layer. The order
therefore depends on the future and on which markets are included, which is the asset-level

question Section 7.2 takes up.

One assumption sits behind the reserve side of this result, and a price-taker reading would

never test it. The compression of the boilers' mFRR and capacity revenue under
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Electrification-led conditions is a declared sensitivity, not a sourced figure, because Hiltunen
etal. (2025, 11) exclude the reserve markets from their model; its direction is consistent with
the growth in prequalified battery and demand-response capacity competing for a roughly
fixed Nordic activation pool (Nordic TSOs 2025a). Sweeping this factor across its plausible
range moves the boiler totals by about a seventh in either direction, as Section 6.6 reports,
but the Electrification-led capacity-layer result, in which the heat pump leads, holds across
the whole band. The endogenous reading is therefore sourced and load bearing on the spot

side and declared but deliberately conservative on the reserve side.

7.2 Which archetype wins depends on the scenario

No single archetype wins outright. Which technology delivers the most value depends on
two things: which of the three 2035 futures come to fruition, and which markets the asset
can participate in. This reframes the familiar choice between efficiency and flexibility as a
conditional one. The heat pump's efficiency, expressed through its coefficient of
performance (COP), is the winning attribute when cheap hours become scarce. The boilers'
flexibility is the winning attribute when cheap hours are abundant or when capacity
payments are counted; that flexibility means their access to the reserve markets and, for the

storage-coupled boiler, the ability to shift consumption in time.

The two 2035 futures pull in opposite directions. Under the Electrification-led future, in
which electrified-heat demand grows faster than renewable supply, the cheapest hours are
bid up and the boilers lose most of the bargain hours their spot value depends on. Standalone-
boiler spot value falls about 78 per cent, from 68 018 to 15 278 EUR per MW-heat per year,
and the storage-coupled boiler about 79 per cent, from 78 615 to 16 560. The heat pump falls
only about 21 per cent, from 127 828 to 100 572. Here efficiency wins, because the heat
pump's COP keeps it economic across roughly half the year rather than only in the cheap
tail, so the demand-side feedback that guts the boilers barely touches it. Its lead is wide
enough that it holds on to every market layer in this future, including the capacity layer the
boilers dominate elsewhere. Under the VRE-led future the reverse holds. Rising renewable
supply deepens the cheap tail, and the boilers capture proportionally more of it. The heat
pump still leads on spot alone, but the boilers' reserve-energy stack carries them past it on

the combined energy layer, where the storage-coupled boiler reaches 178 124 and the
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standalone boiler 160 552 against the heat pump's 146 225. Here flexibility wins, because
the boilers can both exploit the deeper cheap hours and stack reserve revenue the heat pump

cannot earn.

Reference, today's market carried forward, sits between the two and shows that the winner
can flip on the choice of market layer alone. On spot value the heat pump leads clearly, at
127 828 against 78 615 and 68 018. On combined energy its lead is razor-thin, 127 828
against the storage-coupled boiler's 127 404, a margin of about 0.3 per cent. Once mFRR
capacity is added the order reverses, with the storage-coupled boiler at 179 393 and the
standalone boiler at 143 678 both above the heat pump's 127 828. The three archetypes lie
within about 40 per cent of one another once capacity is counted, so the large lead the heat
pump appears to hold on spot alone is specific to that one layer. The running hours behind
these figures are not assumed but emerge from the dispatch, about 2680 full-load hours for
the standalone boiler and 4394 for the heat pump at Reference, and they bracket the full-load
hours Hiltunen et al. (2025, 6) report for comparable Finnish deployments, which is the

validation the comparative reading rests on.

Operating value is only one input to an investment decision, and on its own it can mislead.
The heat pump that wins on spot and energy is also substantially more capital-intensive than
an electric boiler, and it carries advantages the per-MW-heat metric does not credit, such as
supplying cooling and lifting its COP from recovered waste heat. Section 7.4 weighs capital
cost and these wider benefits against the operating-value ranking. One limitation belongs
with the efficiency argument itself. The heat pump's lead assumes a representative COP, not
a temperature-dependent curve, as Chapter 5 declares. A colder source or higher supply
temperature would lower the COP, narrow the heat pump's economic band, and shrink its
lead. Within the range the Danish Energy Agency (2022, 297-299) catalogue supports, it

would not close the Reference gap.

