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Abstract

Sweden’s electricity system is shifting toward predominantly renewable sources, while space
heating still depends heavily on district heating (DH), which covers roughly 60% of building
demand, and heat pumps (HP), now installed in more than half of Swedish homes. Flexible
sector coupling (FSC) uses energy storage to connect these sectors, decoupling the conversion
of renewable electricity from the moment heat or power is actually needed. The relevant storage
technologies span a wide range: thermal energy storage (TES, from simple buffer tanks to
seasonal borehole systems), building inertia thermal energy storage (BITES, which exploits
structural thermal mass at no hardware cost), and battery energy storage systems (BESS). Heat
pumps and electric boilers (EBs) handle power-to-heat conversion, with photovoltaics (PV)
adding on-site generation. Despite this context, FSC deployment in Sweden remains limited.
Most published literature is either theoretical or based on non-Swedish conditions, minimum
digital participation thresholds are rarely defined, and practitioner perspectives have not been
collected in any systematic way.

The work maps FSC configurations and storage technologies across Swedish building
typologies and examines, for each, the digital maturity threshold and the practical drivers
and barriers shaping adoption. Six research questions structured the inquiry: which storage
technologies are applicable and over what timescales; what services FSC-enabled storage can
provide between thermal and electrical systems; which configurations and operating strategies
carry the greatest potential in the Swedish context; which key performance indicators (KPIs)
most usefully evaluate those services; what level of digital capability each configuration
demands; and what practitioner-level drivers and barriers shape adoption.

A structured literature review covered three typologies: DH-connected multi-family buildings
(MFB, T1), single-family houses (SFH, T2) with air-source HP and PV, and urban districts at
positive energy district (PED) scale (T3). It produced five FSC configurations (C1-C5). Eleven
semi-structured interviews with practitioners across five groups (researchers and planners,
technology installers, market operators, building owners, and the national energy regulator)
then addressed the qualitative questions.

No single storage technology covers the full FSC service range. TES handles thermal loads
at costs as low as 0.5 EUR/kWh with efficiency above 90%. BITES is already present
throughout the DH-connected stock and requires no additional hardware, making C3 the lowest-
barrier entry point for roughly 90% of Swedish DH-connected MFB. BESS can respond in
under a second but costs orders of magnitude more per stored unit than water-tank TES.
Bridging Sweden’s summer-to-winter generation and demand gap requires borehole thermal
energy storage (BTES) or pit thermal energy storage (PTES); no other technology reaches that
timescale. The interviews exposed a persistent KPI mismatch: building owners work with
payback periods, real-estate yields, and bank financing terms, not with the energy engineering
metrics common in the technical literature. A three-tier digital capability framework developed

III



here shows that full FSC automation is within reach for only a minority of organizations, with
protocol fragmentation as the primary obstacle. Eight findings had no equivalent in the reviewed
literature: geopolitical risk cited as a standalone investment driver; EU taxonomy eligibility,
with Swedish banks tying loan rates directly to primary energy number (PEN) scores; revenue
stacking across frequency containment reserve (FCR) participation, peak shaving, and PV self-
consumption that has been theorized but never demonstrated; FCR market saturation eroding
ancillary revenues; cross-boundary PV sharing arrangements taxed at neighborhood scale;
incentive misalignment between project developers and long-term asset managers; governance
barriers in cooperative housing; and resident energy disengagement capping behavioral demand
response.

FSC is technically feasible across a large share of the Swedish building stock. The binding
constraints lie elsewhere. The primary energy factor (PEF), which assigns a weight of 1.8
to electricity and 0.7 to DH, is the barrier cited most often: it redirects investment toward
regulatory compliance rather than system performance, and because it feeds into EU taxonomy
criteria and bank lending conditions, the distortion reaches across the entire building portfolio.
On the modeling side, formal cost comparisons across the five configurations are still missing
from the literature. Operationally, a live revenue stacking trial in a Swedish BESS installation
would settle the FCR standby versus peak shaving question. And on the policy side, it remains
unclear what adjusting the electricity PEF from 1.8 toward a value that reflects actual Nordic
carbon intensity would mean for investment across the sector.

Keywords:

flexible sector coupling (FSC), energy storage, thermal energy storage (TES), building
inertia thermal energy storage (BITES), battery energy storage systems (BESS), heat pumps
(HP), district heating (DH), digital capabilities, Swedish energy system, implementation
barriers
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Sammanfattning

Sveriges elsystem héller pé att bli 6vervigande fornybart, medan uppviarmning av bostdader och
lokaler fortfarande ar starkt beroende av fjarrvirme (FV), som ticker ungefir 60 % av byggnads-
behovet, och virmepumpar (VP), nu installerade i mer dn hélften av alla svenska hem. Flexibel
sektorkoppling (FSC) anvinder energilagring for att koppla samman dessa sektorer och frikop-
pla omvandlingen av fornybar el frdn det 6gonblick da virme eller kraft faktiskt behovs. De
relevanta lagringsteknikerna spanner over ett brett filt: termisk energilagring (TES, fran enkla
buffertbehallare till sisongsbaserade borrsystem), byggnaders inertia som termisk energilagring
(BITES, som utnyttjar den strukturella termiska massan utan hardvarukostnad) och batteriener-
gisystem (BESS). Virmepumpar och elpannor hanterar el-till-virme-omvandling, och solceller
(PV) bidrar med lokal elproduktion. Trots dessa forutsittningar dr FSC-utbredningen i Sverige
begrinsad. Merparten av den publicerade litteraturen dr antingen teoretisk eller baserad pa icke-
svenska forhallanden, minimigrianser for digitalt deltagande ar séllan definierade och praktik-
erperspektiv har inte samlats in pd ndgot systematiskt sitt.

Arbetet kartlagger FSC-konfigurationer och lagringstekniker i svenska byggnadstyper och un-
dersoker, for var och en, det digitala mognadskrav som stélls och de praktiska drivkrafter och
hinder som formar adoption. Sex forskningsfragor strukturerade arbetet: vilka lagringstekniker
som dr relevanta och over vilka tidsskalor; vilka tjanster FSC-aktiverad lagring kan tillhan-
dahalla mellan termiska och elektriska system; vilka konfigurationer och driftstrategier som har
storst potential i det svenska sammanhanget; vilka nyckeltal som bést utvédrderar dessa tjanster;
vilken digital forméga varje konfiguration kréiver; och vilka drivkrafter och hinder pé praktik-
erplanet som paverkar adoption.

En strukturerad litteraturgenomgéng téckte tre typologier: fjiarrvirmeanslutna flerfamiljshus
(T1), enbostadshus med luftvairmepumpar och solceller (T2) och urbana distrikt i skalan pos-
itiva energidistrikt (PED) (T3). Den resulterade i fem FSC-konfigurationer (C1-C5). Elva
semistrukturerade intervjuer med praktiker inom fem grupper (forskare och planerare, teknikin-
stallatorer, marknadsoperatorer, fastighetsidgare och nationella energimarknadsregulatorn) be-
handlade sedan de kvalitativa frigorna.

Ingen enskild lagringsteknik tidcker hela FSC-tjidnsteutbudet. TES hanterar termiska laster till
kostnader sa 14ga som 0,5 EUR/kWh med verkningsgrad 6ver 90 procent. BITES finns redan i
hela det fjarrvarmeanslutna bestdndet utan tilldggsinvestering, vilket gor C3 till ingdngspunk-
ten med ldgst barridir for ungefir 90 procent av svenska fjarrvarmeanslutna flerfamiljshus.
BESS svarar péd under en sekund men kostar storleksordningar mer per lagrad energienhet dn
vattentank-TES. Att 6verbrygga Sveriges sommar-till-vinter-gap i produktion och efterfrigan
kraver sdsongsbaserad BTES eller grop-TES (PTES); ingen annan teknik nér den tidsskalan.
Intervjuerna blottade en bestdende diskrepans i nyckeltal: fastighetsdgare arbetar med &ter-
betalningstider, fastighetsvirde och bankfinansieringsvillkor, inte med de energitekniska métt
som dominerar den tekniska litteraturen. Ett treskaligt ramverk for digital forméga som utveck-
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lats hér visar att full FSC-automation endast dr inom riackhdll for en minoritet av organisa-
tioner, med protokollfragmentering som det framsta hindret. Atta fynd saknade motsvarighet
i den granskade litteraturen: geopolitisk risk som en sjdlvstindig investeringsdrivkraft; EU-
taxonomins behorighetskrav, dir svenska banker kopplar laneridntor direkt till PEN-poéng; in-
tiktsstapling av FCR-deltagande, toppavlastning och PV-sjélvforbrukning som har teoretiser-
ats men aldrig demonstrerats; FCR-marknadsméttnad som urholkar stodtjanstintikter; grin-
soverskridande soleldelning som beskattas i kvarterskala; motstridiga incitament mellan pro-
jektutvecklare och langsiktiga fastighetsforvaltare; styrningshinder i bostadsrittsforeningar; och
energidesengagemang bland boende som begrinsar beteendemassig efterfrageflexibilitet.

FSC ir tekniskt genomforbart i stora delar av det svenska byggnadsbestandet. De bindande be-
gransningarna finns ndgon annanstans. Primédrenergifaktorn (PEF), som tilldelar vikter pa 1,8
till el och 0,7 till fjarrvdarme, dr det oftast citerade hindret: den omdirigerar investeringar mot
regelefterlevnad snarare dn systemprestanda, och eftersom den matar in i EU-taxonomins kri-
terier och banklanevillkor stricker sig snedvridningen 6ver hela byggnadsportfoljen. Vad géller
framtida forskning saknas fortfarande formella kostnadsjimforelser mellan de fem konfigura-
tionerna i litteraturen. En live-demonstration av intéktsstappling i en svensk BESS-installation
skulle 16sa konflikten mellan FCR-beredskap och toppavlastning. Det aterstar ocksé att kvan-
tifiera vad en justering av elens primdrenergivikt fran 1,8 mot ett virde som speglar faktisk
nordisk koldioxidintensitet skulle innebéra for investeringsbeslut inom sektorn.

Nyckelord:

flexibel sektorkoppling (FSC), energilagring, TES, BITES, BESS, varmepumpar (VP),
fjarrvirme (FV), digitala formégor, implementeringshinder
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Nomenclature

Abbreviations

3GDH Third-Generation District Heating

4GDH Fourth-Generation District Heating

S5GDHC Fifth-Generation District Heating and Cooling

ADR Active Demand Response

AHU Air Handling Unit

Al Artificial Intelligence

ASHP Air-Source Heat Pump

ASHRAE American Society of Heating, Refrigerating and Air-Conditioning Engineers
ATES Aquifer Thermal Energy Storage

BACnet Building Automation and Control Networks

BACS Building Automation and Control Systems

BAS Building Automation System

BBR Boverkets Byggregler (Swedish National Building Regulations)
BEMS Building Energy Management System

BESS Battery Energy Storage System

BITES Building Inertia Thermal Energy Storage

BLE Bluetooth Low Energy

BMS Building Management System

BRF  Bostadsrittsforening (Swedish cooperative housing association)
BTES Borehole Thermal Energy Storage

CAPEX Capital Expenditure

CHP Combined Heat and Power

COP  Coeflicient of Performance

DC  District Cooling

DH  District Heating

DHC District Heating and Cooling

DHW Domestic Hot Water

DSO Distribution System Operator
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DT Digital Twin

EB Electric Boiler

EPBD Energy Performance of Buildings Directive
EV Electric Vehicle

FCR Frequency Containment Reserve

FFR  Fast Frequency Reserve

FSC  Flexible Sector Coupling

FSI  Flexibility Savings Index

GII Grid Interaction Index

GSHP Ground-Source Heat Pump

HEX Heat Exchanger

HP Heat Pump

HVAC Heating, Ventilation and Air Conditioning
ICT Information and Communication Technologies
IEA  International Energy Agency

IoT Internet of Things

KPI  Key Performance Indicator

LCOE Levelized Cost of Energy

LFP  Lithium Iron Phosphate (battery chemistry)
LTES Latent Thermal Energy Storage

MFB Multi-Family Building

MPC Model Predictive Control

MQTT Message Queuing Telemetry Transport
NMC Nickel Manganese Cobalt (battery chemistry)
OpenADR Open Automated Demand Response
OPEX Operational Expenditure

P2H  Power-to-Heat

PCM Phase Change Material

PED Positive Energy District

PEF  Primary Energy Factor

PEN  Primary Energy Number

PES  Primary Energy Savings

PLC Programmable Logic Controller

PTES Pit Thermal Energy Storage

PV Photovoltaics

PVT Photovoltaic-Thermal (collector)



RBC Rule-Based Control

RES Renewable Energy Sources

ROI  Return on Investment

SC Sector Coupling

SCADA Supervisory Control and Data Acquisition

SFH  Single-Family House

SRI  Smart Readiness Indicator

STES Sensible Thermal Energy Storage

TCES Thermochemical Energy Storage

TCP/IP Transmission Control Protocol/Internet Protocol

TES  Thermal Energy Storage

TRNSYS Transient System Simulation (software)

TSO Transmission System Operator

VPP  Virtual Power Plant

VRE Variable Renewable Energy

Symbols

as Stability Index — evaluates building—grid interaction relative to design load

Yoad  Load Cover Factor (Self-Sufficiency) — share of demand met by on-site generation
Capr Available Storage Capacity for Active Demand Response (kWh)

crex  Specific Cost of Flexibility — ratio of daily flexibility cost to energy reduction

F Forcing Potential — energy that can be forced into storage using flexible operation (kWh)
Fg Energy Shift Flexibility Factor — capacity to shift consumption from high- to low-price periods

S Shifting Potential — energy that can be shifted in time using storage systems (kWh)
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Chapter 1

Introduction

The Swedish energy system is increasingly well-equipped for sector coupling, but the storage
configurations that make it flexible remain poorly mapped. This chapter motivates the research,

states the six research questions, and sets the scope.

1.1 Background

The energy transition is not just about replacing coal with wind and solar. It also requires
rethinking how energy moves between sectors that have historically been managed separately.
In Sweden, this becomes concrete at the intersection of the electricity grid and the district
heating (DH) network. DH supplies approximately 60% of space-heating demand in residential
and service buildings [1], while wind and solar generation continues to grow as a share of the
national electricity mix [2]. The result is a growing temporal mismatch: renewable electricity

is often available when heating demand is low, and scarce when demand peaks.

Sector coupling (SC) addresses this by connecting energy sectors so that surplus electricity can
be converted and used elsewhere including buildings, in the DH network, or in transport [3].
Flexible sector coupling (FSC) takes this further by adding energy storage, which separates the
moment of conversion from the moment of use [4]. In practice, this means heat pumps (HP),
thermal energy storage (TES), and battery energy storage systems (BESS) operating together
to shift electrical demand, capture renewable surpluses, and provide services to the electricity

grid and the heating network simultaneously [5].

Sweden has more of the pieces in place than most European contexts. HPs are installed in more
than half of all residential buildings [6], and urban DH networks already integrate multiple heat
sources: waste heat recovery, large-scale HPs, and combined heat and power plants (CHP) [1].
Building thermal inertia (the capacity of the building structure to absorb and release heat) is
present across the entire DH-connected multi-family stock at no additional capital expenditure
(CAPEX) [7]. Whether any of this translates into actual FSC deployment depends on factors

beyond the technical inventory.
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1.2 Problem Definition

FSC adoption in Swedish buildings and districts has been slow despite the technical conditions
being largely in place. Three gaps account for this. The available literature on storage
technologies and FSC configurations is largely theoretical or based on non-Swedish contexts;
the specific combination of Swedish building typologies, DH structures, and regulatory
conditions has not been systematically mapped [4, 5, 8]. The digital capabilities needed to
activate even basic FSC configurations are poorly defined: existing work describes advanced
control architectures but stops short of specifying what infrastructure a building actually needs
to get started [9]. The key performance indicator (KPI) frameworks for evaluating FSC
performance exist but have not been put to work in the Swedish context: no study links them to
the regulatory constraints or the barriers that building owners and installers actually report [4,
S].

The regulatory framework adds its own distortion. The Swedish PEF assigns a coeflicient of 1.8
to electricity consumed inside a building and 0.7 to DH [10]. A building owner optimizing for
that number may reach for different technology choices than one optimizing for grid services
or carbon reduction. How industry actors actually evaluate FSC investments, and whether that
evaluation relates in any meaningful way to what the technical literature recommends, has not

been studied.

This thesis addresses the following central question: How can energy storage technologies in
Swedish buildings and districts be configured and evaluated to enable FSC between thermal
and electrical systems, and what digital capabilities and implementation conditions determine

whether these configurations can be realized in practice?

1.3 Aim and Research Questions

The thesis maps and evaluates energy storage technologies and configurations in Swedish
buildings and districts for FSC between thermal and electrical sectors. It also maps the
digital maturity requirements for each FSC configuration and examines the drivers (factors
that facilitate FSC adoption) and barriers (factors that obstruct it) that determine whether those

configurations can be realized.
Six research questions structure this aim:

* RQ1: What energy storage technologies are available today that can be utilized in
buildings and districts, and how do they perform across different timescales (short-,

medium-, and long-term)?

* RQ2: How can storage technologies enable FSC between thermal and electrical systems
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in buildings and districts, and what services can they provide to both sectors?

* RQ3: Which system configurations and implementation strategies have the greatest
potential to facilitate renewable generation together with SC enablers through storage

in Swedish buildings?

* RQ4: Which qualitative and quantitative KPIs are most suitable to evaluate FSC services

provided by energy storage in buildings?

* RQS5: What level of digital maturity is needed to enable basic FSC setups in buildings,
and which monitoring, control, and interoperability functions does each configuration

require?

* RQ6: What technical, economic, social, and regulatory drivers and barriers influence the
adoption of FSC-enabled buildings as flexibility hubs?

1.4 Scope and Delimitations

The thesis focuses on Sweden and three representative building and district typologies: DH-
connected multi-family buildings (MFB) (T1), single-family houses (SFH) with air-source heat
pumps (ASHP) and rooftop photovoltaics (PV) (T2), and urban residential districts at positive
energy district (PED) scale (T3). The storage technologies considered are TES in its various
forms (buffer tanks, building thermal inertia, pit storage, borehole storage), BESS, and the
thermal capacity of the DH network itself.

This thesis groups technologies into three functional categories: generation (on-site electricity
or heat production, such as PV and combined heat and power units), conversion (technologies
that move energy between carriers, such as heat pumps and electric boilers), and storage
(technologies that hold energy for later use, including TES, BESS, and BITES). One
clarification worth making at the outset: heat exchangers transfer heat between circuits without

changing its energy form and are not treated here as conversion technologies.

Several areas fall outside this scope. Vehicle-to-grid (V2G) pathways and the mobility sector
are not addressed. Detailed component-level design, real-time control implementation, and
techno-economic simulation with Swedish-specific input data are not carried out. Numerical
values in the results come from the reviewed literature or from interviewee statements. The
analysis covers electricity and thermal sectors. Cooling appears where it intersects with
DH configurations but is not a primary focus. The geographic scope is Sweden, and the
regulatory, ownership, and market conditions described do not transfer directly to other national

markets.
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1.5 Benefits, Ethics and Sustainability

FSC-enabled buildings offer different things to different actors. DH operators gain a way to
absorb renewable surpluses and cut fuel consumption during demand peaks. Building owners
and occupants can lower energy costs through peak shaving and better self-consumption of
on-site generation. As one commercial building owner noted, an improved primary energy
number (PEN) also opens access to preferential financing and EU taxonomy alignment. For the
electricity system, buildings with dispatchable storage can defer or avoid grid reinforcement

investment.

Environmentally, FSC reduces the need for fossil backup by routing renewable electricity
into thermal demand through storage. Economically, the configurations with the lowest entry
barriers, particularly software-based Building Inertia Thermal Energy Storage (BITES) control
(which requires no additional storage hardware investment [7]), offer flexibility across a large

fraction of the Swedish building stock at near-zero marginal cost.

The ethical dimensions are less tidy. Digitalized buildings generate operational data
continuously, and who holds that data, and under what conditions, is not settled in the Swedish
regulatory context. The financial benefits of FSC are not automatically shared: a building owner
who invests in TES or BESS captures the return, while the flexibility value flows partly to the
grid and the DH operator. In cooperative housing, which governs a large share of Swedish
MFB, investment decisions are made by volunteer boards, and the billing structures do not pass
individual flexibility signals through to residents. These misalignments matter for how FSC

adoption actually unfolds.

1.6 Methodological Overview

The study combines two parallel components, described in detail in Chapter 2. The first is
a structured literature review that maps storage technologies, FSC configurations, KPIs, and
digital capability frameworks against the Swedish building and district context. The second
is a qualitative stakeholder study: eleven semi-structured interviews with actors across five
groups: researchers and planners, technology installers, market operators, building owners,
and the national energy market regulator. The two components were analyzed separately and
then compared, research question by research question, to identify where literature and practice

converge and where they do not.
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1.7 Stakeholders

Five groups shape FSC adoption in Sweden, each approaching the topic from a different
position. The choice of which groups to include followed from the literature review: actors
that appeared consistently as enablers or barriers to FSC adoption in Swedish contexts were
prioritized. The selection criteria are described in Chapter 2. Researchers and planners (G1)
produce the knowledge base and feed into long term system design. Technology installers (G2),
covering HP, TES, BESS, and PV providers, decide what actually gets deployed in buildings
and at what price. Market operators (G3), including Virtual Power Plant (VPP) aggregators
and DH companies, are the link between building-level flexibility and grid or network services.
Building owners (G4), including residential landlords, commercial property managers, and
cooperative housing boards, hold the investment decisions that determine adoption rates. The

national energy market regulator (G5) sets the rules within which all other actors operate.

What differs across groups is not just role, but the metric each reaches for first. Installers think in
cost per unit and site feasibility. Building owners think in payback period and financing terms.
Market operators think in dispatchable capacity and grid revenue. Regulators think in market
function and consumer protection. These differences partly explain why FSC technologies that

look viable on paper have not moved faster in practice.

1.8 Thesis Outline

Chapter 3 covers the theoretical and empirical background: SC, buildings as energy hubs,
storage technologies, FSC control strategies, KPI frameworks, digital capabilities, and what

the literature says about drivers and barriers for FSC adoption in Sweden.