7.3 Electrified heat within the wider Nordic flexibility stack

Electrified heat is one class of flexibility in a 2035 Nordic system that will also hold grid-
scale batteries, conventional demand response, price-responsive hydro, and consumption-
side participants such as data centres (Nordic TSOs 2025b). The comparative ranking in

Chapter 6 is electrified-heat-only by construction, but the wider stack now bears directly on
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that ranking rather than sitting in the background. The boilers' advantage on the capacity
layer, and the heat pump's capacity-layer lead under the Electrification-led future, both rest
on reserve and capacity revenue, and those are exactly the markets in which the other flexible
resources compete. The capacity-layer cross-over is therefore only as firm as the assumption

that the boilers can keep earning reserve and capacity payments as that competition grows.

Grid-scale batteries are the clearest competitor. Nordic TSOs (2025a, 7) record 608 MW of
upward prequalified battery capacity in the disturbance reserve (Frequency Containment
Reserve for Disturbances, FCR-D) in Sweden alone by January 2025, growing year on year
from 2020 (Nordic TSOs 2025a, 11). This is the mechanism behind treating the boilers'
reserve pools as competitive rather than open, and behind the declared reserve compression
of Section 7.1: as more prequalified capacity chases a roughly fixed activation pool, reserve
clearing prices compress. That declared sensitivity is the quantitative stand-in for this

qualitative competition, which is why it is presented as a stress rather than a sourced forecast.

Hydro, demand response, and consumption-side load extend the stack further. Price-
responsive hydro is a major Nordic balancing resource, and wind-forecast errors drive the
day-ahead and intraday price spreads it responds to (Tome Robles et al. 2025, 5021). Data
centres are the principal consumption-side class outside electrified heat: the [EA (2025, 100—
103) estimates up to 50 GW of flexible data-centre capacity globally by 2035, of which only
a small share of annual demand-response hours would suffice to integrate the new load.
Large heat pumps themselves are framed as an alternative to combined heat and power under
low electricity prices (Helin et al. 2018). Each of these adds competition to the reserve and

balancing pools the boilers rely on.

A bound works in the opposite direction on the spot side. Producer-side curtailment at near-
zero and negative prices places a behavioural floor on how far the spot mean can fall before
further renewable expansion stops paying. The downward shift of the VRE-led future is
therefore best read as a bounded stress rather than an open-ended trend (Nordic TSOs 2025b,
13—14). This matters because the VRE-led scenario is the least anchored of the three; the
curtailment floor is the supply-side counterpart to the demand-side feedback that drives the
Electrification-led case, and the two bracket the Reference result rather than pushing it one

way.
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Two qualifications close the section. The reserve and balancing prices the boiler streams
draw on are markedly more volatile than the day-ahead spot, so the boiler reserve and
capacity magnitudes are period-dependent. Because the capacity-layer ranking depends on
those magnitudes, that layer is the least certain of the three and is best read as an optimistic
upper bound. Several products also lie outside the modelled set, including the intraday
market, the capacity-paying frequency containment products, and fast frequency reserve
(FFR), and these are gathered with the other limitations in Section 7.4. The third-party
aggregator models documented for the Nordic market (Nordic TSOs 2017; DNV 2022; DNV
2024) are the institutional channel through which these participants will combine and reach
the market toward 2035. Within the electrified-heat class itself the three archetypes are
complementary rather than substitutable, which Section 7.4 develops into the asset-selection

landing.