Chapter 2 describes the research design, the literature review and technology mapping, the
digital capability and KPI framework development, the stakeholder interview methodology,

and the data analysis approach.

Chapter 4 builds the three representative Swedish building and district typologies, maps their
energy portfolios, derives five FSC configurations from the literature, and documents the

bounding assumptions used throughout.

Chapter 5 presents the findings organized by research question: storage technologies and
timescales (RQ1), FSC services enabled by storage (RQ2), configurations and implementation
strategies (RQ3), KPIs for FSC evaluation (RQ4), digital maturity requirements (RQ5), and

drivers and barriers for adoption (RQ6).

Chapter 6 synthesizes the main findings, addresses sustainability dimensions, discusses

implications for practice and policy, and identifies directions for future research.
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Chapter 2

Methodology

The study combines a structured literature review with eleven stakeholder interviews. This
chapter explains how each method was designed, what it was meant to answer, and how the two

sources were compared.

2.1 Research Design

This study uses a mixed-methods approach that addresses RQ1-RQ6 in three stages: a literature
review and technology mapping of storage types, FSC configurations, and the Swedish context;!
a conceptual framework for digital capabilities and KPIs; and qualitative stakeholder interviews

on implementation conditions, drivers, and barriers.

The literature work (Section 2.2) establishes the technical foundations covering storage types,
timescales, services, and how they work with conversion and generation systems in Swedish
buildings and DH. Then the frameworks section (Section 2.3) builds structured ways to assess
digital needs and performance. Finally, stakeholder interviews (Section 2.4) bring in real inputs
on what actually gets in the way or helps push FSC forward in practice. Figure 2.1.1 shows how

these three components relate and which research questions each one addresses.

The methods follow from the research questions. Literature review covers what has been
documented across the Swedish and European context. Stakeholder interviews capture what
practitioners actually encounter. Quantitative modeling was beyond the thesis scope and was

not attempted.

Artificial Intelligence (AI) tools played a limited role at two points in this work. For literature
discovery, Al-assisted search helped identify possible papers. Each one was then checked
manually for relevance against the scope described in Section 2.2. Language editing tools
were used for vocabulary variation and phrasing. Data collection, thematic analysis, and all

visualizations were the author’s own and did not involve Al.

'Desk-based analysis here means working from published literature, technical reports, and grey literature rather
than fieldwork; the stakeholder interviews described in Section 2.4 are the sole source of primary data in this study.
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RQ1 - RQ2 - RQ3

Eiterature Review & Technology Mapping

Interview Guide Design
6 thematic areas

RQ4 - RQ5

( Stakeholder Interviews x11
L RQ4 - RQ5 - RQ6

Comparative Analysis

Framework Development
KPI set + Digital Capabilites [ ¢
{ (literature vs. interviews, per RQ)

[ Results — RQ1 to RQ6 J

Figure 2.1.1: Research process overview: sequential flow from literature review and framework
development through stakeholder interviews to comparative analysis and results, with Research Question
(RQ) coverage indicated per method.

2.2 Literature Review and Technology Mapping

Six thematic areas guided the literature search:

1. Energy storage technologies in buildings and district energy systems (TES, BESS,
BITES)

2. FSC configurations and flexibility services

3. Conversion systems and renewable energy technologies (HPs, electric boilers (EBs),
chillers, PV, PVT, solar thermal)

4. Digital capabilities and interoperability standards
5. KPIs for FSC evaluation
6. Technical, economic, social, and regulatory drivers and barriers for FSC adoption

Google Scholar was the primary search tool. Papers identified through it were accessed
via ScienceDirect, ResearchGate, and MDPI. When a paper was not freely available, KTH
Primo was used to retrieve it through library subscriptions. International Energy Agency
(IEA) reports, including IEA Energy Storage Task 35 and selected EBC Annex publications,

were downloaded directly from the IEA website. The search used combinations of keywords

99 ¢ 99 <<

including “buildings,” “districts,” “energy storage,” “thermal energy storage,” “batteries,” “heat
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99 Ce:

pumps,” “demand response,” “flexible sector coupling,” “digitalization,” “interoperability,” and
“KPIs.” The review focused mainly on the last decade, with a small number of older references

retained where they were needed to define key concepts or provide historical context.

Literature was selected based on relevance to the thesis scope. Priority was given to
academic journal articles, recent review papers, conference proceedings, IEA reports, and other
institutional publications (IEA EBC Annexes, HPT Programme reports) relevant to buildings,
DH, and Swedish or European energy system conditions. Sources focusing on unrelated sectors,
or applications outside the scope of building and district FSC were generally excluded unless

they provided concepts or findings relevant to the research questions.

The selected literature was analyzed through comparative reading and thematic grouping.
Rather than a statistical meta-analysis, the review identified recurring themes, technology
characteristics, and application patterns relevant to the later analysis. Energy storage
technologies were classified according to storage type, including TES, BESS and BITES;
application scale, including building and district level solutions; characteristic time scale,
including short-term, medium-term; and the types of flexibility or FSC services they
may provide. In parallel, recurring combinations of storage technologies with conversion
technologies (HP, EBs, chillers) and on-site renewables (PV, solar thermal) were identified and

discussed, particularly in Sections 3.3 and 3.4.

This same literature formed the basis for digital capability assessments (monitoring, control,
interoperability via SRI/EN ISO 52120) and KPI selection (Table 3.6.1). The review therefore
served as the direct basis for technology mapping, analytical frameworks, and stakeholder study
design.

2.3 Digital Capabilities and KPI Framework

Two analytical frameworks underpin the analysis in Chapters 4 and 5: a KPI set for evaluating
FSC services in buildings and districts, and a capability mapping of the minimum digital
functions each FSC configuration requires. Both were derived from the literature in Chapter 3.

Both also shaped the stakeholder interview guide (Section 2.4).

2.3.1 KPI Identification and Selection

IEA Energy Storage Task 35 calls for a multi-dimensional approach to FSC evaluation that
goes beyond energy metrics to include system costs, emissions, and storage flexibility [4]. This
approach covers five evaluation domains: energy, economic, environmental, flexibility, and
grid interaction. A sixth domain, digital, was added because smart readiness is a measurable

property of building systems [9].
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KPIs within each domain were taken from review papers on building flexibility, prosumer
performance, and demand response [11-13], and from IEA EBC Annex 81 and the IEA Task 35
final report [4, 14]. Only indicators reported consistently across these sources as relevant to

storage-enabled flexibility were retained.

The resulting set is presented in Table 3.6.1 in Chapter 3 and is the reference for the results
discussion in Chapter 5. The stakeholder interviews (Section 2.4) included questions on the
metrics practitioners actually use, so that initial KPI set could be tested against what actors in

the field reach for in practice.

2.3.2 Digital Capabilities Framework

The digital capabilities framework was built by adapting two European standards to FSC
conditions in Swedish buildings. The Smart Readiness Indicator (SRI), introduced under
the revised Energy Performance of Buildings Directive (EPBD), and EN ISO 52120-1,
which classifies BAS functions by their impact on energy performance, formed the basis
for this mapping [15, 16]. The conceptual background for both instruments is reviewed in
Section 3.5.4.

The SRI rates individual smart services on a scale from 0 to 4 across nine building domains
(Figure 2.3.1). Higher service-level scores indicate progression away from isolated local control
toward grid-interactive operation [15, 17]. EN ISO 52120-1 uses four efficiency classes (D to
A) to separate non-automated systems from those capable of coordinated multi-system control
(Figure 2.3.2) [16]. Both scales were then mapped against the five FSC configurations (C1-
C5, defined in Section 4.3) to identify the minimum functional level each one requires to

operate.

[ Heating ’ [ Cooling ’

[ ~54 smart services in total | Per service: Functionality Level 0 (non-smart) — 4 (advanced smart) ]

Three key functionalitie:

Nine service domains

e Dynamic S EV Monitoring
Lighting } ‘ Envelope} ‘ Electm:lty] [Charging] {&Control

v

Controlled
Ventilation

Domestic
Hot Water

v v

Energy Savings Respond to Respond to
& Operation User Needs Grid Needs

§ ]
v

( SRI Score (0-100%) ]—{ Class A-G ]

Figure 2.3.1: Structure of the Smart Readiness Indicator (SRI): nine service domains, per service
functionality levels (0—4), three key functionalities, and the resulting SRI score and class [15, 17].
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Seven technical domains

Heatin Domestic Coolin Ventilation Lightin Blinds Technical
9 Hot Water 9 & AC gnting Building Mgmt
Four BACS efficiency classes
Increasing automation and energy performance —
Class D Class C Class B Class A

Non-energy-efficient N Standard BACS N Advanced BACS High energy performance

No automatic control; Central automatic control; Room-level control; Full automation; demand
no BACS functions reference class supervisory communication identification; grid-interactive

{ BACS efficiency class + energy savings factors }

Figure 2.3.2: EN ISO 52120-1 efficiency class structure: seven building service domains, four
automation classes (D to A), and the resulting Building Automation and Control Systems (BACS)
efficiency class and energy performance factors [16].

This produces a three-tier capability mapping: Low, intermediate, and advanced. Each tier
specifies the monitoring, communication, and control functions required, and connects them to
the FSC services a building can provide at that level [18]. The tier labels and boundaries do not
come from any single existing standard. They emerged from the interview data and were cross-
referenced against the SRI and EN ISO 52120-1 progressions to confirm they sit at consistent

functional levels. The full framework is presented in Section 5.5 (Figure 5.5.1).

One limitation of both standards is that they assess whether smart functions are present, not
how well those functions perform. Estimated savings can differ from experimentally observed
outcomes [17, 19]. The SRI and EN ISO 52120-1 [16] are used here to describe digital readiness

and minimum functional requirements, not to predict energy savings.

2.3.3 Integration of Both Frameworks

Each FSC configuration (C1-C5) was assessed in two steps. The KPI mapping came first: each
configuration was worked through all six evaluation domains using the literature in Chapter 3.
This produced entries for storage capacity, cost ranges, emissions reduction potential, response
time, grid service type, and the minimum SRI functional level and EN ISO 52120-1 efficiency

class each configuration needs to operate as described.

The digital capability tier assignment followed from that mapping. Each configuration was
placed in one of three tiers (Low, Intermediate, or Advanced) based on the monitoring, control,
and communication functions it requires to operate. The criteria for each tier are described in

Section 2.3.2; the resulting assignments are presented in Section 5.5.

The interview data revised both the KPI set and the tier boundaries. The PEN did not appear in
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any of the sources used to select KPIs, yet practitioners in four of five stakeholder groups named
it the dominant investment criterion in Swedish buildings. It was added as a bridge KPI in the
results to record that divergence. The tier criteria also changed. The initial draft treated sensor
availability as the threshold between Low and Intermediate. Interview analysis showed that
most building operators already have sensors but lack the integration layer needed to act across
systems. It is protocol fragmentation, not measurement, that limits coordinated operation. The

tier boundaries were revised to reflect that.

The outputs appear in Chapter 5: configuration assessments in Chapter 4, the digital maturity

model in Section 5.5, and the KPI comparison in Section 5.4.

2.4 Stakeholder Data Collection

To complement the literature review, a qualitative stakeholder data collection was conducted
to capture perspectives that are difficult to recover from technical literature alone, particularly
regarding implementation conditions, perceived barriers, drivers, decision-making logic, and

digital requirements related to FSC in buildings and district energy systems.

Semi-structured interviews follow a prepared guide to keep sessions comparable, but unlike
structured questionnaires, they leave room to probe responses and redirect the conversation
as each participant’s context requires [20]. That balance suited this study: a common thematic
frame was needed to compare views across actor groups, but the barriers, priorities, and decision

logics each stakeholder type brought rarely fit neatly into predetermined questions.

Stakeholder selection was built around the actor groups most involved in FSC implementation
in Sweden. The goal was coverage across the value chain: DH utilities, technology providers,
building owners, flexibility market operators, local energy planners, and regulatory agencies
each play different roles in whether flexibility moves forward. Participants came from
cooperative housing associations, commercial real estate portfolios, technology firms, and

research institutions.

Figure 2.4.1 shows the FSC value chain and the building’s position within it as a flexibility
hub. Building-level actors (owners, facility managers, technology providers) sit at the base;
above them are system operators such as DH utilities and aggregators, and the electricity grid.
Regulatory actors appear at the top. Physical energy flows and flexibility services connect these

layers.
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Figure 2.4.1: Stakeholder roles in the Swedish FSC value chain, with the building as a flexibility hub.

Before the questions, each participant received a brief written introduction to sector coupling

and FSC. The definition and concept visualization used in that introduction are reproduced in
Appendix A.

The interview guide was organized around six main themes: the future role of buildings and
DH in the Swedish energy system; the triggers that made TES, BESS, or FSC relevant for
their organization; current practices and technical or organizational capabilities; the value of
these solutions and the KPIs used to assess them; perceived barriers and risks; and enabling
factors, needed changes, and learning needs. The same general structure was used across
all stakeholder types, with specific questions adjusted to fit each organizational context. The

complete interview guide, including role-specific questions for each actor type, is provided in
Appendix A.
Stakeholder groups were identified by role in the Swedish building, DH, electricity, and
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regulatory context. Recruitment came through two routes: existing project contacts and actors
selected to fill gaps in the mapping. Outreach was by email, attaching a brief description of
the study, the interview guide, and a booking link. Sessions followed the shared thematic
guide, with questions adapted to each participant’s background. All interviews were conducted
via video call in English. They ran between 60 and 90 minutes. With participant consent,
sessions were recorded; Granola Al [21] was used during each interview for live note taking,
and recordings were later transcribed using Transkriptor [22]. Transcripts were then analyzed
thematically, comparing views across groups on barriers, enablers, KPI use, digital capabilities,

and implementation conditions.

Eleven interviews were completed between April and May 2026. They covered five actor
categories: researchers and planners (G1), technology installers (G2), market operators (G3),
building owners (G4), and the national energy market regulator (G5). Table 2.4.1 presents the

full sample.

One actor from the Distribution System Operator (DSO) sector sent written responses to three
role-specific questions. The responses did not cover the six cross-cutting themes used in the
main analysis, so this input was not mapped alongside the eleven interviews. It does appear in
the results: the DSO’s digital capability tier is assigned in Table 5.5.1, and their perspective on

flexibility markets is included in the barriers discussion (Section 5.6).

Table 2.4.1: Stakeholder sample: eleven semi-structured interviews across five actor categories, April—
May 2026.

Group  Category Role
Gl Researchers & Research Expert (FSC)
Planners
DH Planner / Researcher

Municipal Energy Planner
G2 Technology Installers TES & HP Installer
BESS & PV Installer
G3 Market Operators VPP Aggregator
Facility Manager / DH Utility Operator
G4 Building Owners Residential Building Owner
Commercial Building Owner
Cooperative Housing Representative (BRF)
G5 National Regulator Energy Market Regulator

In G1, the DH Planner / Researcher answered two question sets: both the DH/DC utility planner
section and the researcher section. The same applied to the two G2 participants. The TES & HP
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installer worked through both the TES and HP/boiler/chiller sections; the BESS & PV installer
did the same for the BESS and solar PV sections. In G4, the residential and commercial building

owners used the same question set.

Particular attention was given to digitalization-related questions, since one aim of the thesis is to
map the digital maturity requirements for basic FSC configurations. For stakeholders closer to
building operation and energy management, the questions addressed the digital tools currently
in use, how connected or isolated these systems are, and whether they can support coordinated

operation of storage, conversion technologies, and energy supply interfaces.

The interviews tested whether the barriers, enablers, KPI preferences, and digital capability

needs identified in the literature matched what practitioners encountered in the field.

2.5 Data Analysis

The literature and stakeholder data were analyzed independently, then compared research

question by research question.

The literature review followed the thematic grouping described in Section 2.2. The review
grouped storage technologies by type, application scale, characteristic timescale, and the FSC
services they can support. Recurring combinations of storage with conversion technologies
and on-site renewables were noted when the same configuration appeared in more than one
source. Findings are expressed as structured tables and qualitative summary, not quantitative

aggregation.

For the stakeholder data, thematic analysis was applied following the six-phase framework
described by Ahmed et al. [23]. Each transcript was mapped against the six themes used in
the interview guide: the future role of buildings and DH in the Swedish energy system; triggers
for TES, BESS, or FSC investment; current technical and organizational practices; KPIs and
value metrics; perceived barriers and risks; and enabling factors and learning needs. Responses
within each theme were collapsed into common categories when multiple responses addressed
the same underlying issue. No new themes were introduced during analysis; all responses were
mapped against the six themes defined in the interview guide from the outset. Figure 2.5.1

shows the six analytical phases and the six themes applied throughout.
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Figure 2.5.1: Six-phase thematic analysis framework applied to the eleven stakeholder transcripts [23],
and the six interview themes used as coding categories throughout the analysis.

Agreement between the two sources was treated as stronger evidence for a claim. Divergences
were recorded as either a practical barrier absent from the literature, or a gap between how FSC
performance is framed academically and how practitioners actually evaluate it. Both types of

finding appear in Chapter 5.

2.6 Validity, Reliability and Limitations

Internal validity of the qualitative thematic findings rests on two independent sources: published
literature and stakeholder interviews. The comparison process is detailed in Section 2.2.
Points of agreement between sources strengthened the conclusions. Disagreements were
treated as findings in their own right. The technical and configurational assumptions are
documented in Section 4.4. Participants were not asked to review or validate the analysis of

their responses.

The findings are specific to Sweden and should not be read as general claims about FSC
adoption. The primary energy calculation method, the widespread use of DH in urban MFB,
and the cooperative ownership model are particular to the Swedish market. The primary energy
factor (PEF) and BRF governance structure are both tied closely enough to Swedish regulation

and ownership law that they would need reassessment before being applied elsewhere.

The same interview guide was used across all participants, which gave the analysis a consistent
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basis for cross-group comparison. Sessions were recorded with consent and transcribed
before analysis. All eleven transcripts were analyzed by a single researcher with no reviewer

agreement.

Several limitations bear on how the results should be read. The eleven interviews, selected
to cover the relevant stakeholder groups, are not statistically representative of any sector. In
each organization, one or two people provided data. Their responses are treated here as that
organization’s view, but cannot be taken as the organization’s official position. The patterns
they reveal are indicative rather than definitive. One actor from the DSO sector submitted
written responses to a subset of questions but did not complete the full guide. Written responses
are a recognized form of qualitative data collection [24], though the partial coverage meant
the material could not be analyzed against the six thematic categories used for the completed
interviews; it is treated as supplementary evidence in Section 5.6, with an explicit note on

scope.

No quantitative techno-economic modeling was carried out. Numerical values in the results,
including levelized costs and payback estimates, come from published sources or interviewee
statements rather than Swedish-specific simulation. The cooperative housing perspective
rests on a single BRF interview, and while the features described are consistent with the
broader BREF literature [25], they reflect one organization’s experience. Latent heat storage
and thermochemical storage neither appeared in any of the five FSC configurations identified
in this study nor in the stakeholder discussions; both are covered in the background chapter but

were excluded from the results analysis on those grounds.

Non-residential buildings (offices, hospitals, retail) were not the focus here. The FSC problem
in Swedish commercial premises is structurally different: offices, hospitals, and retail carry
simultaneous heating and cooling loads year-round, which points toward SGDHC and cold
storage rather than the HP-TES-DH combinations at the core of this analysis. Covering both in
a single study would have split the work across two distinct problems without doing justice to
either. The stakeholder sample reinforces this: several interviewees also work with commercial
buildings, but the interviews were built around residential-scale FSC, and the findings reflect
that scope. District cooling follows the same logic. In Swedish residential districts, DC is not
the dominant energy service; space heating is, and the FSC opportunity runs through HP, TES,
and DH flexibility, not cooling infrastructure. EV charging was set aside because this thesis is

about thermal electrification via HP and EB. Mobility is a separate domain.
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Chapter 3

Background and Literature Review

Before mapping storage configurations, it helps to be precise about what FSC actually requires.
This chapter traces the concept from sector coupling to its flexible variant, then works through
the storage technologies, conversion systems, and the digital and economic conditions that

determine whether FSC can be realized in practice.

3.1 Sector Coupling and Flexible Sector Coupling

Sector coupling (SC) connects energy sectors of initially different carrier types, including
electricity, heat, cooling, and mobility, which have historically been managed as separate
systems, each optimized in isolation [3, 26]. Operating in this isolated form creates
inefficiencies: supply and demand mismatches, and renewable energy that no neighboring
sector can absorb at the right moment is simply curtailed [27]. Decarbonization sharpens the
problem. Replacing fossil fuels with renewable energy sources (RES) across energy-intensive

industries requires coordination that no single sector can provide on its own [5].

Task 35 of the IEA Energy Storage Technology Collaboration Programme examined how energy
storage enables FSC across electricity, heating and cooling, and mobility sectors, with 13
countries contributing to its findings [4]. Pastore [5] examines the same question at building
and district scale. Yet physical sector coupling alone does not solve the timing problem. Hauer
et al. [4] and Pastore [5] both find that even when surplus electricity is converted to heat or
fuels, generation and demand mismatches persist, driven by the variability of solar and wind.
Power-to-heat (P2H) and power-to-gas are still tied to when thermal or mobility demand actually
occurs, so renewable potential either goes unused or conventional backup fills the gap [3, 4].
Flexibility, then, is a system-level capability to align supply and demand across sectors over
time, not a property of any single technology [4, 5]. Figure 3.1.1 shows how storage sits
between renewable generation and end-use sectors, decoupling the moment of conversion from

the moment of use.
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Figure 3.1.1: Energy storage as the intermediary between renewable electricity generation and the
thermal and mobility demand sectors (adapted from [4]).

FSC extends SC through the addition of energy storage. Hauer et al. [4] describe it as coupling
the electricity, thermal, and transport sectors through energy storage technologies that bridge
the gap between when renewables generate and when demand arises. Renewable electricity
is converted to heat, fuels, or chemical energy, stored, and released when thermal or mobility
demand requires it, making the resource available on schedule rather than only when generation
conditions allow [4]. TES, gas storage, and electrical batteries are all part of that chain [4, 5].
Figure 3.1.2 shows how these carriers and storage types link electricity to thermal and transport

demand.
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Figure 3.1.2: Final FSC concept: electricity coupled to thermal and transport demand sectors through
thermal, gas/fuel, and electrical storage carriers (adapted from [4]).

At building and district scale, FSC most commonly operates through P2H, combining HPs,
EBs, and TES. TES units, whether buffer tanks, pit storage, or underground formations, store
heat generated during periods of low electricity prices or surplus renewable output and release
it when demand rises or generation falls [28]. Pastore [5] finds that P2H combined with
TES achieves both temporal and cross-sector decoupling, with lower curtailment and higher
self-consumption rates, especially when HPs operate alongside low-temperature DH networks.
Sundarrajan et al. [29] show that Swedish DH plants pairing HPs with TES reduce fuel use and

emissions while accommodating greater shares of wind power.

3.2 Buildings and Districts as Energy Hubs

The Swedish building stock has historically drawn energy from the grid and from DH, without
contributing back [1, 30]. Storage, conversion, and control change that: once these are in place,
buildings can absorb surplus electricity, hold it as heat, and release it when demand rises [5,
29]. What follows develops the energy hub concept and the energy portfolios that shape how

Swedish buildings and districts interact with the wider system.

3.2.1 Concept of Buildings and Districts as Energy Hubs

Decarbonizing the energy system requires rethinking where buildings and districts sit within
it. Rather than acting only as passive consumers, buildings and districts are better understood
as energy hubs, defined as units that provide input, output, conversion, and storage of multiple
energy carriers [31]. Atbuilding and district scale, this means connecting large-scale electricity
and heat networks with local end-users through distributed generation and storage [5]. Buildings

should not be rigid loads but prosumers that can adapt their operation to demand and generation
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as required by the user, weather, or grid conditions [32].

Four main elements make this work at the building or district level: Photovoltaics (P) or
another local renewable generation, Energy storage (E) in both electrical and thermal forms,
Direct current (D), a system that reduces conversion losses in the building, and Flexibility (F)
services provided to the grid. Collectively these elements form the PEDF system [32]. District
Cooling (DC) is an established complement to DH in Swedish cities, providing centralized
cold production through HP, chillers, and free-cooling sources [33]. In fifth-generation district
heating and cooling (SGDHC) systems, simultaneous heating and cooling supply through
P2H technologies adds grid flexibility potential [33]. This bottom-up model prioritizes local

consumption and transmits surplus to the grid only when necessary [32].

At the neighborhood scale, energy communities take a similar approach across multiple
buildings. They are groups of prosumers, residents, small businesses, or local authorities,
that produce, consume, store, and sell renewable energy within a shared local area [5]. A
surplus in one building can supply a neighbor, raising renewable utilization and giving system
operators an additional source of flexibility [5, 30]. When an operator aggregates these assets,
the community’s resources can act as a VPP, giving residential districts access to balancing

markets that no individual homeowner could reach on their own [30, 34].

3.2.2 Swedish Building and District Energy Portfolios

Sweden’s energy system fits the energy hub model naturally, mainly because of its extensive
DH infrastructure. DH supplies approximately 60% of space-heating demand in residential and
service buildings, and many urban areas have long-established networks that already integrate
multiple heat sources [1]. In the typical Swedish district, portfolios include CHP plants, large
HPs, and TES, often in the form of hot-water tanks or network thermal inertia [30]. Swedish
CHP units are typically sized according to seasonal heat demand driven by cold weather rather
than electricity needs, which limits their electrical output and reinforces the importance of

coupling with other technologies [35].

The portfolio also covers cooling. DC networks in Swedish cities have grown at around 8%
per year since 2000 [4]. Norrenergi AB, which supplies DC to Solna and Sundbyberg, is a
concrete case documented by Hauer et al. [4]: distributed cold storage added to its existing
system enabled power-to-cold FSC and cut operating costs by up to 23%. Fifth-generation
systems that run heating and cooling through shared infrastructure take the integration further
[33].

Interactions between buildings, districts, and the electricity grid are increasingly shaped by P2H
strategies [28]. When electricity prices are low or when there is wind and solar surplus, HP and

EBs convert electricity into heat that is stored in TES or in the DH network, so it can be used
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later on to fulfill the building’s heat demand [29, 36]. In this arrangement, the thermal network
acts as a large-scale buffer for the power system, while the electricity grid provides a flexible,
low-carbon, and cost-effective source of energy for heat production during periods of market
volatility [28, 30]. Emerging business models reinforce this dynamic: Stockholm Exergi, for
example, operates a heat recovery program enabling third-party producers to sell surplus heat
back into the DH system [37].

3.2.3 Non-Residential Buildings and Commercial Premises

Offices, hospitals, and retail spaces need cooling all year round. Heating and cooling demand
overlap rather than alternate seasonally, so district networks in commercial areas carry both
loads at the same time [33, 38]. Three of the four operational or pilot SGDHC systems in Sweden
serve predominantly commercial or mixed-use areas [33]. The bidirectional, low-temperature
loop in these systems lets buildings draw heating or cooling from the same pipe simultaneously,

without dedicated infrastructure for each service.

Abugabbara et al. [33] document four Swedish SGDHC installations. Héstskon in Stockholm is
a 56,799 m? building, mostly offices and retail. Its cooling peak of 3.0 MW exceeds its heating
peak of 1.5 MW. At the NUS hospital in Umead, cooling demand is 0.9 MW (5.0 GWh per year),
heating 1.1 MW (7.0 GWh per year). Both buildings carry comparable loads in both directions
throughout the year.

What holds back participation is not equipment. Fernqvist et al. [1] report that commercial
DH customers in Sweden cite indoor comfort risk as the main reason for not joining demand
response programs. Financial incentives have not been enough to shift that position: for a
hospital or an office building, a temperature deviation has an immediate cost that the expected

revenue from flexibility does not reliably offset.

3.3 Energy Storage Technologies in Buildings and

Districts

Energy storage enables the shift from rigid sector coupling to FSC by addressing Variable
Renewable Energy (VRE) intermittency and decoupling supply from demand. Three main
categories are relevant at building and district scale: TES, BESS, and BITES. Buildings account
for 30-40% of final energy demand in many countries [39], and deploying these energy storage
types turns passive consumers into active hubs able to provide grid services across electricity,

heating, and cooling sectors [1, 5].
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3.3.1 Thermal Energy Storage (TES)

TES systems store thermal energy by heating, cooling, melting, or solidifying a storage medium,
and release it later for heating, cooling, or power generation [40, 41]. Three main TES
technologies are used in buildings and districts: sensible heat storage, latent heat storage, and
thermochemical heat storage, each offering different trade-offs between cost, energy density,
and complexity [41]. For sensible water-based systems, costs can be as low as 0.5 €/kWh
[40]. Across all TES types, energy densities range from 0.2-3 GJ/m?, efficiencies exceed
90%, and lifetimes can surpass 40 years [40]. TES scales from kWh in individual buildings
to GWh in district networks and supports FSC by enabling load shifting in HP-TES systems,
Heating/Ventilation/Air-Conditioning (HVAC), and P2H applications [39, 41].

Sensible TES (STES)

STES is the most common form of TES, where energy is stored by changing the temperature
of a material without a phase change [41]. Water is used as a suitable medium for residential
applications (typically 0—100 °C) due to its high specific heat capacity, chemical stability, and
low cost, it is often used in a stratified Hot Water Tanks (HWT) to minimize mixing losses
[41]. For bigger applications like district-scale, high-capacity STES solutions include the
underground TES (UTES) types such as: Aquifer Thermal Energy Storage (ATES), Borehole
Thermal Energy Storage (BTES), and Pit Thermal Energy Storage (PTES), which are suitable
for seasonal balancing [3, 41]. Alternative medium such as sand can also be used for high-
temperature heat (up to 800 °C) or steam applications, offering high efficiency and suitability

for industrial processes [28].

Latent TES (LTES)

LTES systems employ Phase Change Materials (PCMs), such as ice, paraffins or salt hydrates, in
which energy is stored and released through melting and freezing within a specific phase change
temperature range [41]. PCMs offer substantially higher energy density than sensible storage,
resulting in a 40-80 % reduction in storage volume and making them particularly suitable for

compact building applications with space constraints [42].

Thermochemical Energy Storage (TCES)

TCES utilizes reversible chemical reactions and physical sorption processes to store heat in
chemical bonds, unlike STES and LTES [41]. TCES provides the highest energy density by
taking advantage of endothermic and exothermic reactions. This type of technology is known
for allowing for long-term heat storage with minimal losses because the energy is stored in

chemical bonds and not as a thermal resource [41].
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3.3.2 Electrical Energy Storage (BESS and Others)

BESS are the primary form of electrical storage in buildings. Lithium-ion chemistries dominate
the market [43]. In stationary applications, Lithium Iron Phosphate (LFP) batteries are the
standard choice: lower cost, high safety, and longer lifespan than other lithium formulations
[43]. Nickel Manganese Cobalt (NMC) chemistries are built for electric vehicles (EVs), where
high energy and power density matter more than longevity; NMC batteries degrade faster under

high temperatures or deep discharge conditions [43].

At building scale, stationary BESS range from a few kWh in SFH to hundreds of kWh in larger
residential or commercial buildings [5]. Fast response times suit BESS to frequency regulation

and short-duration arbitrage, tasks where TES is too slow. TES handles the larger, sustained
load shifts [5].

Li-ion BESS carries inherent fire and explosion risk in building scale installations. When
a cell enters thermal runaway through overcharging, overheating, or mechanical abuse, the
exothermic reaction releases large amounts of flammable and potentially toxic gases that can
lead to cell rupture, fire, or explosion [44]. Smoke detection, fire suppression systems, and
purpose-specific ventilation and siting arrangements are required for any building-integrated

deployment [44].

V2G broadens the available storage pool by allowing parked EV batteries to return energy to
the grid [43]. EV availability, user behavior, and charging infrastructure make this resource
difficult to dispatch reliably. This thesis therefore focuses on stationary and structural storage

integrated within buildings and districts [5, 43].

3.3.3 Building Inertia Thermal Energy Storage (BITES)

BITES uses a building’s structural mass, including floors, walls, and ceilings, as passive thermal
storage without additional equipment [45]. Modulating the heat supply causes the thermal mass
to charge or discharge like a buffer. This decouples heating system operation from real-time

demand and makes the building a source of flexibility for the electric power system [45].

BITES requires minimal hardware beyond the existing heating system and basic temperature
sensors. The ceiling surface temperature serves as a reliable proxy for the building’s State
of Energy (SoE), enabling real-world integration into smart grid control without additional
instrumentation [45, 46]. Coupling HP with BITES has been reported to reduce substation peak
loads by 25% [47]. In a residential simulation with a geothermal HP and TES tank, shifting
flexibility reached 34 kWh and forcing flexibility 54 kWh during January [13]. Rule-based
control cut energy costs by 21% and an intelligent optimization algorithm by 43%, in both

cases without compromising thermal comfort [13].
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3.3.4 Hybrid and Multi-Energy Storage Concepts

Integrating multiple storage technologies and energy carriers represents an attractive
opportunity for buildings and district energy systems. Hybrid configurations take the best of
different storage systems to provide a better flexible solution [48]. In buildings, a common
example is a HP-TES systems, mainly to provide hot water, which contributes with a large
share of the energy consumed [41, 48]. On a district scale, a similar principle happens when
multi-energy systems coordinate to provide electricity, heating, and cooling with shared storage
assets [40, 49].

These hybrid configurations perform well across scales. At the building scale, integrating
an ASHP with a water-based thermal storage tank and an optimal control strategy enables
demand response by managing both electrical and thermal vectors [50]. At the residential
level, Aneli et al. [S1] show that combining 1,000 L of TES with a 5 kWh battery reaches
80% self-sufficiency, roughly three times the result of the same system without storage.
Advanced management systems can also “relocate” storage needs from expensive technologies
like batteries to less expensive TES, to avoid oversizing battery storage capacity by more than
100 % [51, 52]. Finally, at a city scale, De Chalendar et al. [49] show that electrification of a
former gas-based system, integrating several storage technologies, resulted in a 65 % reduction
in the overall carbon footprint, 15 % reduction in annual peak power demand, and additional
potential savings in emissions from heating and cooling, exceeding 40 %o, through carbon-aware

management.

Hybrid systems support grid stability and are central to FSC operation. By combining a
stationary battery and EVs battery, the systems can stabilize short-term fluctuations in the grid,
provide peak shaving and frequency regulation services [43]. TES and BITES complement this
by covering lower-frequency load shifts and supporting a bottom-up approach to local renewable
supply, where electricity is consumed or stored on-site in whatever form suits the moment [39].
Unlocking this potential requires economic incentives and coordination mechanisms across

timescales, from day-ahead scheduling to fast regulation [39].

Hybrid and multi-energy storage system design is still maturing, however. Key challenges
include optimal sizing of electrical and thermal storage components, development of control
algorithms that coordinate multiple storage types without sacrificing comfort and damaging
equipment, and building market and regulatory frameworks that value flexibility [39, 40].
Current studies demonstrate clear technical and environmental benefits, but standard design

practices and long-term field data for different hybrid setups are still limited.

One dispatch approach that appears consistently in the HP-TES literature runs the HP or EB at a
steady load near its rated operating point, using the TES buffer to absorb the difference between

constant production and variable demand [4, 41]. Peak load is drawn from storage rather than
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forcing the generator to ramp up. Properly sized buffer storage has been shown to cut HP on-
off cycles from 40 to 10 per day and reduce electric energy consumption by up to one-third
[41]. Mechanical wear drops, electrical load is smoother, and the thermal asset becomes more
predictable from the perspective of grid dispatch. The C1 and C3 configurations in Chapter 4
follow the same principle: TES or BITES takes the variation, and the primary conversion device

runs at a more stable operating point.

Table 3.3.1 shows how storage technologies cover different FSC needs: TES manages daily load
shifts, BESS handles frequency regulation, and BITES gives demand response at almost zero
cost flexibility using Sweden’s building mass. No single technology does everything, which is

why hybrids make sense: they pair BESS’s fast response with TES’s capacity [48].

Table 3.3.1: Storage technologies: Characteristics and FSC roles [5, 41, 43, 46, 53].

Technology Timescale Resp. time Cost (€/kWh) Main FSC role
Water TES  Hours—days min 10-50 Load shifting, P2H
BESS Min—hours ms—s ~ 500 — 1000 Frequency reg., arbitrage
BITES Hours Hours <10 Pre-heating, DR

3.4 Conversion Systems and Renewable Energy

Technologies

The practical implementation of FSC depends on a range of conversion and generation
technologies that connect the electrical and thermal sectors. These enablers transform energy
between them, making it easier to use storage assets and renewable energy sources. This section
outlines the key conversion devices and on-site renewable technologies employed in modern

building and district energy systems.

3.4.1 Heat Pumps, Electric Heaters and Boilers, Chillers

HPs are the central conversion device for P2H operation. They upgrade low-temperature heat
from air, water, or ground to useful temperatures for space heating or domestic hot water
(DHW), and are used as flexible electrical loads that adjust their operation to match grid

conditions or renewable generation [39, 48, 54].

Electric heaters and boilers complement HPs by converting electricity directly into high-
temperature heat or steam, making them particularly suited to absorbing surplus renewable
generation during low-price periods. For cooling, electric chillers use refrigeration cycles to

produce chilled water for building or DC applications [49, 55].

These conversion devices interact with TES through control systems that hold heat or cold
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in water tanks, building mass, or other storage media, so that thermal loads become grid-

controllable resources for demand response [50, 54].

3.4.2 On-site Renewable Energy Technologies

Solar photovoltaic (PV) systems can convert sunlight directly into electricity using
semiconductor materials like silicon [56]. Solar thermal collectors capture solar heat directly in
a fluid (flat-plate or evacuated tube designs), while photovoltaic-thermal (PVT) panels combine
both electricity and low temperature heat while keeping the PV cells cool for better efficiency
[51, 54].

For FSC, these technologies supply the renewable energy that is stored and then managed by the
conversion devices from Section 3.4.1. PV generation is often stored in batteries for short-term
balancing or dumped into P2H TES systems to store midday peaks as heat in water tanks [36].
Solar thermal cuts down on electrical heating needs, while PVT feeds both sectors from a single

unit.

District scale studies like the one mentioned in Section 3.3.4 show how solar integration with
electrified systems can cut peak demand by 15 % while supporting carbon-aware scheduling
[49]. The value of this combination depends on control strategies that coordinate generation,

conversion, and storage against cost, emissions, or grid objectives [13].

3.4.3 District Cooling and Cold Storage

Sweden’s district cooling (DC) networks reach 42 municipalities, with roughly 660 km of
piping and annual delivery around 1 TWh [33]. Stockholm’s system, operated by Stockholm
Exergi, is the largest in the country: 270 MW of installed capacity and 335 GWh of annual cold
production. HP supply 55% of that output, electric chillers 27%, and free cooling from Baltic

seawater the remaining 18% [33].

Total Swedish cooling demand was 1.1 TWh in 2019, with 0.52 TWh supplied through
absorption cooling coupled to DH networks [57]. Growth projections suggest roughly a 50%
increase by the 2050s, driven partly by rising summer temperatures and partly by tighter cooling
requirements in new construction [38]. Production efficiency differs substantially by method:

absorption cooling COP runs at 0.7-1.2, electric chillers at 3—6, and free cooling sources above
COP 10 [58].

Cold storage in DC networks functions like hot water TES on the heating side: it shifts
chilled water production toward periods of low electricity prices and absorbs surplus generation.
Gunasekara et al. [58] analyzed distributed cold storage integrated into the Norrenergi network
in Solna and Sundbyberg. The addition reduced daily cold production costs by 4.3—4.8%,
equivalent to roughly 110 SEK/MWh for network operators.
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Underground thermal storage handles both heating and cooling from the same asset. The
Hastskon project in Stockholm uses aquifer storage and achieved a 68% reduction in purchased
DH for the connected buildings [33]. The NUS system in Umeé& runs 202 boreholes that cover
approximately 90% of the building’s cooling load and 30% of its heating load [33]. Both are

operational.

3.5 Digitalization and Minimum Digital Capabilities for
FSC

A HP with a buffer tank can sit for years without ever responding to a grid signal. The hardware
is there, but nothing coordinates it. Monitoring, communication, and control are what connect
physical assets to actual flexible operation. What follows reviews how that digital layer works
in the building energy context and sets out the minimum capabilities each FSC configuration

needs to function.

3.5.1 Role of Digitalization in FSC

Digitalization refers to the use of sensors, communication systems, data processing, and
automated control to connect physical assets with energy management decisions [9, 59].
Without this digital infrastructure, flexible technologies may be installed but are likely to remain
isolated, operated manually, or governed by fixed schedules rather than adaptive control [60].
Previous building automation systems mainly managed indoor comfort and technical systems
such as HVAC, lighting, and DHW. Buildings are now expected to do more: to operate as active
nodes of broader energy systems, adapting to electricity prices, renewable generation levels,
demand response events, or local grid conditions [9, 60, 61]. This shifts the role of Building
Energy Management Systems (BEMS) and Building Automation and Control Systems (BACS)
from internal optimization tools to systems that support flexibility and interaction with the grid
[9, 61, 62].

For FSC, digital coordination is especially relevant when buildings incorporate multiple
distributed energy resources. Ozadowicz [9] describes how the growth of renewables, storage,
and smart meters in buildings increases the need for more capable energy management
platforms. Walczyk and Ozadowicz [59] argue that effective cooperation with smart grids
depends on more developed Information and Communication Technologies (ICT) networks.
Physical integration between electrical and thermal sectors is necessary but not sufficient. The

building must also have the digital means to coordinate across them [59, 62].

Several studies indicate that many existing building management solutions are not well suited

for this role. Claul} et al. [60] report that conventional building management systems (BMS)
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solutions are often rigid, with limited interoperability with external systems. Paul et al. [61]
show that grid-responsive buildings are difficult to scale when they rely on custom integrations
or when systems lack a shared language for describing equipment and data, a condition known
as limited semantic interoperability. Digitalization, in this context, means building a shared
infrastructure that lets different systems interoperate reliably, not just installing more devices or
software [60, 61].

3.5.2 Monitoring, Communication, and Interoperability

Sensors and meters provide the situational awareness needed to track indoor conditions, energy
flows, and system states in real time. Communication networks carry that data to management
systems and return control signals to actuators. Without shared data standards, measurements
from different devices are difficult to combine, and each new integration requires custom work
[9, 59]. Any gap in this chain limits how reliably a building can coordinate multiple assets [59,
63].

The hardware behind flexible building operation tends to be mixed by necessity. Sharma et
al. [62] describe a residential BEMS built around Bluetooth Low Energy (BLE) sensors, Z-
Wave thermostats and sockets, Modbus for heat pump control, and Message Queuing Telemetry
Transport (MQTT) for receiving external commands, all feeding a local database. ClauB et al.
[60] report a platform for an office building that draws from roughly 3,000 measurement points
across building systems, weather services, and third-party devices, using Building Automation
and Control Networks (BACnet), MQTT, and InfluxDB. In both cases, the challenge is not

which protocol to use but how to connect equipment built on different ones [61].

Bergmann et al. [64] draw a distinction between technical interoperability, where systems
exchange data through shared protocols such as Transmission Control Protocol/Internet
Protocol (TCP/IP) or BACnet, and semantic interoperability, where the exchanged data is
interpreted the same way by all parties. The first condition is largely solved; the second is
not. BACnet field names are frequently left blank, filled inconsistently, or assigned using ad-
hoc conventions that differ between vendors, so combining data from multiple systems remains
costly even when all devices are networked [64]. Paul et al. [61] reach the same conclusion for
grid-responsive buildings: without shared metadata structures, control applications cannot be
transferred across sites without significant rework. Efforts to standardize building semantics,
including Project Haystack, Brick Schema, and American Society of Heating, Refrigerating and
Air-Conditioning Engineers (ASHRAE) Standard 223P, have progressed, but no single schema
is yet adopted consistently across BACS, Internet of Things (IoT), Building Information Models
(BIM), and digital twin platforms [59, 61, 64].
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3.5.3 Control, Optimization, and Grid Interaction

In order to provide building energy flexibility and coordinated thermal and electrical assets,
control systems are needed, where a higher level controller adjusts setpoints or operating
schedules while local controllers manage the detailed operation of individual components [65].
In this way, the building can react to internal and external signals such as indoor conditions,

weather forecasts, PV generation, energy prices, or demand response requests [61, 65].