7.4 Implications for asset selection and hybrid-system design

The comparative ranking is a per-archetype-in-isolation result by construction, and the first
implication is that the best single-technology choice is no longer simply the heat pump. It
depends on two things the analysis has separated: which 2035 regime a buyer expects, and
which markets the asset can actually reach. A buyer who expects electrification to outpace
renewable growth, and who sells into the spot and energy markets, should favour the heat
pump, whose efficiency protects it as cheap hours vanish. A buyer who expects abundant
cheap hours, or who can monetise reserve and capacity payments, has a real case for the
storage-coupled boiler, which leads once those payments are counted at Reference and under
the VRE-led future. The guidance shifts from "pick the heat pump" to "match the asset to

the expected regime and the accessible markets."

The three archetypes are in any case not substitutes for one another. The heat pump delivers
heat economically at the low-to-medium supply temperatures of greenhouses, low-
temperature process heat, and district-heating base-load, but many current Nordic district-
heating networks run hotter than a single-stage heat pump can reach economically (IEA
2022, 36-37). The electric boiler handles the high-temperature priming and peak top-up the

heat pump cannot, and thermal storage decouples bidding from instantaneous heat demand,
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widening the operating envelope of either (Helin et al. 2018). Each archetype therefore

occupies a distinct technical niche before any market argument is made.

Operating value is only half of an investment decision, and the capital costs run opposite to
the operating-value ranking. Published specific investment costs for large district-heating
heat pumps are on the order of 0.8 to 1.1 million euro per MW (Pieper et al. 2018), several
times the electrode boiler's 0.07 to 0.15 million euro per MW (Danish Energy Agency 2022,
311). Thermal storage adds a further capital cost the public catalogue does not tabulate
(Bloess et al. 2018; Sihvonen et al. 2024). A euro of operating value is therefore far cheaper
to install through a boiler than through a heat pump. The cheap and flexible boiler can be the
better investment even in futures where the heat pump leads on operating value. A full
appraisal would weigh the operating-value ranking against these capital costs rather than

read the ranking on its own.

The per-MW-heat metric also undercounts the heat pump in the other direction. It credits
only heat sold, so it ignores the cooling a heat pump can co-produce, as in Helen's Esplanadi
plant, which pairs heating units of 11 MW with cooling units of 7.5 MW (Helen 2018). It
also uses a conservative COP of 2.5, below what a heat pump on a warm waste-heat source
achieves (Danish Energy Agency 2022, 297-299; Marttila et al. 2021). These off-model
benefits tilt a real investment case back toward the heat pump, in the opposite direction to
the capital-cost gap. The two effects do not cancel cleanly, but together they show that the

operating-value ranking is a starting point for an investment decision, not the decision itself.

The implication these strands point to is technology-agnostic hybridisation, and the new
results strengthen rather than soften the case for it. Because each archetype now
demonstrably wins a different regime and a different market layer, a 2035 configuration that
sizes each role beats any single-archetype choice. Such a configuration uses a heat pump for
low-temperature base-load and waste-heat integration, an electric boiler for high-
temperature priming and reserve participation, thermal storage for time-shifting and broader
reserve access, and biomass or fossil capacity retained for the genuine peak hours above the
heat pump's bid floor. Power-to-heat configurations of this kind are surveyed in Bloess et al.
(2018). The 2035 question for industrial heat decarbonisation is therefore not "pick the
winner" but "size each role for the regime expected," which a single-winner ranking would

have obscured.



&3

Several standing limitations bound the analysis. The most consequential is the common heat-
duty normalisation: all three archetypes are placed on the same annual heat duty so that the
comparison isolates market-driven differences. A real standalone boiler, however, is a
peaking asset of a few hundred full-load hours while a large heat pump runs base-load, so
the realised utilisations reported in Chapter 6 are economic-dispatch outcomes rather than
dimensioning figures. The capacity layer is an optimistic upper bound, because a single 1
MW unit is credited its full spot saving and its full mFRR offer on the same hour, with
perfect foresight and no competition from batteries or demand response. The VRE-led
scenario is the least anchored of the three. Beyond these, the model covers the Finnish
bidding zone only, with no multi-zone effects. It carries no capital cost or discounting, so it
ranks operating value rather than investment returns, as the capital-cost discussion above
makes concrete. It uses a representative rather than temperature-dependent COP. It is
dispatched at the 15-minute settlement resolution and so does not represent sub-15-minute
flexibility, and it assumes every eligible market is accessible in each interval. The
comparative cross-over is robust to these simplifications, but the absolute figures are

operating-value estimates rather than investment-grade forecasts.