In the literature, control strategies for flexible buildings are often grouped into two categories:
rule based control (RBC) and model predictive control (MPC) [66]. RBC is based on predefined
rules, in the form of ”if something happens you need to perform this action” logic, and is
still a common practice used in building automation because it is simple, transparent, and
relatively easy to implement [67]. Although there are a few examples in the literature that
show incorporating predictive models in RBC, they are limited and are considered inadequate
for meeting complex objectives [67]. Its main advantage is its practicality, but its performance

is limited because it does not optimize building operation over a future time horizon [67].

On the other hand, MPC is more advanced since it is based on the solution of an optimal control
problem repeatedly over a finite prediction horizon (future time window) while respecting
operational and comfort constraints [67]. In the reviewed studies, MPC often relies on forecasts
of external disturbances such as weather, occupancy, and electricity prices, and is often used
to coordinate several flexible assets, like HPs, hot water tanks, batteries, PV, and EVs [48, 67].
Compared with RBC, its main strength lies in its ability to handle multiple objectives at the
same time, such as reducing cost, peak shaving, load shifting, and tracking power targets [67].
In an FSC context, this means that supervisory MPC can actively schedule P2H operation of
HPs, charging and discharging of TES and BESS, and interaction with EVs so that the thermal

and electrical sectors are coordinated rather than operated independently [4, 68].

The way a building interacts with the grid depends on the external signals it is able to receive
and process [18]. These signals can be dynamic electricity prices, scheduled demand response
events, power limits, or direct flexibility requests from a utility, system operator, or aggregator
(a company or platform that pools flexibility capacity from multiple buildings and presents
the combined resource to grid operators or energy markets as a single dispatchable unit) [67].
This suggests that building flexibility is not only a matter of physical storage or thermal inertia,
but also of how effectively the control system can interpret and respond to these signals [12,
18]. Supervisory controllers are often implemented as BEMS or middleware platforms. They
translate these external signals into coordinated actions on the local controllers for HPs, TES,
BESS, PV inverters, and EV chargers, while still keeping comfort and local constraints [61,
62].

However, practical deployment is often limited by the current building automation and
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communication infrastructure [60]. Scalable grid responsiveness depends on reliable access to
measurements, “write” access to building systems for setpoint adjustments, and interoperable
digital platforms that can connect external signals with control actions at the building level
[60]. In many buildings, existing BAS are proprietary or only partially networked, which
makes it difficult to expose all relevant devices, coordinate thermal and electrical controls, or
reuse control applications in the buildings. This gap between theoretical control strategies and
installed BAS is therefore a key barrier for implementing FSC at scale, even when storage and

conversion technologies are already installed [61, 63].

3.5.4 Digital Maturity and Minimum Capabilities

The smartness of a building can be described as its ability to document, understand, and adjust
its operation to meet occupant and energy system requirements [15]. In the European context,
two of the main frameworks used to describe this indicator are the SRI and EN ISO 52120, both
focus mainly on BACS and its technical systems rather than on the physical building envelope
[15, 16]. Their structures are illustrated in Section 2.3.2 (Figures 2.3.1 and 2.3.2).

The SRI was introduced under the revised EPBD as a standard framework to identify a building’
s capacity to use ICT to meet occupant and grid requirements [15]. This assessment covers nine
domains: heating, cooling, DHW, controlled ventilation, lighting, dynamic building envelope,
electricity, EV charging, and monitoring and control [15]. Instead of evaluating the energy
performance directly, the SRI measures how ”smart” a service has been implemented, creating
functionality levels depending on the degree of smartness. Each domain impact different
categories: energy savings on site, flexibility for the grid and storage, comfort, convenience,
wellbeing and health, maintenance and fault prediction and information available to occupants
[15].

The functional levels that describe SRI digital maturity typically range from O to 4. Level 0
represents a conventional or non-smart implementation, while higher levels reflect increasing
degrees of automation, responsiveness, and coordination [15, 16]. For the heating domain,
for example, Level O corresponds to constant temperature control, Level 1 introduces variable
temperature depending on the outdoor temperature, Level 2 adjusts operation according to
actual load, and Level 3 includes the grid signals [19]. This progression allows the SRI to
identify if a building has basic automation or if it is capable of an interactive operation with the

grid.

A complementary and more technical framework is EN ISO 52120-1, which replaced EN
15232 and gives a methodology to classify BACS and Technical Building Management (TBM)
functions based to their impact on energy performance [15, 16]. In this standard, automation
maturity for BACS is based on four efficiency classes, from D to A. Class D corresponds to non-

energy-efficient systems with no automatic control, Class C to standard BACS with minimum
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energy impact, Class B to advanced energy systems with supervisory control, and Class A
to very high energy performance with full automation and grid-interactive capability [9, 16].
While the SRI offers a qualitative view of smart readiness, EN ISO 52120 provides a more direct
assessment of how different levels of automation can impact the potential for energy savings
[16].

At a general level, the change from basic to more advanced capability in EN ISO 52120 reflects
a progression from having no automatic control to individual automatic control of receivers in
rooms, then communication with superior systems, and finally to more coordinated operation
based on identified demand [16]. In simple terms, a less digital building relies more on defined
schedules or isolated local control, whereas a more digitally mature building combines sensing,
supervision, and data exchange across its systems [16]. This difference is especially relevant for
flexibility, since more advanced services depend on both hardware and the digital infrastructure

needed to coordinate several systems in real time [9].

From the perspective of flexibility assessment, minimum capability is better defined by the
functions a building can perform rather than by the technologies it contains. At a basic
level, a building should at least be able to monitor relevant technical systems, control loads
automatically, and adjust setpoints without requiring manual intervention [9, 19]. More
advanced capability includes room or zone-level automatic control, communication with
supervisory platforms, and the ability to respond to external grid signals such as dynamic pricing
or demand response requests [16, 63]. Without these digital functions, low digital maturity is
a direct barrier to FSC deployment. A heat pump, a TES tank, a BESS: each can sit installed
and idle, unable to respond to a grid signal or enter a flexibility market, because the monitoring,

communication, and control layers needed to coordinate them are not there.

High SRI scores, however, do not automatically translate into better energy performance, and
the framework does not serve all EU 2050 goals equally [17]. Most of the time SRI assessments
evaluate whether smart functions are present, rather than measuring how well they actually
perform. Because of this, the results can depend on simplified assumptions and on how
the assessor interprets the building systems [17]. Higher SRI levels are generally associated
with better measured efficiency, but the difference between scores and actual savings can be
significant [19]. For this reason, this thesis uses the SRI and EN ISO 52120 as tools to describe
digital readiness and minimum functional capability, as indicators of a building’s potential for

flexibility under suitable technical and operational conditions [16].

The SRI functional levels and EN ISO 52120 efficiency classes give a rough sense of what a
building can actually do. At Class B or SRI Level 2, basic demand response and scheduled load
shifting are within reach, typically through preset rules. Class A and SRI Level 3 to 4 open up
real-time grid interaction, dynamic pricing response, and multi-asset coordination across the

thermal and electrical sectors, but those require a considerably more capable digital backbone.
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The gap neither framework closes is the link between a specific score and the FSC services that
score can support. The digital maturity framework in Chapter 5 is this thesis’s attempt to make

that connection explicit.

3.6 Key Performance Indicators for FSC in Buildings

KPIs quantify FSC performance across building and district scales. IEA Task 35 extends beyond
energy metrics to include system costs, emissions, and storage flexibility when evaluating
performance [4]. The evaluation of FSC needs a multi-dimensional approach that considers
energy, economic, environmental, flexibility, and digital domains [4, 69]. International
initiatives, such IEA ES and Energy in Buildings and Communities (EBC) programs, aim to
standardize these indicators to facilitate comparisons between the different studies and their

implementation [4, 14].

Flexibility and energy-related indicators focus on the building’s ability to manage its demand
profile and interact with the electrical grid. Task 35 identifies “avoided peak electricity use”
and “avoided peak thermal production” as the key indicators for capturing the magnitude and
duration of load shifts, as well as the associated cost savings, when addressing the benefits of
FSC [4]. These indicators are often complemented by self-consumption and self-sufficiency
ratios, which are widely used to show how flexible a building’s energy use is in relation to
the on-site production [12]. The Grid Interaction Index (GII) is also an important metric for
assessing the building’s impact on the distribution network, especially its ability to balance its

export/import behavior [11].

Economic and environmental KPIs are essential to evaluate FSC strategies in buildings and
district systems [4]. The Specific Cost of Flexibility measures the extra costs of load shifting
relative to a reference scenario, while Spark Spread and Total Supply Spread assess the viability
of self-producing heat and electricity through cogeneration compared to grid purchase [69].
Minimizing CO, emissions is one of the key goals of energy flexibility in buildings, achieved
by reacting to grid signals. The on-site energy ratio evaluates renewable utilization, and annual
mismatch ratio/peak demand ratios assess decarbonization potential through improved load-

generation matching [18, 69].

Digital capabilities and interoperability are recognized as fundamental enablers for FSC and
building-to-grid (B2G) applications. Task 35 notes that FSC must be supported by digitalization
and advanced control systems, though specific digital KPIs often focus on targeting barriers like
connectivity and control response delays [4]. These systems ensure that automated signals can
be received and acted in the required timeframes for grid support [18]. The IEA EBC Annex 81
and Annex 82 focus on standardizing these digital indicators, addressing the need for protocol

compatibility and data security in prosumer buildings [14, 18].
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Table 3.6.1 summarizes key FSC KPIs across different domains. These metrics evaluate the
ability to provide flexibility using a storage system (e.g., Capr, Shifting Potential) alongside

economic and digital aspects.[4, 11].

These KPIs reveal that FSC performance depends on technical capabilities, digital coordination,

and supportive market conditions together.

3.7 Research Gaps and Thesis Contribution

The literature reviewed in this chapter maps the field along individual axes fairly well. Storage
technologies are characterized across timescales, FSC configurations have been studied in
multiple European contexts, and digital frameworks for assessing building automation maturity
exist and have been applied. KPI sets have been proposed and tested in simulation. The technical

case for combining these elements in flexible buildings is, for the most part, already made.

What is missing is a synthesis of these axes for the Swedish context. Studies that treat TES,
BESS, and BITES jointly with HP, DH and DC networks are uncommon; studies doing so
against Swedish building typologies, Swedish regulatory conditions, and the particular structure
of Swedish DH systems are rarer still [5, 8]. Which storage combination actually suits a DH-
connected MFB in Stockholm, or a SFH with a ground-source heat pump (GSHP) in a smaller

municipality, is a question the reviewed literature does not directly answer.

SRI and EN ISO 52120 are mature classification tools, but neither draws a clear line between
maturity levels and the FSC services each level can realistically support. A building owner
or installer trying to use this literature cannot easily determine what digital infrastructure is
genuinely required to start participating in demand response or DH flexibility programs, as

distinct from what a fully optimized system would eventually need.

The KPI picture raises the same question from a different angle. The indicators in the literature
have mostly been tested against simulation outputs with controlled inputs. Whether they
correspond to the metrics Swedish building owners, installers, and market operators actually
use when making investment decisions is not well established. The stakeholder interviews in
this thesis check whether existing KPIs capture what practitioners report rather than introducing

new ones.

Chapter 2 outlines how these three gaps shaped the structure of the literature review and the

design of the stakeholder study.
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3.7. RESEARCH GAPS AND THESIS CONTRIBUTION

Table 3.6.1: KPIs for FSC in Buildings

Category  KPI Name Description
Self-Sufficiency /  The degree to which on-site renewable generation can
Energy Load Cover Factor  cover local energy demand [11, 12].
(’Vload)
Energy Shift Evaluates the capacity to shift energy consumption
Flexibility Factor from high price to low price periods [12].
(Fs)
i Flexibility Savings  Quantifies the reduction in operational costs achieved
Economic Index (FSI) through flexible (penalty-aware) operation compared
to a baseline [14].
Specific Cost of The ratio of daily flexibility cost operation to the
Flexibility (cgex) reduction in energy consumption; determines
marginal cost [50].
] Primary Energy Measures the change in total primary energy supply
Environmental Savings (PES) caused by flexible actions [4].
Relative CO, Reflects the decarbonization potential by shifting
Emissions consumption to periods of low carbon intensity [12].
Reduction
o Available Storage ~ The amount of heat that can be added to storage or
Flexibility Capacity (Capr) thermal mass during a demand response event without
compromising comfort [11].
Shifting Potential ~ Quantifies the amount of energy (in kWh) that can be
(S) / Forcing shifted in time using storage systems [13].
Potential (F)
Grid Grid Interaction Measures the variability of net energy exchange with
Interaction Index (GII) the grid, indicating the average level of grid stress
[11].
Stability Index («vg) Evaluates the interaction between the building and
grid fluctuations in proportion to the total design load
[70].
Digital Smart Readiness Evaluates a building’s digital capability to respond to

Indicator (SRI)

grid signals and occupant requirements [9].




Chapter 4

Representative Swedish Typologies and
FSC Configurations

Three building and district typologies representative of the Swedish context are defined here,
alongside five FSC configurations derived from them. The configurations are grounded in
Swedish heating modes, building ages, and available technologies rather than theoretical

ideals. Section 4.4 states the bounding assumptions that carry through to Chapter 5.

4.1 Swedish Building and District Typologies

Sweden’s building stock has three main categories: one- and two-dwelling buildings (mostly
detached SFH), multi-dwelling residential blocks, and non-residential premises. By 2023, these
covered heated floor areas of roughly 321, 212, and 180 million m? respectively, a combined
total of around 713 million m? [2]. In the same year, the residential and services sector
consumed about 139.5 TWh of final energy: electricity accounted for 68.7 TWh and DH for
47.3 TWh [2]. These two carriers dominate both demand and, as this chapter argues, the sector’s

capacity for flexible operation.

Three typologies are constructed here to span the dominant heating supply modes and flexibility
assets relevant to FSC in Sweden. T1 and T2 operate at the individual building scale. T3
addresses the district level. All three are literature-based archetypes taken from published
studies, not case studies of specific sites. Non-residential premises (offices, commercial
buildings) appear in the national statistics but do not receive a dedicated typology: the source

literature for this chapter does not provide building-level FSC data for that segment.

4.1.1 T1 DH-Connected Multi-Family Building (MFB)

1

T1 is the multi-family residential block, specifically the Million programme’-era concrete

construction of the late 1960s and early 1970s that still makes up a large share of Sweden’s urban

'The Miljonprogrammet (Million Programme) was a Swedish public housing initiative (1965-1974) that added
approximately one million reinforced concrete MFB to address a severe housing shortage [71].

37
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housing. DH supplies this typology almost entirely: in 2023, DH covered roughly 25.0 TWh of
the 27.7 TWh that Swedish MFB consumed for space heating and domestic hot water, a 90 %
share [2]. Swedish DH networks run on largely low-carbon fuel mixes. Stockholm draws only
2-3 % of its DH output from fossil oil; the rest comes from waste-to-energy CHP, forest industry
residues, and recovered heat from wastewater, seawater, and data centres [72]. In southern
Skéane, Sysav operates a waste-to-energy CHP plant with four boilers that supplies district heat
to fourteen municipalities, Malmo among them [73]. The Gévle and Linkoping figures that
follow reflect the study sites of the cited literature, not a deliberate typological selection; both
are consistent with the national DH fuel profile [2]. In Gévle, wood products account for 46 % of
heat production and purchased waste heat from the local pulp and paper industry for a further
41 % [74]; in Linkoping, CHP plants cover 80-90 % of annual output and heat-only boilers
handle peak demand [75]. This has a direct bearing on FSC. When buildings cut heat demand
through renovation, heat-only boilers scale back first; CHP electricity output remains intact

until demand reductions reach around 30 % [75].

Energy performance across Swedish MFB varies widely depending on age. These buildings
averaged around 135 kWh/m?-year for space heating and domestic hot water [71]; a documented
renovation case of a lightweight concrete block built in 1961 shows 96.3 kWh/m?-year before a
deep envelope retrofit, falling to 52.9 kWh/m?-year after, a 44 % reduction in heating demand
[71]. Nationally in 2023, MFB averaged roughly 131 kWh/m?-year [2], which reflects uneven

renovation progress and a stock where most buildings predate 1980.

The heavy concrete and brick construction gives these buildings considerable thermal mass.
The envelope acts as a passive short-term heat storage that can be managed through controls:
Olsson et al. [76] found that feedback regulation of the DH supply temperature, measured across
107 Swedish MFBs, reduced annual heating demand by 4 kWh/(m?) and lowered average indoor
temperatures by 0.4 °C. That controllability is the technical basis for demand flexibility in this

typology.

4.1.2 T2 Single-Family House (SFH) with ASHP and Rooftop PV

T2 is the detached SFH, Sweden’s largest building category by heated floor area at roughly
321 million m? in 2023 [2]. Unlike T1, this stock relies primarily on on-site, electricity-based
heating: only about 27% of Swedish detached houses connect to a DH network [77]. ASHP are
the dominant technology for the rest, with 57 000 units installed in Swedish detached houses in
2010 alone [77]. Paired with rooftop PV and a battery, this ASHP-centred setup is the standard
FSC configuration at this scale.

Swedish SFH average around 106 kWh/(m?-yr) for space heating and domestic hot water [71].
One and two dwelling buildings consumed about 29.9 TWh for heating and hot water in 2023

across their 321 million m? of heated area [2], broadly consistent with that per-building figure.



CHAPTER 4. REPRESENTATIVE SWEDISH TYPOLOGIES AND FSC
CONFIGURATIONS 39

Nyholm et al. studied around 2 000 Swedish households and found that adding battery storage to
arooftop PV system lifted self-consumption by 20-50 percentage points and self-sufficiency by
12.5-30 percentage points [78]. The technical demand-response potential from electric space
heating in Swedish SFHs has been estimated at up to 7.3 GW of available heating capacity,
with up to 8 GWh shiftable per demand-response under a 3°C indoor temperature/ tolerance
[79].

Envelope characteristics condition this flexibility. IDA-ICE simulations across six Swedish
SFH archetypes from the 1940s to the 2010s show that houses built after 1996, particularly
those with floor heating, lose at most 1 °C in the first four hours after heating shuts off on a cold
day. On the other hand, houses from 1961-1995 drop by about 3 °C over the same interval, and
the oldest 1940-1960 stock loses heat almost immediately [80]. Flexibility potential falls with

rising outdoor temperature in all archetypes.

4.1.3 T3 Urban Residential District (PED Scale)

T3 operates at district scale. It represents a planned or recently developed urban residential
neighbourhood designed to function as a Positive Energy District (PED): a district that, over a
full year, generates at least as much energy from local renewables as it draws from the grid [74].
At this level of aggregation, interactions between individual buildings, the DH network, shared
PV generation, and district-scale HPs produce trade-offs that analysis at the single-building

level cannot capture.

A study of a planned residential area in Gévle quantifies the central tension. A DH supplied
baseline produces a peak electrical demand of about 1.45 MWh/h. Replacing that DH supply
with HPs nearly doubles the winter peak to 2.87 MWh/h [74]. Annual energy performance

improves, but grid loading in winter nearly doubles as a result.

TES and DH return-pipe heat recovery are essential to manage this trade off. On the supply
side, the DH networks feeding these districts already run mostly low-carbon: Gévle gets 46%
of its heat from wood products, 41% from pulp and paper industry waste heat, and almost
no fossil fuels at normal operating temperatures [74]. Nationally, the residential and services
sector accounted for 47.3 TWh of Sweden’s total DH consumption of 58.4 TWh in 2023 [2].
Buildings are the Swedish DH system’s largest customer, and that means they also hold most

of its operational flexibility.

4.2 Typology Energy Portfolios

Section 4.1 established three main Swedish building typologies based on their heating supply
mode and their share of total floor area: T1, the DH-connected MFB; T2, the ASHP-equipped
SFH with rooftop PV; and T3, the urban residential district operating at PED scale. The
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purpose of the present section is to specify, for each typology, the full set of energy conversion
and storage assets that can be installed, their grid and district energy connections, and the
flexibility potential that comes with them. The analysis is divided in four steps for each
typology: (i) grid and district energy connections, (ii) on-site renewable energy systems,
(iii) conversion technologies, and (iv) energy storage assets. The outcome is a set of technology

portfolios summarized in Table 4.2.1 which form the basis for the FSC configurations defined

in Section 4.3.

Table 4.2.1: Representative energy system portfolios for the three Swedish building typologies. Quanti-

tative ranges are drawn from literature cited in the subsections below.

Component

T1: DH-Connected
MFB

T2: SFH +
ASHP/PV

T3: Urban District
(PED)

Grid connection

DH connection

DC

On-site RES

Low voltage AC; elec-
tricity for common ar-
eas, appliances, auxil-
iary HP if retrofitted

Building substation
with heat exchanger
(HEX); DH supplies
~90 % of space heat-
ing + domestic hot
water (DHW) [2]

Not standard in
Swedish residential
MFBs

Rooftop PV (con-
strained by shared-
ownership rules);
exhaust-air HP retrofit
as primary renewable
integration pathway
[81]

Low voltage AC; elec-
tricity drives ASHP,
charges BESS

~27 Y% of detached
houses connected;

remainder off-DH
[77]

Not applicable

Rooftop PV: 3—

8 kW, typical [78];
GSHP+PVT in larger
plots [82]

Medium/low volt-
age AC; collective
net-metering or pro-

sumers tariff

Central district sub-
station; DH as base
load with large-scale
HP [74]

Present in some
Swedish city centres;
not addressed in this

chapter

Collective rooftop +
facade PV; district-
level PVT arrays in-
tegrated with GSHP
field [74, 82]
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Component T1: DH-Connected T2: SFH + T3: Urban District
MFB ASHP/PV (PED)

Conversion

technology

Thermal storage
(TES)

Battery storage
(BESS)

Primary flex

mechanism

Exhaust-air HP
retrofit [81, 83]; EB
as FSC asset [8]

Building envelope

as BITES [76, 80];
buffer accumulator
tank (0.5-2 m?) if HP
retrofitted [85]

Not standard for
Swedish residential
MFBs; no quantified
study found in the lit-

erature reviewed here

DH supply-temp.
modulation [76]; ther-
mal mass pre-heating
[88]; EAHP load dis-
patch [81]

ASHP: dominant
Swedish SFH tech-
nology [6, 77]; GSHP
in larger plots; electric

resistance backup

DHW tank:
200-500L [77];
floor/radiator circuit
as BITES [80]

Li-ion BESS: 5—
10kWh [78, 86];
sized to daily PV sur-
plus

ASHP load shift-

ing + BESS self-
consumption [78, 86];
BITES from floor
heating [80]

Centralized HP
(air/water or excess-
heat source) [74, 84];
EB for peak shaving
[8]; DH return-pipe
HP [74]

Centralized hot-water
pit or tank TES; sea-
sonal BTES in bore-
hole field [6, 8]; DH
pipe volume as dis-
tributed short-term
buffer [1]

Collective BESS at
district substation;
economic case un-

certain for residential
scale [87]

HP/EB dispatch vs.
electricity price [8,
27]; DH return-pipe
heat recovery [74];

seasonal TES charg-

ing [8]

4.2.1 T1 DH-Connected Multi-Family Building (MFB)

A DH-connected Swedish MFB runs on two grid connections: the electricity network supplies

common areas and tenant appliances, while the DH substation transfers heat to the internal

loops for space heating and domestic hot water [2]. No on-site fuel conversion happens under

normal operation. The building is passive so it does not generate energy, yet that passivity is

precisely what makes it ideal for demand-side control, since both connections can be modulated

from outside the building without hardware changes [76, 88].
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Grid and DH connections

In 2023, DH delivered approximately 25.0 TWh of the 27.7 TWh consumed by Swedish MFB
for space heating and hot water, around 90 % of the total MFB supply [2]. The grid connection is
separate, normally a single metering point per building (or per stairwell in larger blocks) covers
lighting, ventilation fans, lifts, and whatever electrically driven en uses. DC exists in some

Swedish city centers but it is not used as a building level system in residential MFBs.