The principal methodological extension follows directly from the most consequential
limitations. A chronological co-optimisation model, dispatching across the year rather than
scenario by scenario, would resolve the single-unit conflict between spot dispatch and the
mFRR offer in the same hour. It would also size the thermal store and the heat budget jointly,
replacing the optimistic capacity upper bound with a netted, realisable figure. Three further
extensions follow. The first endogenises the reserve-pool competition now carried by the
declared sensitivity, as batteries and demand response enter. The second adds a temperature-
dependent COP and a multi-zone Nordic scope. The third adds an investment-grade layer
with capital cost and discounting, moving the comparison from operating value to a levelised
cost of heat or net present value. Chapter 8 carries these forward as the thesis's future-work

pointers without re-arguing the discussion here.
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8 Conclusions

This thesis set out to find which way of electrifying large-scale heat offers the best value in
the Nordic power and reserve markets toward 2035: a standalone electric boiler, an electric
boiler paired with thermal storage, or a large heat pump. It also asked how building these
technologies at scale changes the market itself. The clearest answer is that the right question
is not which single technology wins, because none of them is best in every market condition.
The best choice is a combined system that stays profitable and resistant; however, the market
conditions change. One that runs on electricity when it is cheap, earns extra income from the
reserve markets, and still produces heat efficiently at every output level and in every season.
Resilience to a changing market, rather than the merit of any one technology, is the main

finding of this work.

To reach that conclusion, the study compared the three technologies over a full year of heat
demand for a Finnish district-heating system, letting each decide hour by hour whether to
run on cheap electricity, sell flexibility to the reserve markets, or stand aside, priced against
real 2025 to 2026 Finnish market data. It then tested them against three possible pictures of
the 2035 market, from a future where electric heating grows faster than wind and solar to

one where renewables grow faster.

Each technology turned out to be strongest in a different way. The large heat pump turns one
unit of electricity into about two and a half units of heat, so it earns the most from cheap

power and stays economic for the largest part of the year.

The electric boiler is less efficient, but it is fast and flexible, which lets it earn in the reserve
markets, where the grid pays flexible users to raise or lower their power use at short notice
to keep the system balanced. A boiler can do this while a large heat pump largely cannot,
and a boiler paired with thermal storage can also concentrate its electricity use in the cheapest
hours and stay available for reserves more of the time. The heat pump therefore leads on
efficiency and on the value of cheap electricity, while the boilers lead once reserve-market

and capacity income is added on top.

Which of these strengths matters most depends on how the market develops, and that is the

central result. In a future where electric heating and other flexible demand grow faster than
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wind and solar, cheap hours become scarce and the boilers lose most of their value: their
earnings from cheap power fall by about 78 per cent, while the more efficient heat pump
loses only about 21 per cent. In the opposite future, where renewables grow faster and cheap
hours are plentiful, the boilers with storage and reserve income come out ahead. Under
today's market, once reserve and capacity income is counted, the three finish within roughly
40 per cent of each other. The best earner changes with the market, so committing to a single

technology is a gamble.

This is why the strongest option combines the technologies rather than choosing one. A large
heat pump supplies the steady, efficient bulk of the heat. Thermal storage lets the system
buy electricity in the cheapest hours and frees capacity to sell into the reserve markets. An
electric boiler adds high-temperature heat and broad reserve-market participation. A firm,
comparatively cheap fuel such as biomass stays an essential part of the mix: it covers the
few genuinely expensive hours when electricity costs more than burning the alternative, and
by capping what the system pays in those hours it holds the yearly average cost of heat down.
That alternative-fuel price is in fact the single biggest lever in the whole comparison, since

it sets the threshold at which each technology switches between electricity and fuel.