On-site renewable energy

Rooftop PV on Swedish MFBs is constrained by shared-ownership rules, limited unshaded area
per dwelling, and the difficulty of allocating generation credits across tenants under Swedish
apartment law; where it is installed, it typically covers common area electricity rather than
heating. The primary improvement pathway is the exhaust-air HP. Rupar-Gadd et al. studied
five residential buildings in Vixjo where a centralized exhaust-air HP was integrated with smart
DH control; energy use fell by 15-32% and DH consumption by 28-48%, with rooftop PV
providing supplementary generation [81]. Huang et al. show the same dynamic at a three-
building residential cluster in Ludvika, Dalarna: routing excess PV electricity through a HP into
a dedicated TES rather than exporting it to the grid pushed self-consumption to approximately
77% [85]. The HP is what makes that self-consumption rate possible; without it, excess
generation has nowhere useful to go within a building whose dominant energy demand is
thermal.

Conversion technology

The standard conversion unit in T1 is the plate heat exchanger at the DH substation, which
passively transfers heat from the DH circuit to the internal loops. Flexibility begins here,
before any hardware is added. Olsson et al. [76] show that adjusting DH supply temperature
through feedback control (applied across 107 Swedish MFBs) reduces annual heating demand
by 4 kWh/m? with no measurable loss of indoor comfort. An exhaust-air HP extends this further.
Hsin-Ting Ko finds these retrofits technically and economically viable in Swedish MFBs, with
HP operation concentrated in milder seasons when the DH marginal cost is highest [83]. Rupar-
Gadd et al. [81] confirm this in field conditions: across five Swedish buildings, the exhaust-air
HP reduced DH draw by 28—48% depending on building and control strategy. When the HP is
given priority over DH as the primary heat source, the economic case strengthens: Dogkas et
al. tested this in a Transient System Simulation (TRNSYS) model of a 29-apartment building
in Gothenburg: the HP-priority control strategy cost €2,627 per year to operate, against €6,312
for a DH-only baseline, a reduction of roughly 58% while integration with rooftop PV reduced
grid electricity consumption further [89]. Atabaki et al. model electric boilers and HPs as

complementary P2H technologies within Swedish DH systems, co-optimized against hourly
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electricity prices to provide flexibility to the national power grid [8].

Energy storage

The main storage resource in T1 is the building structure itself. Concrete and brick
construction, typical of Million programme-era blocks, holds enough heat capacity to absorb
pre-heating without a dedicated storage vessel. Chen et al. [80] show that controllable pre-
heating can extend thermal autonomy by 2—4 hours. Arnaudo et al. [88] found that in a
Stockholm neighbourhood, with a £0.5 °C thermostat window, thermal mass alone reduced
HP disconnections by up to 50%, and DH backup covered only around 7% of total heat
demand. That is a meaningful flexibility window, achieved through control rather than capital
expenditure. Where an exhaust-air HP is retrofitted, a buffer accumulator tank decouples HP
cycling from instantaneous demand. Huang et al. [85] report that in the Ludvika cluster, a 3.5 m?
PV thermal store (alongside a 2.5 m®> DHW tank) was prioritized over battery charging because
thermal storage has a lower unit cost. Battery energy storage remains non-standard for T1; no

quantified Swedish MFB-scale BESS study appears in the literature reviewed here.

4.2.2 T2: Single-Family House with ASHP and Rooftop PV

T2 is more electrically exposed than T1. Because most Swedish detached houses are not
connected to DH [77], the entire conversion falls on electricity-driven equipment at the building.
The compensation is access to private roof and ground area, which opens rooftop PV for
generation and, in larger plots, ground-source heat extraction. The result is a portfolio that
looks nothing like T1: an ASHP or GSHP, a rooftop PV array, a hot-water buffer, and a battery,

all interacting through price signals and on-site generation.

Grid and DH connections

The SFH connects to the low-voltage grid at a single metering point. About 27% of Swedish
detached houses are on DH [77]; the rest depend on grid electricity for both space heating and
hot water. That dependence cuts both ways. The SFH stock is the grid’s largest residential
controllable load, but also its most widespread source of small-scale generation. The demand-
response potential from electric space heating reaches 7.3 GW nationally, with up to 8 GWh

shiftable across the full fleet when weather and price conditions align [79].

On-site renewable energy

Rooftop PV is the standard on-site generation technology. System sizes of 3-8 kW, are typical
for Swedish SFHs, bounded by roof area, shading, and the Swedish rule that net annual
production may not exceed consumption [78]. Adding a battery raises self-consumption by

20-50 percentage points and self-sufficiency by 12.5-30 points, depending on PV size and
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demand profile [78]. At the system level, however, the picture changes. A study of 2,104
Swedish SFH households under three European electricity scenarios for 2032 found that the
most attractive PV investments range from 5-20 GW,, nationally, paired with 0.01-10 GWh of
battery capacity. When household investment is allowed to feed back into electricity prices, the
optimal PV capacity falls by up to 33% relative to a fixed-price assumption, because widespread
adoption reduces the price spreads that make the investment attractive [86]. For plots with
sufficient ground area, PVT collectors integrated with a GSHP system reduce both borehole
length and cost. In conditions applicable to Sweden, GSHP+PVT cuts the required borehole
field by up to 50% in large installations and lowers investment costs by approximately 22.9%
relative to a GSHP paired with standard PV panels [82].

Conversion technology

The ASHP is the dominant heating technology in Swedish detached housing. In 2010 alone,
57,000 ASHP installations were recorded in Swedish detached houses [77]. By 2021, Sweden
led European countries in HP capacity per capita, with over one million units installed and HPs
in more than half of all residential buildings [6]. Under Nordic conditions, units sized to cover
base load (with electric resistance backup at peak) achieve better annual Seasonal Performance
Factors (SPFs)? than oversized units [77]. GSHP offer higher and more stable SPFs but need a
borehole or ground loop, which limits their use to plots with enough space. Liravi et al. [82]
report that GSHP systems in Nordic conditions achieve SPFs of 4-5.5, with PVT integration
stabilizing ground temperature over 50-year operation. When either HP type is paired with
rooftop PV, the HP is the electricity-to-heat converter that closes the sector coupling loop. It
absorbs cheap on-site electricity and turns it into heat, reducing grid imports and improving the

return on the PV investment.

Energy storage

T2 has three storage layers, each operating on a different timescale. A domestic hot-water
tank (200-500L) is standard in Swedish ASHP installations [77] and decouples HP cycling
from instantaneous DHW demand. The building structure provides a second, implicit layer:
post-2010 Swedish SFHs with floor heating hold indoor temperature within 4-1 °C for at least
four hours after heating is cut on a cold day, whereas 1961-1995 radiator-heated houses lose
roughly 3 °C over the same interval [80]. The difference defines the practical flexibility window
before comfort is affected. The third layer is a lithium-ion battery. The 5—10 kWh range yields
the largest self-consumption and self-sufficiency gains for typical Swedish SFH profiles [78];

profitability depends on both self-consumption and price arbitrage, with grid fee structure as

>The SPF measures how much heat a HP delivers per unit of electricity consumed over a full heating season.
The instantaneous COP, tested under fixed conditions per EN 14511, does not account for part-load cycling, defrost
periods, or seasonal variation in source temperature; the SPF does.
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a key sensitivity [86]. In a Swedish building cluster where a TES was available, excess PV
electricity was routed through the HP into the thermal tank rather than the battery, because TES
is cheaper per unit of energy stored [85]. In a T2 household where a DHW tank is already
sized for HP operation, the battery and the hot-water tank are partly substitutes, not purely

complements.

4.2.3 T3: Urban Residential District (PED Scale)

T3 is adifferent kind of problem. Individual buildings are aggregated into a district-scale system
where a shared DH network, collective PV generation, and centralized plant create flexibility
options that no single building could access alone. The Positive Energy District (PED) target
(annual net energy import no greater than local renewable production [74]) imposes an explicit
balancing constraint that runs through every sizing decision: generation, conversion, and

storage must be co-designed rather than selected independently.

Grid and DH connections

A Swedish PED-scale district connects to the medium-voltage distribution network at one or
a few grid points, making collective net-metering or local energy community arrangements
feasible. The DH network is not displaced by this ambition; it is central to it. In the HP-
intensive scenario modeled for a Gévle residential area, the DH network was retained because
it lets large centralized HPs serve multiple buildings without per-building retrofit [74]. Ahrens
Kayayan et al. [74] show that the cost of abandoning DH in favor of distributed building-level
HPs is steep: winter peak electrical load nearly doubles, from approximately 1.45 MWh/h to
2.87 MWh/h. That 98% increase in peak demand is the reason district-scale storage and DH
retention remain core features of T3. The HP share in Swedish DH supply is projected to reach
61% by 2050, with CHP declining by 24 %, as seasonal storage becomes necessary to carry

renewable electricity surpluses from autumn into the winter heating season [8].

On-site renewable energy

At district scale, PV across multiple buildings produces a collective generation portfolio that
is less volatile than any single building’s output. The Givle district study [74] treats collective
PV as a core component of the PED energy balance. Where dense urban development limits
surface area, PVT collectors integrated with a GSHP borehole field reduce the land pressure.
Liravi et al. [82] show that PVT recharges the ground thermally during summer, limiting ground
temperature decline by 33% over 50 years in large borehole installations and potentially cutting
the required borehole field area by up to 95%. For a dense residential district, that difference can
determine whether a GSHP system is physically feasible at all. Urban excess heat (from data

centres, industrial processes, or wastewater treatment) adds a third renewable supply stream.
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Integrating spatially distributed excess heat sources into a DH network reduces primary energy
demand and cuts peak HP load at the district level [84].

Conversion technology

Conversion in T3 happens at district scale, not building scale. A centralized water-source or
ASHP draws heat from the DH return pipe, ambient air, or an urban excess-heat source and
delivers it to the DH supply circuit. DH return-pipe heat recovery via HP is an effective route
to both reducing DH primary energy demand and meeting the PED energy balance [74]. The
EB adds speed: it converts surplus grid electricity to heat with no ramp-up delay, making it
the fast-response FSC asset that the HP (slower to start) cannot be on its own. This HP-plus-
electric-boiler pairing is modeled as the standard architecture for district-scale FSC in Swedish
DH systems [8]. At a KTH case study site, the levelized cost of energy (LCOE) reaches 37.5—
46.6 €/MWh, with FSC viability governed primarily by the electricity price spread and TES
CAPEX [27]. In the Linkdping DH system, CHP covered 80—-90% of annual heat output and
heat-only boilers handled the peak [75]. In a decarbonized T3, those heat-only boilers are
replaced by electrically driven alternatives. The two-layer architecture is preserved, but the

peak unit now responds to electricity market prices rather than fuel cost.

Energy storage

TES is the workhorse of T3. The DH pipe network itself is a distributed short-term buffer.
The thermal mass of the water it carries smooths demand fluctuations over minutes to hours.
Roughly 64 % of Swedish DH network capacity consists of short-term TES embedded in
the distribution networks, yet this resource is rarely used for FSC because regulatory and
operational barriers separate the DH and electricity sectors [1]. Dedicated hot-water pit or tank
TES at the district level extends the dispatch window to days or weeks. The HP and EB can then
charge during periods of cheap or surplus renewable electricity and discharge against winter
peak demand. Seasonal TES is identified as the critical asset for bridging the Swedish winter
heat deficit as the electricity supply becomes increasingly renewable [8]. TES CAPEX and
electricity price spread are the two determinants of whether FSC is economically viable [27].
Borehole thermal energy storage (BTES) has been deployed in Swedish district applications
since the 1980s [6], and dense urban districts can use the subsurface volume without competing
for surface land. For battery storage at the district substation, the picture is less favorable. In a
commercial building study (Qatar context), ice TES was found more cost-effective than BESS
alone when both are paired with on-site PV, with the economic case for BESS contingent on
specific tariff and sizing conditions [87]. The same logic applies to DH: TES is cheaper per
unit of stored heat than electrochemical storage, which limits the role of district-scale BESS in

residential heating contexts.
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4.2.4 Evidence Gaps

Three gaps in the Chapter 4 evidence base are carried forward to Section 4.4 as bounding

assumptions or scope exclusions.

DC in T3. No open literature was found that provides building- or district-level data on DC
connections or cold-TES in Swedish residential districts. DC infrastructure in Swedish urban
areas appears only in non-residential and commercial contexts, which are outside the scope of

this chapter.

Battery storage in T1. BESS literature for Swedish buildings is concentrated in the SFH segment
[78, 86]. No peer-reviewed source in the Chapter 4 set quantifies BESS sizing, economics, or
grid services for Swedish MFBs. Battery storage is therefore excluded from the T1 portfolio in

Chapter 5 modelling.

Standard PV capacity for T1 and T3. The 3-8 kW, range from Nyholm et al. [78] applies to
detached houses only. Collective PV sizing per dwelling or per m? of roof area in Swedish MFBs
and district installations requires Swedish housing stock data not available in the Chapter 4

source set.

4.3 Representative FSC Configurations

Section 4.1 and Section 4.2 established the three Swedish building typologies and their energy
equipment portfolios. Five representative FSC configurations (C1-C5) are built on that
foundation by pairing each typology with one or more coupling mechanisms and a dominant
control objective. No single source defines these configurations. Each one was assembled in
this study by combining a Swedish building typology with technology pairings and control
strategies drawn from the literature reviewed in Section 2.2. Sector coupling here follows the
definition of Ramsebner et al. [3]: substituting fossil fuels with renewable electricity across
end-consumption sectors through direct electrification, P2H via HPs and EBs, and power-to-gas.
The flexible dimension is provided by thermal or electrical storage in each configuration: energy
storage decouples the moment of energy conversion from the moment of delivery, allowing the
system to absorb electricity when generation is high or prices are low and release heat when
demand requires it [4]. The five configurations run from single-building demand response
to district-scale seasonal storage, giving Chapter 5 a consistent set of cases to evaluate under
common techno-economic indicators. Figure 4.3.1 shows the mapping between typologies and

configurations.
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heat

Figure 4.3.1: Three Swedish building typologies (T1-T3) and the five FSC configurations (C1-C5)
derived from them, with the key storage and conversion technologies in each configuration. Color
grouping indicates which typology each configuration belongs to.

C1 and C3 are both T1 configurations (DH-connected MFB). C2 is the T2 case (SFH with
ASHP and PV), and C4 and C5 cover T3 (urban district, PED scale).

4.3.1 Configuration C1: Peak-Shaving via Heat Pump Integration at the
DH Substation (Typology T1)

Configuration C1 applies to the T1 typology: a DH-connected MFB whose substation is fitted
with a building-side HP that draws heat from the DH return circuit and feeds it to the space-
heating distribution network. The FSC objective is P2H peak shaving, which means absorbing
electricity during low spot-price or high renewable-surplus periods while cutting DH load
at times of peak demand. The storage medium that makes this shift possible is the BITES:
concrete construction stores heat charged during low-price hours and releases it passively over
the following hours, with an optional primary-side buffer tank extending the available discharge

window.

Swedish DH systems had 1527 MW of installed large HP capacity across 120 units of 1 MW
or more as of 2013, with a fleet-average coeflicient of performance (COP) of 3.3 across 1981—
2013 [90]. Sewage water supplied heat to 47% of units, ambient water to 27%, and industrial
excess heat to 13% [90]. The available source-side temperature at the substation is governed
by the DH return temperature: across 142 Swedish DH systems, the national average supply
temperature was 86.0 °C and the return 47.2 °C [91]. When a substation under-performs, the
return temperature climbs toward the supply temperature, narrowing the differential available
for HP extraction and cutting both effective COP and flexibility. About 6,000 of Sweden’s
roughly 100,000 substations develop such faults each year [91].

The main TES resource in C1 is the building structure itself. Five concrete MFBs in Gothenburg

built between 1934 and 1950 held approximately 63 degree-hours (°Ch)* of storage capacity,

3Degree-hours (°Ch) measure thermal storage capacity per unit of floor area. One °Ch equals the energy a
building’s mass absorbs or releases when its mean temperature shifts by 1 °C over one hour.
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roughly 0.1 kWh m? of floor area, with indoor temperature variation staying within +0.5 °C
of setpoint, with charge and discharge phases each lasting 9 hours [7]. A pilot study across
58 substations on three DH networks used coordinated building-mass pre-heating to cut peak
thermal load by 15-20% and lower DH return temperature by 2 °C [7].

HP dispatch in C1 responds to a day-ahead electricity price signal or a direct grid-operator
activation [92]. Four factors govern HP flexibility in a smart grid context: the thermal demand
profile, HP capacity, storage type and size, and dynamic system properties such as minimum
run times and maximum compressor ramp rates [92]. On the intra-day timescale relevant to
peak shaving, the building thermal mass and any primary-side buffer tank are the effective
TES, coordinated through supply temperature control [93]. The 4th Generation District Heating
(4GDH)* concept takes this further: intelligent building control using 24-hour weather forecasts
schedules charge and discharge cycles for the building mass, flattening the DH load profile and

reducing average return temperatures [94].

4.3.2 Configuration C2: Prosumer Self-Consumption and Market
Arbitrage in the SFH with PV, GSHP, and BESS (Typology T2)

Configuration C2 applies to the T2 typology: an SFH with a GSHP, rooftop PV generation,
a water-tank TES, and a Li-ion BESS. Two FSC objectives run in parallel: maximizing PV
self-consumption through rule-based control, and minimizing total electricity cost through cost-

optimal dispatch against hourly spot market prices [95].

Salpakari and Lund [95] simulate a full-year operation of a low-energy SFH in Southern
Finland, a Nordic context comparable to Swedish T2 buildings, combining a GSHP with an
auxiliary electric resistance heater, a water-tank TES, a Li-ion battery, and shiftable appliances.
Cost-optimal control across sequential 24-hour horizons using hourly spot market prices cut the
annual electricity bill by 13-25% against a constant-price reference. Grid feed-in fell by 8-88%
depending on PV capacity and storage size. The HP-coupled TES and the battery were the most
effective flexibility measures; shiftable appliances contributed only marginally [95]. The rule-
based strategy, which stores PV surplus locally and exports only when storage is full, reaches
maximum self-consumption without needing price forecasts, making it suitable for prosumer

setups that do not trade directly on spot markets.

In Nordic climates, PV output peaks in summer while space heating demand peaks in winter,
so PV makes only a limited direct contribution to heating without inter-seasonal storage. The
water-tank TES in C2 functions primarily as an intra-day buffer that decouples GSHP operation
from instantaneous heat demand. Variable-speed GSHP units allow continuous compressor

modulation across a wide operating range, which gives finer control over the electrical load than

*4GDH operates at supply temperatures of 45-55 °C, low enough to integrate large HPs directly and connect
distributed renewable sources. Third-generation networks run at 70-130 °C [94].
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on/off units; variable-speed operation does not, however, necessarily improve seasonal energy
efficiency, and its main value in a smart grid context is the added operational flexibility [92].
Market-available ASHP units achieve COP values of 3.2-4.5 under EN 14511 test conditions,
while GSHP units reach 4.2-5.2 [92].

The BESS allows electrical arbitrage independent of thermal demand, storing PV surplus as
electricity for evening consumption or sale during high-price hours. Together, the TES and
BESS form two independent storage buffers dispatched on different time horizons: the TES
responds on the thermal time constant (hours), while the battery responds within seconds [92,
95].

4.3.3 Configuration C3: Control-Only BITES Flexibility in the DH-
Connected MFB (Typology T1)

Configuration C3 shares the T1 typology with C1 but adds no hardware. The only flexibility
resource is BITES which is the thermal inertia already in the building structure, activated by
adjusting the DH substation supply temperature or flow rate in response to a grid or price signal.
In that sense, C3 is the lowest-cost FSC entry point for the Swedish MFB stock, requiring only

updated substation control software.

Concrete MFBs of the type common in the Swedish housing stock can hold indoor temperature
variation within +0.5 °C across 9-hour charge and 9-hour discharge cycles, with a storage
capacity of approximately 63 °Ch (0.1 kWh m?) [7]. Coordinating this inertia across a cluster
of buildings on the same DH branch cut peak DH demand by 15-20% in a Swedish pilot test

[7].

At the substation level, supply temperature is the main dispatch lever: raising it pre-heats the
building mass, while lowering it lets the mass discharge without drawing on DH immediately.
Well-performing substations maintain a supply-return differential of 50-70 °C in winter, which
leaves ample room for setpoint adjustments without comfort violations [91]. The 4GDH
framework envisions exactly this mode: intelligent control using weather forecasts calculates
room-by-room heat requirements, schedules mass charge and discharge cycles, and in doing so

flattens the DH load curve while reducing average return temperatures [94].

Building thermal inertia is one of three flexibility sources in thermal networks, alongside the
heat carrier fluid and dedicated TES devices, with peak shaving and valley filling as its main
applications [93]. Because the building mass is a passive store bounded by comfort limits,
C3 is confined to intra-day flexibility: flow changes in the hydronic distribution system take
minutes to register, while mass discharge operates on a timescale of several hours [93]. Building
thermal mass as passive storage is the most cost-effective flexibility option for HP-based systems

generally [92], and the same holds for DH-connected buildings where the HP sits at the district
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plant rather than the substation.

4.3.4 Configuration C4: District Virtual Power Plant with Aggregated
HP Fleet and Collective PV (Typology T3)

Configuration C4 applies to the T3 typology: a PED or urban neighborhood in which
individually sized HPs across multiple buildings are aggregated into a coordinated VPP
alongside a collectively owned PV array. The FSC objective is to maximize renewable self-
consumption at the district level, shift electric heating loads in response to spot market prices or
transmission system operator (TSO) balancing signals, and reduce net electricity import across

the building cluster.

District-scale aggregation works because individual HP load profiles are complementary. At
the building level, HP flexibility is bounded by minimum run times, thermal comfort limits,
and limited TES capacity [92]. Aggregating across many buildings smooths those individual
constraints: the probability that all units face a binding thermal demand at the same moment
is low, so the aggregate VPP can sustain near and continuous load while individual units cycle
normally [93]. Active demand response (ADR) through coordinated electric heating systems
coupled to TES can shift electricity consumption without compromising thermal service,
though capturing the full system benefit requires integrated supply and demand modeling, a

requirement that applies directly to C4 [96].

The 4GDH framework defines smart thermal grids as pipe networks connecting buildings in a
neighborhood or city, supplied from centralized plants or distributed production units, including
heat contributed by connected buildings [94]. C4 fits that description: each building’s HP
and thermal buffer is a distributed node in the smart thermal grid, coordinated by a district
aggregator that optimizes collective electricity exchange. The aggregator translates a TSO
balancing signal or price forecast into individual HP setpoint adjustments, with building thermal

inertia as implicit distributed storage across the cluster [93].

4.3.5 Configuration C5: District-Scale Power-to-Heat with Large HP, EB,
and Seasonal TES (Typology T3)

Configuration C5 shares the T3 typology with C4 and is the largest-scale FSC case: a centralized
HP, or a fleet of large HPs, coupled with an EB for peak P2H capacity and a large TES for multi-
hour to seasonal heat shifting. The FSC objective is to absorb renewable electricity surpluses
across timescales from hours to months, convert them to stored heat, and decouple electricity
generation from heat delivery so that the DH network becomes a large-scale flexibility reservoir

for the power system.

A 2013 national census of large DH heat pumps (units of 1 MW or more) put Swedish
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installed capacity at 1,527 MW, with Stockholm accounting for 488 MW, Gothenburg 160 MW,
Solna/Sundbyberg 110 MW, and Lund 86 MW [90]. The fleet averaged COP 3.3 across 1981—
2013. Capacity factors dropped from about 56% in 19862001 to 37% by 2013, showing that
operational dispatch, not installed capacity, limits annual P2H output [90]. P2H covered more
than one-third of Swedish DH energy in 1990; by 2013 its share had fallen to roughly 10%,

driven by tariff changes and the expansion of waste heat and biomass CHP [90].

The DH network itself adds network-level thermal storage on top of dedicated tank or pit
facilities. Swedish DH systems held 900 000 m? of hot water storage in 2016, around 150 TJ, at
a specific volume of 7 m?® per TJ of annual heat sales [97]. That is enough for multi-hour charge
and discharge cycles at district scale without separate seasonal infrastructure [93]. Where BTES
or PTES is also available, the charge-discharge window extends to months, allowing summer

renewable surplus to be stored as heat for winter delivery [93].

The EB complements the large HP in C5 by providing fast, unconstrained P2H capacity. An
HP’s COP degrades at low source temperatures and its capacity is bounded by the refrigeration
cycle; an EB faces neither constraint, converting electricity to heat at efficiency approaching
unity regardless of ambient conditions. This makes it the right tool for short-duration renewable
curtailment events that exceed HP capacity. The resulting architecture, with the HP as the
baseload P2H unit optimized for efficiency and the EB as the fast response peak unit, mirrors
the building-scale hybrid system described by Fischer and Madani [92], applied here to district

scale.

The 4GDH architecture also reduces the thermal penalty that limits large HP performance.
Targeting annual average supply temperatures of 40-55 °C and return temperatures of 20 °C,
against the current Swedish averages of 86.0 °C supply and 47.2 °C return [91], lowers the
condenser sink temperature and directly raises HP COP [94]. Lower supply temperatures
additionally reduce distribution losses across Sweden’s 23,400 km of DH pipe network, where
losses currently run at 12% of total heat delivered [97]. Higher HP COP and lower network
losses together improve the effective round-trip efficiency of the full C5 P2H-and-storage chain.
At the supply temperatures that currently prevail in the Swedish DH system (86.0 °C on average
[91]), large HP operation in C5 is technically viable, as the existing fleet demonstrates; the
economic case strengthens as those temperatures fall toward 4GDH levels, since HP COP and

pipe losses both respond to the gap.

4.3.6 Summary of Representative FSC Configurations

Table 4.3.1 summarizes the five configurations across their defining dimensions. They are
ordered by increasing spatial and temporal scale: from single-building demand response
without added hardware (C3), through substation-augmented building-level P2H (C1) and

prosumer multi-vector self-optimization (C2), to district-level VPP aggregation (C4) and large-
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scale seasonal P2H (C5). The ordering also tracks capital investment: C3 is a software-only
upgrade to existing substations, while C5 requires large capital investment in HP units, electric

boilers, and dedicated seasonal TES infrastructure.

Table 4.3.1: Summary of representative FSC configurations (C1-C5).

Config. Typology Key technologies Storage type(s) Primary FSC service
C1 T1 (DH- Substation HP on DH BITES; primary-  Day-ahead P2H peak
MEFB) return; buffer tank side buffer tank shifting; DH return tem-
perature reduction
Cc2 T2 (SFH)  GSHP; rooftop PV; Li-ion ~ Water-tank TES PV self-consumption
BESS; water-tank TES (intra-day); Li-ion maximization; spot mar-
BESS (electrical) ket electricity cost mini-
mization
C3 T1 (DH- Substation setpoint con- BITES (passive) Control-only demand
MEFB) trol only; no added hard- response; intra-day peak
ware shaving
C4 T3 (PED)  Aggregated HP fleet; Distributed build-  District VPP; renewable
collective PV; district ing inertia; in- self-consumption; ancil-
aggregator dividual buffer lary services
tanks
C5 T3 Large HPs; EB; daily- Hot-water tanks; Multi-seasonal P2H; cur-
(PED/DH) weekly and seasonal TES; BTES/PTES; DH tailment absorption; re-

4GDH network

network inertia

gional power-system bal-

ancing

4.4 Analysis Assumptions and Data Sources

Section 4.3 defined five FSC configurations.

Evaluating them against common techno-

economic indicators in Chapter 5 requires a shared set of bounding assumptions, stated here
across climate and system boundary, technology performance, electricity market dispatch, and
scope exclusions. All parameter values come from the literature cited in Sections 4.1-4.3
and from the sources below. No simulation or primary data collection is conducted in this

thesis.

4.4.1 Climate and System Boundary

All five configurations sit within the Swedish built environment, which this thesis treats as

a heating-dominated northern European climate. The reference location is Stockholm at
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approximately 59 °N, which sits in the Nord Pool SE3 price zone (South Central Sweden)
[8]. Winter design temperatures in the Stockholm—Gothenburg corridor are well below —10
°C, placing ASHP operation near its lower performance limit [92]. PV output peaks in summer
while space heating demand peaks in winter, so PV contributes little to heating without inter-

seasonal storage [95]. Rooftop systems of 3-8 kW, represent the Swedish SFH stock [78].

4.4.2 Technology Performance Parameters

Table 4.4.1 lists the bounding performance values for each technology. The DH supply and
return temperatures (86.0 °C and 47.2 °C) are national averages from 142 Swedish networks
[91]; supply temperature determines the maximum heat deliverable per unit of mass flow,
while return temperature sets the inlet condition for any substation HP drawing heat from the
return circuit. ASHP COP follows EN 14511 test condition ranges. GSHP values are higher
because ground temperatures remain stable across seasons [92]. The Swedish DH HP fleet
averaged COP 3.3 over 1981-2013 and is used as a lower bound for the district-scale C1 and
C5 assessments [90].

Water-tank TES efficiency sits above 90 % across the 0—100 °C residential operating range,
with energy density between 0.2 and 3 GJ m® and installation costs as low as 0.5 EUR kWh
[40]. Adding buffer storage cuts HP on-off cycles from roughly 40 to 10 per day, saves about
one-third of compressor electrical energy, and reduces HP capacity requirements by up to 20 %
by supplementing supply at peak [41]. Building structural thermal mass stores approximately
0.1 kWhm? of floor area within a 0.5 °C comfort band [7]. On its own, that mass supports
HP suspension for 5-6 hours at above-freezing outdoor conditions and 2-3 hours at —12 °C
[98].

Table 4.4.1: Bounding technology performance parameters used across configurations C1-C5.

Parameter Value range Source
ASHP COP (EN 14511) 3.2-4.5 [92]
GSHP COP (EN 14511) 4.2-5.2 [92]
Large DH HP fleet COP (Sweden, avg.) 3.3 [90]
Water-tank TES round-trip efficiency >90% [40]
TES energy density 0.2-3 GJ/m3 [40]
TES installation cost <0.5 EUR/kWh [40]
Building thermal mass storage density ~0.1 kWh/(m?) [7]

HP demand response window (no added TES) 2-6h (>0°C); 2-3h (—12°C) [98]
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Parameter Value range Source
HP peak demand reduction with TES 25-45% [41]
DH network heat loss ~12% of delivered heat [97]
DH avg. supply / return temperatures 86.0/47.2°C [91]
Rooftop PV system size (SFH stock) 3-8kW, [78]
Li-ion BESS round-trip efficiency 90% [99]

4.4.3 Electricity Market and Dispatch Assumptions

Configurations C1, C2, C4, and C5 are designed around the Nord Pool day-ahead hourly spot
price for the Swedish SE3 zone as their primary dispatch signal. The C2 cost-minimization
logic assumes sequential 24-hour horizon optimization against spot prices; comparable Nordic
SFH studies report electricity bill reductions of 13—25% relative to a constant-price reference
[95]. The rule-based self-consumption strategy in C2 would require no price forecast, operating
on local generation and load signals only [95]. C4 and C5 extend this with a TSO balancing
signal as a second dispatch layer above the spot price, following the smart grid framework of
IEA HPT [98]. Network tariffs, taxes, and capacity charges fall outside this thesis.

4.4.4 Scope Exclusions

Several areas are explicitly outside the analysis. Non-residential building typologies and DC are
outside this analysis. The T1-T3 framework covers residential and DH-connected buildings.
Offices, hospitals, and commercial premises carry simultaneous heating and cooling loads year
round, which those three typologies were not designed for. Sections 3.2.3 and 3.4.3 provide
background on both areas; configurations for non-residential typologies are left to future work
(Section 6.7). EV charging is excluded from all configurations; its interaction with BESS
and local grid capacity is a live research question that falls outside this study’s scope. DHW
demand variability is assumed to follow a constant seasonal profile; short-duration peak events
are outside the scope of this analysis. BTES and PTES inter-seasonal charging efficiency comes
from the literature values in Section 4.3, with no site-specific ground thermal conductivity
modeled. CAPEX and operational expenditure (OPEX) analysis falls outside the scope of
this thesis; Section 4.4.2 covers unit performance parameters only. Local grid constraints,
including transformer capacity limits and low-voltage feeder congestion, are also excluded; the
analysis boundary is drawn at the generation and demand energy balance at building or district

level.
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Chapter 5

Results

The literature and stakeholder data are brought together here across the six research questions.
Technical feasibility is largely confirmed; the more interesting question, and where the sources

converge, is what conditions determine whether that potential is captured in practice.

RQI1, RQ2, and RQ3 are answered through the structured literature review (Section 2.2)
and the configuration analysis in Chapter 4. The storage technology mapping, FSC service
characterization, and the five configurations all derive from the reviewed sources. Interview
data enters these sections only where a practitioner described a specific implementation that

confirmed or refined a literature claim; it does not drive the answers independently.

RQ4, RQS, and RQ6 draw on both sources in roughly equal measure. The KPI set for RQ4 was
built from the literature and then compared against what practitioners actually measure; the PEN
came out of that comparison as a bridge KPI not present in the reviewed FSC literature. For
RQS5, the tier boundaries emerged from the interview analysis and were cross-referenced against
SRI and EN ISO 52120-1 to confirm they sit at consistent functional levels. The standards
served as a reference, not as the source of the classification. RQ6 is where the two sources
contribute most equally: the literature covers documented barriers and drivers from Swedish
and European research, while the interviews bring in what practitioners described about their

own conditions.

5.1 Energy Storage Technologies and Time Scales (RQ1)

The structured literature review described in Section 2.2 identified three categories of energy
storage technology applicable to Swedish buildings and district energy systems: TES, BESS,
and BITES. Within TES, the literature supports two operationally distinct sub-categories: intra-
day buffer storage (hot-water tanks, DH network volume) and multi-day to seasonal storage
(borehole TES, pit TES, large hot-water tanks). The categories differ in response time, cost,
and the FSC services they can enable; they are not mutually exclusive within a single building

or district.

57
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5.1.1 Thermal Energy Storage (TES)

Water-based sensible TES is the dominant short to medium term storage technology across all
three typologies. Buffer tanks decouple HP cycling from instantaneous thermal demand and are
standard in Swedish SFH with ASHPs [77]. Zhou et al. [41] document that a buffer tank cuts HP
on-off cycling from roughly 40 to 10 starts per day and reduces peak capacity requirements by
up to 20 %, with peak demand reductions of 25-45 % in documented cases. At the district level,
the DH pipe network is itself a distributed short-term buffer: Fernqvist et al. [1] find that roughly
64 % of Swedish DH network capacity consists of thermal mass embedded in the distribution
infrastructure, though this resource is rarely used for FSC because regulatory and operational
barriers keep the DH and electricity sectors separate. Dedicated tank or pit TES at district
scale extends the dispatch window from hours to days. Seasonal borehole TES (BTES) or pit
TES (PTES) operates over weeks to months and is the necessary asset for carrying renewable

electricity surpluses into the winter heating season as Sweden’s power mix continues to shift

[8].

TES is cost-competitive across storage options: installation costs for water-tank systems reach
as low as 0.5 EUR/kWh, with round-trip efficiency above 90 %, energy density of 0.2-3 GJ/m?,
and lifetimes exceeding 40 years [40].

LTES using phase change materials and TCES are described in Section 3.3 as higher-density
alternatives to sensible TES. Neither LTES nor TCES appears in any of the five Swedish FSC

configurations studied here; both remain outside the scope of this chapter’s results.

The eleven interviews focused on residential and DH-connected buildings. Non-residential
premises and DC came up in passing only: the commercial building owner cited DC peak
tariff exposure as a risk to flexibility experiments (Section 5.6), and the TES and HP installer
mentioned hospital and data center projects without going further. No interviewee addressed
non-residential FSC configurations as a primary topic. The literature review covers both areas
(Sections 3.2.3 and 3.4.3); FSC configurations for non-residential typologies are left to future

work in Section 6.7.

5.1.2 Building Inertia Thermal Energy Storage (BITES)

Building structural mass is passive short-term storage that requires no dedicated equipment or
CAPEX. Kensby et al. [ 7] show that in a Swedish pilot study, coordinated pre-heating of pre-war
and early postwar MFB (constructed 1934-1950) cut peak DH load by 15-20 %, with indoor
temperature variation staying within £0.5 °C throughout. Storage density is approximately
0.1 kWh/m? of floor area within that comfort band [7]. The practical flexibility window is above
5-6 hours at 5 °C outdoor temperature, falling to 2—3 hours at —12 °C [98]. Its duration depends

primarily on envelope insulation and the heating distribution system: post-2010 Swedish SFH
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with floor heating hold indoor temperature within £1 °C for at least four hours after heating is
cut, whereas 1961-1995 radiator-heated houses lose approximately 3 °C over those same four

hours at an outdoor temperature of around —6 °C [80].

BITES is the lowest-cost storage option for heat-pump-based systems [92]. No additional
infrastructure is needed beyond sensors and control software, which makes it the first available

storage resource in DH-connected MFB and a secondary layer in SFH.

5.1.3 Battery Energy Storage (BESS)

Li-ion BESS works on a different timescale and sector than TES. With sub-second response
times (above 20 ms) and round-trip efficiency in the range of 85-95 %, Pastore [5] reports that
BESS handles intra-hour to intra-day electrical arbitrage and short-duration grid services that
TES cannot provide. Nyholm et al. [78] find that for Swedish SFH, adding a battery to a rooftop
PV installation can increase self-consumption by 20-50 percentage points, with diminishing
returns as battery size grows beyond the range needed to cover daily PV surplus. CAPEX is
considerably higher than water-tank TES (500-1000 EUR/kWh [5] against under 0.5 EUR/kWh
[40]), and when a TES is already in place, routing surplus PV electricity through a HP into a
DHW tank tends to be more cost-effective than adding a battery [85]. No peer-reviewed study
in the literature covered here quantifies BESS deployment at building scale for Swedish MFB
(see Section 4.2.4). At district level, no peer-reviewed study in the Swedish residential heating
context quantifies collective BESS deployment at district scale; the available evidence from

building-cluster studies suggests TES is the preferred flexibility asset at that level [85].

5.1.4 Technology-Typology Mapping

Table 5.1.1 builds on the general technology overview in Chapter 3 (Table 3.3.1), adding a

column for typology relevance and primary FSC timescale for each storage category.

Table 5.1.1: Energy storage technologies mapped to Swedish building typologies and FSC timescales.

Storage technology Timescale T1 T2 T3 Primary FSC Source
service
Hot-water buffer / Hours S P S HPload [41, 77]
DHW tank (TES) decoupling; intra-
day load shifting
BITES Hours P S S Pre-heating; [7, 80]

control-only

demand response
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Storage technology Timescale T1 T2 T3 Primary FSC Source
service
DH pipe network Min—- P — P Peak smoothing; [1,93]
(distributed TES) hours short-term P2H
buffering
DHW tank / PTES Hours= — — P Multi-hour [8, 40]
days P2H dispatch;
curtailment
absorption
Seasonal TES Weeks— — — P Seasonal P2H; [8]
(BTES/PTES) months winter renewable
bridging
Li-ion BESS Min- — P S  PVself- [5, 78]
hours consumption; spot

market arbitrage

P = primary storage asset; S = secondary role; — = not applicable or no supporting evidence in this study.

T1: DH-connected MFB; T2: SFH with ASHP/PV; T3: urban residential district (PED scale).

Each typology relies on a different combination of storage assets. T1 depends on passive
structural storage (BITES) and DH network inertia, with a buffer tank added when a HP is
retrofitted. T2 uses two independent layers: electrical (BESS) and thermal (DHW tank), with
the balance between them determined by the local tariff structure and PV generation profile. T3
is the only typology with access to seasonal storage (BTES, PTES, and large district TES), which
individual buildings cannot justify economically or physically. Across the full technology set,
timescales span from minutes (DH pipe network, BESS) to months (seasonal TES), confirming

that no single technology covers the full range of FSC service requirements.

Answer to RQ1. Three storage categories are relevant to Swedish buildings and districts:
TES (buffer tanks, DH network volume, and seasonal pit or borehole systems), BITES, and
BESS. Operational timescales span from minutes to months and the three categories serve
distinct roles. BESS provides the fast electrical response that TES physically cannot. TES
and BITES are the cost-competitive options for thermal load management across scales from a
single apartment block to a DH network. Seasonal TES is the only asset capable of bridging
the structural mismatch between summer renewable generation and winter heat demand in

Sweden.
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5.2 FSC Services Enabled by Storage (RQ2)

The five FSC configurations presented in Section 4.3 and summarized in Table 4.3.1 (see also
Figure 4.3.1 for the typology and configuration mapping) convert the storage assets identified
above into specific flexibility services. The conversion technologies (HP, EB) and generation
assets (PV) that activate each configuration are detailed in Table 4.3.1; Table 5.2.1 focuses on

the resulting FSC services and the sectors that benefit.

Table 5.2.1: FSC services enabled by storage in each configuration.

Config. Storage asset(s) FSC services provided Sector Timescale

Cl1 BITES + primary- Day-ahead HP dispatch for B Hours
side buffer tank P2H peak shifting; DH return

temperature reduction; price-
triggered thermal pre-charging via
HP and buffer TES

C2 Water-tank TES + PV self-consumption optimization; B Min-hours
Li-ion BESS prosumer electricity cost arbitrage

via BESS dispatch; HP thermal load
shifting via water-tank TES

C3 BITES (passive,no  DH operator-triggered demand T Hours
added hardware) response via substation setpoint

reduction; passive thermal peak
shaving (no active conversion or
electricity market interface)

C4 Distributed BITES  District VPP balancing via B Seconds—
+ individual buffer ~ aggregated HP fleet; neighborhood- hours
tanks level PV self-consumption; grid

ancillary services (FCR, FFR)
through HP coordination

C5 Large hot-water Multi-seasonal P2H; renewable B Hours—
(TES) tanks; curtailment absorption; regional months

BTES/PTES; DH
network volume

power-system balancing; seasonal
heat supply decoupled from real-
time electricity generation

E = electrical network; T = thermal network (DH); B = both sectors.

5.2.1 Patterns and trade-offs

Three patterns run across the five configurations.

BITES is an enabling asset in four of the five (C1, C3, C4, and implicitly in T2 floor heating

within C2), which makes building thermal mass the storage resource with the widest reach
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across the Swedish building stock. In C3 it works as a passive intra-day buffer; in C4, the same

thermal mass is coordinated across an entire residential district.