Together these pieces cover every market condition: cheap power is captured whenever it
appears, reserve income is earned, expensive hours are bridged cheaply, and heat is produced
efficiently from the depths of winter to low summer loads. A system built this way does not

depend on guessing the right market future, and that is what makes it resilient.

Seen this way, choosing between these technologies is really a choice about how much to
bet on a single view of the future. Building one technology means committing to the market
it happens to suit, and the analysis shows how costly that bet can be: the standalone boiler
that is competitive today loses most of its value if electrification runs ahead of renewables,
while a heat pump sized for efficiency forgoes the reserve income the boilers collect. Nobody
building a heat plant in the 2020s can know which future will arrive, and the plant will still
be running when the answer is clear. A combined system removes the need to make that bet

at all.

Across the year the system always does the cheapest available thing, and the reserve markets

pay it for the flexibility to move between these modes. That ability to keep switching to
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whatever is cheapest, hour by hour and season by season, is the practical meaning of

resilience.

For anyone deciding what to build, the message is twofold. If only one technology can be
chosen, the choice depends on which markets the plant can reach and which future is
expected: the heat pump suits an operator who sells mainly into the electricity market and
expects demand to outpace renewables, while the storage-coupled boiler suits one who can
earn reserve and capacity income or expects plentiful cheap hours. The combined system,
however, hedges that decision. Cost also matters: a large heat pump is several times more
expensive per megawatt than a boiler, so a cheaper boiler can win on total investment

economics even when the heat pump earns more from operation.

The findings also carry a message for market design. As electric heating is built at scale, it
competes for the same cheap hours and the same reserve capacity, which erodes the value
those hours and markets offer. Planning for Nordic flexibility toward 2035 should expect
this effect on the demand side, in the same way it already accounts for how growing wind

and solar push electricity prices down.

These conclusions rest on a comparison of the technologies by their operating value, using
one year of Finnish prices projected into three possible 2035 futures, with each technology
assessed on its own. The study did not include the full investment cost of each option, did
not model the combined system as a single optimised plant, and considered Finland alone
rather than the wider Nordic market. The demand-heavy and renewable-heavy futures are
deliberate stress tests rather than predictions, so the figures show direction and magnitude

rather than exact outcomes.

The most useful next steps follow directly from these limits. The clearest is to model the
combined system as one plant across a full year and to include investment costs, extending
the comparison from operating value alone to full whole-life economics and confirming how
much the mix is really worth. It would also help to measure, from real market data, how
reserve prices respond as more flexible heat enters, and to widen the analysis from Finland

to the Nordic system as a whole.

The broader point for decarbonising Nordic heat is that the 2035 question is not which
electrified-heat technology is best, but how to build a heat system that is resilient to an

uncertain market: one that profits from cheap electricity, earns from the reserve markets,
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keeps a cheap, firm fuel such as biomass in reserve to hold the average cost down, and
produces heat efficiently in every season and at every output level. The case this thesis builds
is firm. The right answer is not a single technology but a hybrid system whose parts support
one another, the heat pump, the electric boiler, thermal storage, and a biomass backstop each
covering what the others cannot. A plant built this way does not merely survive whichever
market future arrives; it is positioned to benefit from it. This is the central conclusion of the
thesis: resilience built on a flexible hybrid system, not on the triumph of any single

technology.
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Appendix 1. Data inventory and granularity harmonisation

Referenced from Section 5.2.

Table Al.1. Finnish (FI) bidding-zone series used by the corrected methodology: source and

methodological role.

# Series Primary source Use in methodology

| FI day-ahead spot price | ENTSO-E 12.1.D Spot-savings dispatch;
bid-floor comparison;
base series for the
Section 5.4 scenario

transform
2 mFRR up energy Fingrid OD 244 Up-regulation revenue
clearing price (A, B), credited only
while the boiler runs
3 mFRR down energy Fingrid OD 106 Down-regulation
clearing price revenue (A, B), credited
while the boiler is idle
4 mFRR activation Fingrid OD 342 Activation indicator
volume (signed) gating up (volume > 0)

and down (volume < 0)
regulation per quarter

5 mFRR up capacity price | Fingrid OD 329 Up-capacity fee while
running (A, B); reported
as a stacked extension