The thermal and electrical sectors are coupled differently depending on scale. In C1 and C3,
storage sits between an electricity market signal and the DH network: the building absorbs or
releases heat according to external price or demand-response triggers. In C2, TES and BESS
are co-dispatched within a single building, managing both thermal and electrical loads at the
prosumer level. In C35, the coupling is at system scale: the DH network is a large-scale renewable
electricity buffer, absorbing wind or PV surplus during low-price hours and releasing stored heat

across the winter heating season.

No single storage asset covers all FSC services. BESS provides the fast electrical response
(above 20 ms) needed for intra-day price arbitrage and short-duration grid services that TES
physically cannot deliver [5]. Seasonal TES enables the annual-scale renewable integration
that short-term storage cannot economically justify [8]. BITES offers near zero capital intra-
day flexibility that neither BESS nor dedicated TES can match per unit of installed capacity
[92]. The hybrid configurations (C1, C2, C5) address this by combining assets from more than

one category.

Answer to RQ2. Storage enables FSC by separating the moment of renewable electricity
conversion from the moment of thermal or electrical delivery. This makes it possible for
buildings and districts to shift demand in response to grid signals and absorb renewable
surpluses at times and scales that would otherwise go unused. The services available depend
on storage type: BITES supports intra-day demand response without additional capital; buffer
TES and BESS enable prosumer self-consumption and spot-market arbitrage; seasonal TES is
what makes district-scale P2H viable for covering Sweden’s winter heat demand from renewable

sources.

5.3 System Configurations and Implementation Strategies
(RQ3)

The five FSC configurations presented in Section 4.3 are assessed here against three qualitative
criteria: (1) alignment with the Swedish building stock and dominant heating supply modes,
(2) technical feasibility given the building digitalization maturity typical of Swedish buildings,
and (3) the balance between implementation complexity and FSC potential. These criteria were
selected because the Swedish literature consistently identifies them as the binding constraints
on FSC adoption: typology determines which physical assets are available (Chapter 3); digital
readiness determines whether those assets can respond to external signals, as documented across

the configurations in Chapter 2; and implementation complexity determines the prioritization of
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realistic deployment pathways, which is the practical objective of RQ3. No quantitative ranking

is attempted; the evaluation draws from the literature synthesis in Sections 4.1-4.3.

The configurations are assessed in order of increasing implementation complexity rather than

numerical sequence, reflecting the staged deployment logic described above.

5.3.1 C3 — Passive demand response via thermal inertia

C3 requires no additional hardware. Flexibility comes entirely from adjusting the DH substation
supply temperature or flow rate in response to a price or demand-response signal, using
the existing building structure as passive storage. For the Swedish T1 stock, this is a
meaningful starting point: DH supplied approximately 90 % of the heat consumed by Swedish
multi-dwelling buildings in 2023 [2], meaning the physical storage asset is already in place
across most buildings. The primary implementation barrier is digital rather than physical.
Substations need updated control software capable of receiving and acting on an external signal,
consistent with the 4GDH framework [94]. The flexibility window is above 5—6 hours at mild
outdoor temperatures (5°C) and around 2-3 hours at —12 °C [98], with a storage capacity of
approximately 0.1 kWh/m? [7], and C3 has no direct interface with electricity markets. That
said, coordinated activation across a building cluster can cut DH peak load by 15-20 % and

reduce return temperatures [7].

C3’s main advantage is coverage: it can reach the entire Swedish DH-connected MFB stock

without CAPEX, making it the lowest-barrier starting point for FSC in this typology.

5.3.2 C1 — Active P2H flexibility via substation heat pump

C1 adds a building-side HP at the DH substation, which gives C3’s control-only setup an active
P2H conversion capability. Field studies in Sweden show this directly: exhaust-air HP reduced
DH draw by 28-48 % depending on building and control strategy [81], and giving priority to HP-
priority control cut annual operating costs by roughly 58 % compared with a DH-only baseline
in a Gothenburg case study [89]. The HP creates a genuine sector coupling link; the building can
respond to electricity spot prices rather than DH availability alone. The buffer tank decouples

HP cycling from instantaneous demand and extends the practical flexibility window.

HP demand flexibility is a technically and economically viable pathway for Swedish MFBs, with
avoided peak-power fees quantified in Swedish case studies [83]. Its economic case depends
primarily on the electricity price spread: C1 benefits from the low-price hours the Nordic market
regularly produces during periods of high wind or nuclear output [8]. The capital investment is
larger than in C3, but the FSC potential is also greater, and both configurations share the same

digital foundation: an externally addressable substation controller.
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5.3.3 C2 — Prosumer self-consumption with coupled thermal and

electrical storage

C2 is technically the most complete single-building configuration, and also the one closest to
what is already installed across much of the Swedish T2 stock. HPs are present in more than half
of Swedish residential buildings [6], and rooftop PV is a common addition for detached house
owners. The central implementation question for C2 is not architecture but storage allocation:
when a TES is already sized for HP operation, routing PV surplus through the HP into the DHW
tank tends to be more cost-effective than adding a BESS [85]. The right balance of TES and
BESS depends on the local tariff structure and how actively the owner trades on the spot market,

both of which vary across the Swedish SFH population [86].

C2 does not require regulatory innovation or new market arrangements. Its barriers are
primarily economic (the BESS investment case is sensitive to grid fees) and informational

(owners need to understand the cost trade-off between storage types).

5.3.4 C4 — District VPP with aggregated HP fleet and collective PV

C4 requires a digital coordination layer above the individual building: an aggregator that
translates grid or market signals into HP setpoint adjustments across a building cluster. The
flexibility benefits of aggregation are well documented. Individual HP comfort constraints
even out across a large building cluster, and the aggregate load profile is more stable and more
valuable to system operators than any individual building’s [93]. Active demand response
through coordinated electric heating combined with TES can shift electricity consumption

without compromising thermal comfort [96].

Practical implementation demands a level of digital integration that most Swedish residential
districts do not currently have. Individual BAS must expose setpoints through interoperable
interfaces; equipment from multiple manufacturers must respond to a common signal protocol;
and the aggregator must manage timing and comfort constraints across the entire cluster.
Of the five configurations, C4 has the widest gap between technical potential and current
readiness. Capturing its district-scale FSC potential requires coordinated investment in
digital infrastructure, and that investment must come alongside (or before) any hardware

additions.

5.3.5 CS5 — District P2H with large HP, EB, and seasonal TES

C5 is the highest-potential and most complex configuration. Swedish DH systems had
1,527 MW of large HP capacity across 120 units of 1 MW or more in 2013, the last year covered
by a published national census [90]; district-scale HP operation in Sweden is commercially

established. The main determinants of viability are TES CAPEX and the electricity price
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spread: a Swedish FSC case study reports LCOE in the range of 37.5-46.6 EUR/MWh
[27].

Seasonal storage is the defining asset in C5. Sweden’s HP share in DH supply is projected to
reach 61 % by 2050, and seasonal TES is what enables renewable electricity surpluses from
autumn to cover winter heating demand [8]. BTES uses subsurface volume available in dense
urban areas without competing with surface land use [8]. Moving toward lower DH supply
temperatures (the 4GDH target of 45-55 °C against today’s Swedish average of 86.0 °C [91])
would raise HP coefficient of performance and cut distribution losses, both of which improve

the round-trip efficiency of the full P2H-plus-storage chain [94].

C1 and CS5 carry a temperature constraint worth spelling out. Both use HP working against a DH
supply side, and at Sweden’s current network average of 86.0 °C, within the Third-Generation
District Heating (3GDH) range, HP coefficient of performance is considerably lower than at
4GDH temperatures. That gap weakens the economic case for both configurations. As supply
temperatures fall toward the 4GDH target, the advantage over direct DH supply grows; at current
Swedish levels, neither C1 nor C5 approaches the performance figures 4GDH-based studies

report.

5.3.6 Implementation pathways across the Swedish building stock

The five configurations fall into two implementation pathways, each structured by typology.
For T1 (DH-connected MFBs), the pathway runs from software-only control (C3) to hardware-
augmented P2H (C1). C3 is the accessible first step given the existing physical infrastructure.
C1 follows when an HP retrofit is economically justified. For T3 (districts), C4 and C5
are parallel strategies: C4 aggregates distributed building assets without centralized plant
investment, while C5 adds large centralized plant and seasonal storage for deeper and longer-
duration renewable integration. C2 is independent of these pathways. It is the appropriate
configuration for the T2 stock, where the question is how to allocate storage within an equipment

portfolio that already exists in part.

Across all three pathways, progression toward more advanced configurations is constrained as
much by digital readiness as by capital availability. C3 can be activated by a software upgrade to
an existing substation; C4 cannot function at all without an interoperable aggregation platform.
This gap suggests that digital capability development and hardware investment need to advance

together, not one after the other, particularly for district-scale configurations.

Answer to RQ3. The configurations most immediately applicable to the Swedish building
stock are C3 and C2. C3 requires no capital investment and fits the majority of Swedish
DH-connected MFB directly; C2 corresponds to a T2 household configuration that is already
partially in place across the SFH stock. Cl1 is the logical next step for T1 buildings once a HP
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retrofit can be economically justified. C4 and C5 offer the largest FSC potential at district and
system scale, but require either extensive digital coordination infrastructure (C4) or centralized
investment, lower-temperature DH networks, and regulatory support for seasonal P2H (C5).
None of the five configurations reaches its full potential without a minimum level of digital

capability at the building or district level, which is examined in Section 5.5.

5.4 Key Performance Indicators for FSC in Buildings
(RQ4)

The FSC literature treats KPI selection as a largely technical matter: energy efficiency, carbon
intensity, grid service value, round-trip storage efficiency. The interviews show something
different. Across the Swedish value chain, the criteria practitioners actually use to justify or
reject investments share only a partial resemblance to this framework, and in some actor groups,

almost none at all.

5.4.1 KFPI priorities by stakeholder group

Across eleven stakeholder interviews covering five actor categories (G1: researchers and
planners, G2: technology installers, G3: market operators, G4: building owners, G5: the
national energy market regulator), one pattern was clear: the KPIs each actor reaches for depend
on where they sit in the value chain. The closer an actor is to the physical building, the more

financial and property-oriented their evaluation criteria become (Table 5.4.1).

Table 5.4.1: Practitioner KPIs by stakeholder group, as reported in semi-structured interviews.

Group KPIs reported in practice Decision logic
G1 Researchers  Renewable integration rate (%); CO, System optimization;
& Planners avoided (tCOyeq/yr); peak shaving emission reduction
capacity (MW); PEN (kWh/(m?-yr)); targets
DH return temperature (°C)
G2 Technology  Return on Investment (ROI) (%); Project viability;
installers payback period (yr); LCOE (SEK/kWh);  product
COP; battery cycle count (cycles) and differentiation

warranty; yield (kWh/kWp); cost per
watt-peak (SEK/Wp)*
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Group KPIs reported in practice Decision logic

G3 Market Response speed (s); committed capacity  Portfolio

operators (MW); ancillary service revenue optimization;
(SEK/(MW -yr)); curtailment absorption  regulatory
(MWh) compliance

G4 Building Payback period (yr); PEN Asset performance;

owners (kWh/(m?-yr)); EU taxonomy alignment;  bank financing
real-estate yield* (net operating income conditions; OPEX
/ asset value, %); DH/DC peak tariff management; board
exposure® (SEK/kW); fixed payback approval threshold
threshold (yr)*; per-unit heating cost
(SEK/(m?), flat-fee model)*

G5 Regulator Flexibility service quality (response time  Market function;

in s, committed power in MW, duration
in h); cost of flexibility vs. network
reinforcement (SEK/MW); documented
cases of building-level DSO market

participation®

DSO incentive
design; establishing
regulatory
precedents for

building flexibility

* KPI reported in practice but absent from the literature-derived FSC framework.

The sharpest divergence is between G1 and G4. Researchers evaluate FSC through renewable
integration, carbon savings, and peak shaving capacity, an energy engineering frame. Building
owners look at the same installation through real-estate benefit, primary energy certification,
and bank financing terms. Both groups assess the same physical system, but their KPI sets share

almost nothing.

5.4.2 The primary energy number as a bridge KPI

One indicator came up in nearly every stakeholder group: the Swedish PEN, which the national
building regulations (BBR) introduced in September 2020 [10]. The metric calculates a
building’s annual energy use per square meter of heated floor area, weighting each energy carrier
at a fixed factor: electricity at 1.8, DH at 0.7 [10]. Four of the five stakeholder groups named it

as a decisive factor in investment decisions.

The mechanism is not direct. Swedish banks use the PEN from a building’s energy declaration
to set loan interest rates: buildings that score lower qualify for green financing at reduced rates.

A regulatory performance metric therefore becomes a financial one, with real consequences for
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building owners’ cost of capital. As one DH operator representative put it: “Banks use PEN for

interest rates, which means owners optimize the number, not the system.”

This difference matters in practice. A HP running above a COP of 2.57 scores better on the
primary energy metric than DH. That cutoff comes from the BBR weighting factors directly: at
COP 2.57, each unit of delivered heat requires

1
357 x 1.8 = 0.70 kWh of primary energy per kWh of heat delivered,

exactly matching the DH factor of 0.7 [10]. Both systems can deliver the same carbon outcomes
and the same real-world efficiency, but the metric treats them differently. That is one reason

Swedish MFB owners have been trading DH connections for HP installations.

Storage and flexibility appear in Stockholm’s energy strategy, but “they are like bullet points
of important things, they are not put into numbers and facts,” as the municipal energy planner
described it. No actor in the sample could point to a binding FSC KPI at the city level. Without

one, building owners fall back on whatever financial metrics they already use.

5.4.3 KPIs present in practice but absent from the academic

framework

Four KPIs that the interviewed professionals linked to storage investment decisions have no

direct equivalent in the FSC literature reviewed in Chapter 3.

Real-estate yield as the primary investment denominator. For commercial building owners
in group G4, the default evaluation lens is real-estate yield: net operating income divided
by property value [100]. An OPEX reduction only matters if it is large enough to move that
ratio in a way that it actually impacts the organization; below that point, the result is invisible
to the decision-maker. Peak shaving capacity, self-consumption rates, flexibility revenues in
SEK/MWh: none of these translate normally into yield terms, and without that translation,

building owners have no straightforward interest in exploring a storage investment.

TES as a maintenance cost reducer. The DH utility operator interview described a practical
benefit of buffer storage that does not appear in any of the FSC literature reviewed here. A
hot-water TES tank lets a boiler or HP run at near-constant output (flat-mode operation) rather
than cycling up and down with load variations. Fewer start-stop cycles mean less mechanical
wear and lower maintenance costs over the asset’s life. Whether this constitutes a reportable

KPI is debatable, but the DH operator treated it as a genuine part of the TES value case.

Split-incentive barrier in cooperative housing. The BRF interview revealed a KPI logic
absent from every other group in the sample. Swedish BRFs have historically billed heating

collectively: residents pay a share of the total heat cost proportional to apartment size, not to
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actual consumption [25]. Any savings from a flexibility investment go into the building account.
The household that changes its behavior sees nothing. With no individual stake in the outcome,
residents have little reason to tolerate discomfort or engage with demand response. The board,
for its part, evaluates projects against a rough payback threshold (around twelve years in this
case), not against any energy performance target. The FSC literature does not account for this
arrangement. It assumes, usually implicitly, that whoever decides on a flexibility investment is
also the one who captures its return. In cooperative housing, those two roles belong to different

people.

Peak tariff exposure in district heating and cooling. The building owner interviews raised a
practical concern that applies specifically to DC users. In Uppsala and Stockholm, the annual
capacity charge for DC is calculated from the peak demand hours of the previous season. One
unusually hot day is enough to lock in a higher tariff for the entire year that follows. A failed
demand management trial does not just waste time but it raises costs for the next twelve months.
The technical capability to manage cooling demand may well exist; the tariff makes it too

expensive to find out.

5.4.4 KPIs present in the framework but absent in practice

Three KPIs that the FSC literature treats as central, carbon intensity (kgCO-eq/kWh), renewable
integration rate, and flexibility revenue (SEK/MWh or SEK/kW), were not named by any G2 or
G4 actor as a criteria for evaluating a storage investment. One commercial portfolio owner does
track emissions systematically: Scope 1 for direct building emissions, Scope 2 for purchased
DHC and electricity, and Scope 3 for broader chain impacts including occupant commuting
and carbon from construction. Carbon does not, however, drive the actual decision. What the
portfolio tracks is EU taxonomy alignment (the EU’s classification framework for sustainable
finance): whether the building stays below the primary energy threshold, because that is what
determines access to cheaper bank financing. Carbon figures are secondary; financing costs are

not.

These three indicators are absent from practitioner evaluation not because they are unknown,
but because the investment decision runs on a different logic. What actually determines whether
a project goes forward is green financing eligibility, the building’s primary energy score, and a
payback period the board will accept. Carbon intensity and grid service revenue do not reach

that stage.

Answer to RQ4. Swedish FSC practice and the academic KPI framework are not measuring
the same thing. Building owners and installers reached consistently for financial and property
metrics: payback period, real-estate yield, primary energy certification, bank financing terms.

Energy engineering indicators, the ones that dominate the literature, rarely came up. The PEN
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was the exception. It appeared across almost all actor categories, but not because practitioners
are optimizing for it directly; it matters because of how it connects to regulation and the cost of
borrowing. The interviews also surfaced four KPIs with no equivalent in the reviewed literature:
real-estate yield as an investment denominator, TES maintenance cost reduction through flat-
mode operation, the DC peak tariff as a barrier to flexibility experiments, and cost per watt-peak
(SEK/Wp) as the unit G2 installers typically use when quoting PV systems. The FSC value
proposition is framed in energy terms. The people who need to act on it think in financial ones.

More technical metrics are unlikely to close that gap.

5.5 Digital Capabilities and Functions (RQ5)

Every FSC configuration assessed in Section 5.3 depends on digital capability: monitoring,
dispatch, and coordination with external signals. The interviews traced what that capability
actually looks like across eleven organizations and found a three-level structure (Figure 5.5.1).
Each tier enables a distinct set of FSC functions, and moving between tiers means solving
different problems. The three-tier model was developed in this study, not adapted from any
existing framework. Its functional criteria draw on the SRI and EN ISO 52120-1 progressions
(Section 2.3.2; for technical background on both standards, see Section 3.5.4), but the tier

structure and stakeholder assignments come directly from the interview findings.

5.5.1 Three-tier digital maturity model

LOW TIER INTERMEDIATE TIER ADVANCED TIER

Growing digital maturity >

(owsove ) [ smer | [wsoce )[ smas | [owsowa ) (s ]

Individual BMS, no cross-system Cloud integration layer, automated Multi-building platform, market
integration dispatch access

Figure 5.5.1: Three-tier digital maturity model derived from stakeholder interviews. EN ISO 52120-
1 efficiency classes (D to A) and Smart Readiness Indicator (SRI) functional levels (0 to 4) serve as
reference frameworks for positioning each tier, not as hard category boundaries.

Low tier organizations run manufacturer portals, individual BMS, and smart meters at the grid
connection, but none of these talk to each other. PV inverter data, HP readings, and BMS
outputs are each visible through their own interface and nowhere else. There is no connection
outward to flexibility markets or DH operator platforms. The BESS and PV installer works at
this tier: analysis goes through spreadsheet exports from manufacturer portals, and connecting
an unfamiliar piece of equipment has taken up to twelve hours of manual protocol work in an

electrical room before it responds.
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Intermediate tier organizations pull data from multiple building systems into a single platform.
The commercial real estate owner does this through a cloud integration layer (PropTech OS)
that connects BMS, PV meters, HPs, and planned battery assets in one place. The TES & HP
installer runs a proprietary cloud system with its own Programmable Logic Controllers (PLCs),
dispatching HPs remotely and connecting to third-party BMS even where those systems have
no native integration capability. Organizations at this tier can respond to day-ahead spot prices
and manage demand locally. What they cannot do is reach outward, to flexibility markets or

DH operator platforms.

Advanced tier organizations run platforms that reach across multiple buildings and connect to
external electricity markets or DH operator services. The VPP operator links roughly 12,000
residential and commercial customers through Modbus-based control units, dispatching BESS
to the Frequency Containment Reserve (FCR) and Fast Frequency Reserve (FFR) markets in

real time.

The DH utility operator’s platform adjusts supply temperatures in 2,000 connected buildings
using thermal inertia as the flexibility resource (the C3 configuration in this study’s framework),
with room to expand to 14,000. Each reduction is kept within 0.5°C, a limit the operator sets to
stay below what occupants notice. Other property owners in the same network already accept
drops of up to 2°C. If that became common, available flexibility would be four times what it is

now.

One building owner’s research microgrid at a university affiliated student housing facility runs
a Kiona WebPort interface connected to a Beckhoff PLC for microgrid and breaker control, a
Citect Supervisory Control and Data Acquisition (SCADA) system (Schneider) for HP and air
handling, and a legacy Fidelix BMS at each substation. Operational staff still needed at least
a year of on-site consultant support after commissioning before they could run the system on

their own.

Table 5.5.1 maps these tiers to twelve stakeholder roles. Eleven correspond to the completed
interviews; the twelfth is the DSO flexibility representative, who provided written responses to
three role-specific questions rather than a full interview session, as described in Section 2.4.
Those DSO responses feed into the tier classification below and the barriers discussion in
Section 5.6. Three of the eleven interviewees drew on two question sets each: the DH Planner
/ Researcher (G1) answered both the DH/DC utility planner and researcher sections; the TES
& HP installer (G2) covered both the TES and HP/boiler/chiller sections; and the BESS & PV
installer (G2) worked through both the BESS and solar PV sections.

Each tier assignment reflects what the participant described: the digital systems they operate,
the integration depth they reported, and the control functions they could explain or demonstrate.

Assignments were cross-checked against Granola session summaries and, for the DSO, written
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responses. No independent technical audit of any organization was conducted. The column

“Primary FSC function enabled” records what the specific configuration described in that

interview could reasonably support, not the general ceiling of that tier. Roles listed as N/A

cover regulatory or oversight functions and do not run building or district energy systems

directly.

Table 5.5.1: Digital capability tier by stakeholder role, grouped by interview category (G1-GS5, consistent
with Table 2.4.1). Twelve roles: eleven semi-structured interviews plus written responses from the
Distribution System Operator (DSO) flexibility representative.