6 mFRR down capacity Fingrid OD 330 Down-capacity fee
price while idle (A, B);
reported as a stacked
extension
7 Helsinki daily mean FMI Kaisaniemi station | S17 heating degree days
temperature (fmisid 100971) for the Section 5.3

seasonal heat-demand
envelope (shared by all
three archetypes)

The heat pump (archetype C) uses market series 1 only; the temperature series 7 sets the

seasonal heat-demand envelope shared by all three archetypes (Section 5.3). The automatic
frequency restoration reserve (aFRR) series, the frequency-containment products, and the
Finnish load, wind, solar, hydro and cross-border series are not used. The earlier residual-
demand approach that consumed them is retired (Section 5.4), and the 2035 scenarios are
anchored on published Nordic trajectories (Nordic TSOs 2025b; Hiltunen et al. 2025, 5)

rather than on a fit to Finnish hourly fundamentals. Market series downloaded 8 June 2026



and the FMI temperature series 13 June 2026; portal citations per (Fingrid 2026¢), (ENTSO-
E 2026) and (FMI 2026). Fingrid Open Data is published under CC BY 4.0; ENTSO-E
Transparency under Regulation (EU) 543/2013 (European Commission 2013). Native

granularities and the quarter-hourly reconciliation rules are in Table A1.2.

Table A1.2. Granularity harmonisation rules by series group; the dispatch target granularity

is the 15-minute quarter.

Series group

Raw granularity

Harmonisation step

2025)

Day-ahead spot price (pre-Oct Hourly VAT-inclusive ¢/kWh converted

2025) to EUR/MWh; hourly value
carried within each 15-minute
quarter

Day-ahead spot price (post-Oct 15-min VAT-inclusive ¢/kWh converted

2025) to EUR/MWHh; used natively per
quarter

mFRR energy prices (pre-Oct 60-min ISP Identity (ISP boundary aligns

2025) with the hour)

mFRR energy prices (post-Oct 15-min ISP Used natively per quarter

mFRR activation volume

Sub-hourly (about 1-min)

Aggregated to the dispatch
quarter as a signed activation
indicator

mFRR up/down capacity prices Hourly Identity; applied as an hourly fee
(up while running, down while
idle)

Helsinki daily mean temperature | Daily S17 lammitystarveluku

aggregated to monthly degree-
day shares for the heat-demand
envelope




Appendix 2. Key performance indicator specification

Referenced from Section 5.5.

Table A2.1. Key performance indicator specification for Chapter 6 outputs. Data inputs are
common across all three families: Table A1.1 series 1 (spot) and 2-6 (mFRR energy prices,
activation volume, and capacity prices). Families 1 and 3 read both the Reference dispatch
on the 2025-26 series and the dispatch on the Section 5.4 transformed series, while family 2

reads the spot price-distribution view per scenario.

y-axis quantity | x-axis/ Decomposition | Hypothesis
Chart family (unit) panelisation or stack tested
Stacked value | Stacked value | Archetypes A, | Spotsavings+ | HI (heat pump
per archetype (EUR / MW- B, C (panelled | mFRR up and | leads on spot
per scenario heat / year) by scenario) down energy + | and energy)
mFRR up and | and H2
down capacity | (reserve
stacking can
lift boiler B);

H3 cross-over
read across the
scenario panels

Spot price FI day-ahead Scenarios Sorted spot- H3 (the
distribution per | spot price (Reference, price curve ranking is
scenario (EUR/MWh) Electrification- | with archetype | conditional on
led 2035, bid floors the
VRE-led 2035) | marked electrification-
versus-VRE
balance)
Endogenous vs | Stacked value | Archetypes A, | Paired bars: Contribution
€x0genous (EUR / MW- B, C at the price-taker defence
ranking heat / year) Electrification- | (exogenous) vs | (system-aware
led 2035 cell endogenous vs market-
demand-side exogenous
cannibalisation | framing)
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