Group Role Tier Primary FSC function
enabled
G1 Researchers  FSC researcher Advanced BEMS modelling; reference
& Planners project monitoring
DH utility planner Advanced  System-level thermal storage
planning; sector coupling
modelling; building network
integration
Municipal energy Low Capacity mapping and
planner demand-side flexibility
planning
G2 Technology  TES & HP installer Intermediate  Remote HP dispatch; BMS
Installers integration; COP monitoring
BESS & PV installer Low PV monitoring; BESS
dispatch via manufacturer
portal
G3 Market VPP aggregator Advanced FCR/FFR dispatch; spot
Operators arbitrage; DSO local flex
DH Utility Operator Advanced  BITES control across 2,000
buildings; HP integration
pilot; thermal-electric dispatch
G4 Building Commercial building  Intermediate Multi-system local
Owners owner optimization; spot price

response (pilot)
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Group Role Tier Primary FSC function
enabled

Residential building Intermediate  HP and Air Handling Unit

owner (AHU) coordination; FCR-
connected BESS; BMS
integration

Cooperative Housing Low Temperature monitoring; solar

Representative (BRF) electricity metering; no cross-

system integration or market

connection
G5 National Energy Market N/A Regulatory oversight; no
Regulator Regulator operational digital systems
DSO DSO flexibility Advanced Local flexibility market
representative operation; upward-regulation

dispatch; BMS-aggregated
building flexibility integration

5.5.2 Four persistent integration gaps

Four recurring obstacles emerged from the interviews. Each one blocks a different segment of

organizations from moving to the next tier.

Protocol fragmentation. There is no universal communication standard for the interface
between BMS, inverters, HPs, and storage systems in Swedish buildings. Modbus TCP is the
dominant protocol, with Modbus RTU used in some installations (the VPP operator reports
TCP as the most common, with RTU in a secondary role), but each equipment manufacturer
implements them with proprietary register maps. Every new brand of inverter, HP, or BESS
therefore requires its own integration work. The BESS and PV installer estimated that
debugging a single unfamiliar brand could take over twelve hours on site. The only concrete
regulatory proposal to come out of any of the eleven interviews addressed this directly: the
VPP operator called for a standardized Modbus control mapping for flexible assets at the EU

level.

Organizational knowledge gap. In the building sector, digital teams have grown in size more
than in technical depth. One building portfolio owner described an IT team that expanded from
four to fourteen people over ten years, with most new hires coming in as project managers rather

than as IoT or control engineering specialists.
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Even after commissioning, advanced integration keeps requiring external consultants. One
residential building portfolio owner described the proportion this way: a property management
company of a hundred people has roughly ten in technical operations, and of those ten,
perhaps one has real knowledge of energy storage systems. That means one person carries
the organization’s entire capacity in this area, and the organization described is not a small

one.

The cooperative housing interview marks the far end of this spectrum: the BRF board consists
entirely of resident volunteers with no energy engineering background, and no dedicated
technical staff exists at any level of the organization. The building has deployed an energy
optimization system with apartment-level temperature sensors, but the board cannot configure

or tune it without external assistance.

The FSC research expert described the same problem from the other side: solutions developed
without facility managers and operators in the room tend to break against operational realities

once they leave the lab, regardless of how well they worked in it.

Disconnection between building control and external flexibility markets. Having advanced
building control platforms does not automatically mean participating in flexibility market. The
DH utility operator’s platform adjusts supply temperatures across thousands of buildings using
thermal inertia, but the operator describes the current environment as one where building
regulations set barriers to optimizing buildings and energy systems together rather than enabling
it. The commercial real estate owner’s integration platform connects all building systems across
a major portfolio; their BESS participates in FCR, but that market connection has not been
extended to interact with the rest of the BMS. In both cases, building-side digital capability
and market-side infrastructure are being built by different actors that do not share a common

goal.

Low awareness of the Smart Readiness Indicator. The SRI is an EU-level framework for rating
a building’s capacity to respond to grid signals and occupant needs [9]. It did not come up in
any of the eleven interviews, including the conversation with the BESS and PV installer where
digital integration and control systems were covered at some depth. The interviews were not
structured to probe SRI familiarity, so the absence says little about how widely the instrument is
known. What the data does show is simpler: a framework built to assess building-side storage

capability had not entered the conversation among the practitioners deploying it.

Answer to RQS5. Digital capability across the Swedish FSC stakeholder groups falls into three
tiers, although what separates them is not hardware. The lowest tier covers organizations that
can read data from individual building systems, each visible through its own interface and
nowhere else. A step up, organizations run a central integration layer that coordinates local

equipment and responds to day-ahead prices, but remain disconnected from flexibility markets
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or grid operator services. At the top, a small number of specialist companies span multiple

buildings and connect directly to electricity spot markets or DH operator platforms.

Four things sustain the gaps between these tiers. Every new brand of inverter, HP, or BESS
requires its own protocol integration, so more equipment translates into more engineering work.
Digital teams have grown over the past decade without matching growth in control engineering
expertise. Building-side platforms and market-side interfaces are being developed by different
actors with separate objectives, with no shared protocol in place. And the SRI, the EU’s
instrument for assessing and communicating building digital readiness, did not come up in any
of the eleven conversations; whether this reflects limited reach among practitioners or a gap in
the interview design is an open question. The most concrete proposal from the interviews was a
standardized Modbus mapping at EU level, which would address the integration barrier across

all three tiers.

5.6 Drivers and Barriers for FSC-enabled Buildings
(RQ06)

RQ6 asks what drives and blocks FSC adoption. This section answers it in two parts: what
the reviewed literature has documented across building and district contexts, and what emerged
from eleven Swedish practitioner interviews. The two are brought together in the answer to
RQ6 at the end of the section.

5.6.1 Drivers and barriers in the FSC literature

FSC has not scaled despite its documented potential for grid stabilization and decarbonization
[101]. The barriers run across technical, economic, social, and regulatory dimensions, and they

rarely act independently.

Technical. Modern buildings with high thermal mass and good insulation suit BITES well:
heat supply can be reduced or shifted without compromising comfort, because production is
no longer tied to real-time demand [45, 101]. Adding solar-assisted heat pumps alongside TES
and BESS pushes self-sufficiency to around 80 % [51]. Building automation systems and digital
twins make real-time grid response possible; some implementations document response times

below one second per connected load [59, 66].

The gap between potential and reality shows up quickly, though. Many buildings run proprietary
or legacy BMS with no support for standardized protocols like OpenADR!, which limits what

grid coordination is even possible [60, 66]. At district scale, simulation tools cannot yet model

'Open Automated Demand Response (OpenADR) is an open communication standard that allows grid
operators and utilities to send demand response signals to building energy management systems automatically,
without manual intervention.
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thousands of interconnected buildings at once; solver instability and computational load make
it impractical [66]. What simulations predict and what buildings deliver tend to diverge, driven

by equipment wear, sensor drift, and the general messiness of field conditions [60, 102].

Economic. In DHC networks, TES absorbs surplus renewable generation and cuts total
system costs and primary energy use [4, 49]. Buffer tank TES costs around 0.5 EUR/kWh
of usable capacity, cost-competitive on a per-unit basis before accounting for falling prices
on complementary technologies [4]. BESS and PV module prices have dropped sharply over
the past decade through manufacturing scale, which has improved the investment case for
configurations combining electrical storage with on-site generation [99, 103]. Revenue stacking
is theoretically attractive for both BESS and TES: combining flexibility market participation
with spot-price arbitrage and peak shaving can, in principle, produce returns that neither service
achieves alone [104]. This stacking potential for TES has been analyzed in the Swedish DH
context [27]. Business models in the literature rely on multiple simultaneous value streams: bill

savings, demand response payments, and sustainability benefits for building owners [18].

The barriers are more structural. Small prosumers cannot reach flexibility market thresholds on
their own [66]. Few aggregators are set up to bundle heterogeneous small loads, mainly because
the technical complexity is high and returns are uncertain [18]. Volatile energy prices and
regulatory shifts add further risk, complicating investment decisions even when the technical
case holds [102].

Social and behavioral. Occupant behavior is the uncertainty source that simulation models
handle worst. Variations in occupancy, appliance use, and comfort preferences are hard to
predict, and the flexibility buildings actually deliver tends to fall short of what models project
[18, 102]. Money is not the only motivator: many participants in flexibility programs are drawn
by sustainability framing and the appeal of community self-sufficiency, particularly in energy
community settings [18, 69]. Most of what the literature knows about user response comes
from simulations, not real deployments, and questions about comfort impacts, fairness, and

data privacy remain largely open [18, 105].

Regulatory and market. Deployment pace tracks policy ambition closely: countries with
more active flexibility frameworks are ahead in building-scale FSC [18]. Denmark’s hourly
electricity pricing shows what demand response can achieve, cutting peak demand by 10 %
and raising nighttime consumption by 25 % as users shifted appliances and EV charging [18].
Fragmented rules, unclear incentives, and incomplete smart metering rollouts slow progress
across most markets [102]. Double taxation on storage is a documented barrier in several EU
jurisdictions [4]. Electricity that enters a battery or runs through a P2H conversion is taxed when
the charging asset consumes it, and taxed again when the stored energy comes back out. One unit
of energy, two tax events. In Sweden, static levies and fixed network fees further blunt the effect

of dynamic price signals [1]. High minimum bid thresholds exclude small prosumers from many
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markets; Ireland’s 4 MW floor is one documented case [66], a level no individual residential or
commercial building can reach without aggregation. Flexible pricing is also largely absent in
DH: the time-of-use tariff structures that have moved the needle in electricity markets have no

thermal equivalent in most DH networks, which limits genuine multi-energy FSC [18].

5.6.2 What Swedish practitioners report

Eleven stakeholder interviews identified the conditions that promote or block FSC adoption in

Sweden. Some match what the literature documents; several do not appear anywhere in it.

Drivers

Falling storage and generation costs. The most consistently cited change in the investment
environment over the past five years is the sustained decline in Li-ion BESS and PV module
prices, driven primarily by manufacturing scale in Asia [99, 103]. One VPP operator described
residential BESS as “basically a no-brainer” at current prices. For PV, the question of whether
to install has largely been settled in the commercial real estate segment: most portfolios have
already covered their available roof space where planning rules and heritage restrictions allow.
TES economics move differently. Buffer tank TES already costs approximately 0.5 EUR/kWh
[4], which positions it as cost-competitive on a per-unit basis against BESS for thermal
applications. As BESS prices continue to fall, combined TES and BESS configurations become
increasingly viable for prosumers who need both thermal and electrical flexibility capacity.
PVT panels, which generate both heat and electricity from the same roof area, are beginning to
appear in Nordic FSC literature as a way to supply both storage types simultaneously, though no

interviewee in this study described an operational PV T installation in their own portfolio.

Regulatory pressure on primary energy performance. The Swedish primary energy standard
sets a maximum of 70-75 kWh/(m?-yr) for new construction, depending on building type
[10], giving building owners a concrete performance target. One residential building portfolio
manager reported reaching approximately 30 kWh/(m?-yr) in delivered energy across a student
housing and research facility, which the same interviewee characterized as roughly half
the 55-60 kWh/(m?-yr) they described as typical for comparable new Swedish residential

construction.

The standard gives building owners a number to plan around, which in practice is what drives
investment in integrated energy systems. The calculation method weights electricity and DH
differently (Section 5.4); those weights can pull technology choices toward hitting a score rather

than improving how the energy system actually performs.

Electricity market signals. The demand charge is a distribution tariff that bills building owners

for their highest hourly power registered in any given month, not for total energy consumed
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[106]. It came up more often than any other economic driver for BESS peak shaving; four actor
groups raised it without being asked. The mandatory rollout of this tariff has been paused by the
government, however, and building owners who had planned investments around it were unsure
whether to proceed at the time of interview. Separately, one aggregator interviewee noted that a
small solar feed-in premium of roughly 0.06 EUR/kWh had been removed before 2026, reducing
the grid-export argument for PV prosumers. These two regulatory reversals illustrate the
investment risk: when the policy rationale shifts without warning, project economics weaken
regardless of what the underlying numbers show. Self-consumption has consequently moved

up as the primary driver for combined PV and BESS investment.

TES and BITES are affected by these signals differently. Buffer TES coupled to a HP can time
charging to periods of low spot prices, directly reducing energy costs through thermal arbitrage.
BITES control, particularly the C3 configuration, allows HP operation to shift away from peak-
price hours without any additional CAPEX. Both approaches convert spot-price signals into
load-shifting capacity without depending on grid-export revenue or formal flexibility market
participation. HPs and EBs are the conversion assets on the other side of this: without them,
TES cannot respond to spot-price signals at all. EB dispatch in particular offers a fast-response
complement to HP operation in configurations where the electrical load can be increased rapidly
to absorb surplus generation, though no Swedish interviewee described an active EB-based

flexibility arrangement in their own portfolio.

Geopolitical context and energy security. None of the FSC literature reviewed for this study
treats geopolitical risk as an adoption driver. Yet it came up consistently across five of eleven
interviews: the 2021-2022 energy price crisis and subsequent political instability have pushed
resilience and energy independence to the front of investment conversations in ways that ROI
alone does not explain. The energy market regulator noted that regional decision-makers are
considerably more open to decentralized and self-sufficient energy configurations than they
were two or three years ago, not because the economics improved but because the perceived
supply risk changed. Techno-economic models that assess FSC adoption purely on ROI and

revenue may therefore underestimate how receptive the market currently is.

Barriers

The PEF as a systemic regulatory distortion. Almost every actor group flagged the same
barrier without directly being asked: the Swedish primary energy calculation assigns a factor
of 1.8 to electricity used inside a building and 0.7 to DH [10]. This weighting systematically
disadvantages electricity-based FSC configurations relative to DH connection, regardless of
the actual carbon intensity of the Swedish grid. If the electricity factor were revised downward
toward a value that reflects the renewable composition of Swedish electricity supply, HP-based

configurations (C1, C2) would become considerably more attractive and would qualify for green
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financing on their actual performance rather than on a metric that penalizes electricity use. One
technology installer offered a direct comparison: the same company runs far more HP and
TES projects in Finland, where no equivalent electricity penalty applies, than in Sweden at
the same investment budget. The effect reaches into the financial system: the PEN feeds into
EU taxonomy assessments, which in turn affects the interest rate at which building owners can
access credit. Owners therefore face pressure to optimize a metric rather than the energy system
behind it.

Revenue stacking remains undemonstrated for BESS and TES in the Swedish market. Techno-
economic models position revenue stacking as an attractive case for storage investment:
combining FCR participation with day-ahead spot arbitrage can, in theory, produce returns
that neither service generates alone [104]. Business cases often extend this further by adding
peak shaving and PV self-consumption. Three actor groups across the value chain all reported
the same thing: no installation in Sweden is doing all of this together. One commercial real
estate portfolio manager was direct: “I have never ever once seen an example of this being
done in practice where you take the peak shaving, the charging with the solar panels and put
all that together.” The same gap applies to TES: combined operation across ancillary service
markets, spot-price arbitrage, and demand-side peak shaving has not been demonstrated at the
scale of individual Swedish buildings, despite a theoretical basis for it in the literature [4, 27].
Buffer tank TES can, in principle, combine spot-price arbitrage with DH peak tariff reduction
into a stacked return. In practice, no Swedish installation described in the interviews does
this in any coordinated way. BITES is a different case: its value comes from avoided cost,
not market participation, so revenue stacking does not apply to it in the same sense. Seasonal
TES formats, BTES and PTES, run on weekly to monthly cycles, which puts them outside the

response windows ancillary services require.

The underlying reason, as several interviewees described it, is technical: FCR participation
keeps the battery on continuous standby, which prevents peak shaving or PV self-consumption
at the same time. Revenue streams that look compatible on paper are in conflict at the hardware
level. One BESS installer also reported that when an aggregator’s software fails, building
owners can lose access to up to 70 % of the battery’s usable capacity; this was cited as a reason

for moving some customers away from aggregator services.

FCR market saturation and near-zero building participation in DSO-level flexibility markets.
Several building portfolios justified their BESS investments on FCR revenue as the primary
return. Both building owners said those revenues had fallen sharply since installation. One
framed it directly: a project that once looked like a two-year payback, back when FCR revenues
were strong, could end up looking like a hundred-year one if peak shaving had to carry the whole

case. This is not a real calculation, but a way of saying the business case had collapsed.

The issue at the DSO level is not that markets are absent. It is that buildings are barely in them.
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One major Swedish DSO operates eleven local flexibility markets in Sweden, running November
to March with a focus on upward regulation, meaning the ability to increase available supply or
cut local demand at short notice when the grid is under stress. BESS, reserve generators, HPs,
and DH turbines all participate. The minimum bid is 0.1 MW, a threshold a BMS can reach by
aggregating several smaller units. Yet only one or two property owners currently show up as
service providers. The DSO interviewee pointed to two reasons: property owners do not know
these markets exist, and those who do see no clear incentive to pay the integration cost to join.
On top of that, the DSO noted that aggregators focused on building-level flexibility are rare;

most work with industrial assets and generation, not residential or commercial buildings.

The energy market regulator saw the same problem from a different angle: “We have a need,
we have a solution somehow. This does not meet.” Part of what holds it back is a trust problem.
If the battery does not deliver when called, the result is a blackout. “I cannot have a blackout.”
The same regulator, whose authority covers roughly 177 network operators across Sweden,
said 2025 was the year a new framework was being developed to reward operators for buying
flexibility rather than building infrastructure. The market infrastructure is there, in some parts

of the country. The building-side pathway into it is not.

BESS fire risk and insurance rejection. In many projects, insurance is a more immediate obstacle
than economics. The BESS and PV installer reported that insurance companies reject basement
installations in many projects; where approval is granted, fire suppression and ventilation
requirements raise CAPEX and erode the ROI. A separate but related problem is product quality.
A portion of BESS equipment entering the Swedish market lacks proper battery management
systems and cannot handle peak shaving and arbitrage simultaneously, leaving the battery as

passive storage with no flexibility value.

Physical space constraints for TES and BESS in dense urban buildings. Hot-water tank or pit
TES needs floor area or subsurface volume that dense urban buildings rarely have. The DH
utility operator pointed out that commercial floor space in Stockholm has a high rental value,
making it economically difficult to justify dedicating that space to a thermal tank. A residential
Li-ion BESS installation typically fits in a wall-mounted cabinet of one to two cubic meters, far
less than the hundreds to several thousand liters of water volume a buffer TES tank of equivalent
energy capacity would require [40]. Space constraints therefore bear more heavily on TES than
on BESS in the densest urban contexts, though both technologies face installation approval
challenges. The same DH utility operator noted a relevant historical pattern: when Stockholm
buildings were connected to DH in previous decades, the thermal storage tanks they had used
for individual heating were removed and the space converted to other uses. Available space, the
basic requirement for distributed TES, has largely been removed from the dense urban contexts

where it would generate the most flexibility value.

Cross-boundary electricity sharing is taxed. ~The municipal energy planner identified
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a constraint that limits district-scale PV deployment: electricity traded across property
boundaries in Sweden must pass through the national grid and pay the standard electricity
tax, even between physically adjacent buildings. The same tax logic shapes energy community
development more broadly. A recent review identified current taxation design as one of the main

regulatory and economic barriers to shared local electricity production in Sweden [107].

The planner noted that a direct-current grid energy community using private cables is the only
arrangement that avoids this requirement, but building a parallel cable infrastructure on top of
the existing alternating-current grid makes no economic sense. The PV-sharing arrangements
that would make C4-type configurations viable are blocked on both legal and economic grounds
unless an aggregator mediates the transaction. The municipal energy planner concluded
that, from a societal perspective, using EV batteries for vehicle-to-building or vehicle-to-grid
services makes more sense than building dedicated stationary BESS, since the cars will be

present regardless.

Annual peak cooling tariff as a barrier to DC flexibility experiments. The commercial building
owner in this study manages a large Swedish real estate portfolio connected to DC. Their DC
tariff is set by the two highest peak demand hours of the entire summer; those two hours fix
the cooling charge rate for the following twelve months. One failed experiment, or a control
algorithm that spikes demand at the wrong moment, locks in a higher rate for the rest of the year.
The interviewee put it plainly: “Just one or two hours where the power outtake goes bananas.
It would be with us for the next summer. We have to be careful.” This tariff structure did
not appear in the FSC literature reviewed for this study, which focused on residential and DH-
connected contexts. Commercial DC customers face a penalty mechanism with no residential
equivalent, and that asymmetry is part of why flexibility experiments in this segment carry a

different risk profile than in DH-connected residential portfolios.

Organizational misalignment between project development and asset management. One
residential building portfolio owner described a barrier that is internal rather than market-
or technology-driven. When a developer runs both the project development and the property
management functions, the two answer to different objectives: construction is measured on
upfront cost, property management on how the asset performs over its life. An FSC installation
that pays for itself over years rarely makes it into the specification, because the developer absorbs
the cost while the savings accrue in a different part of the same organization. Changing the

investment framework does not fix that. The incentive structure has to change first.

Cooperative governance as a structural barrier to FSC investment. Swedish BRFs are run
by volunteer boards, elected annually by residents, with no dedicated energy staff and no
requirement for technical expertise. Any CAPEX must clear both a board vote and a general
resident assembly. Projects with long payback periods can fail not because the finances are

wrong but because no one on the board has the tools to argue for them.
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One board described a working threshold of twelve years. Below that, projects tend to get
approved. Above it, they rarely do. No written policy; that is just where decisions have settled.
The flat-fee heating model compounds this: costs are split equally regardless of how much each
unit consumes, so residents have no financial reason to reduce energy use, and demand measures
that work in other building types simply do not apply. Getting tariff decisions wrong without
anyone who understands them is costly: one BRF paid approximately 150,000 SEK in penalties
after installing a device that monitors peak power draw rather than one that limits it. In Swedish,
the two terms are close enough to confuse, and no one on the board knew the difference until
the invoice came. As one interviewee put it, every party offering technical advice in Sweden

has a product to sell, and finding someone with nothing to pitch is, in practice, very hard.

Energy illiteracy among building residents and tenants. The DH utility operator raised a
constraint that runs through most tenant-occupied buildings: most residents neither know
enough nor care enough to engage with energy system optimization. They judge a building
by whatever metric the regulatory framework puts in front of them. When a PEN is the official
quality signal [10], that is what occupants respond to, regardless of whether it reflects actual
system performance or carbon outcomes. Resident-facing FSC services, including demand
response, flexible tariffs, and comfort adjustments, are therefore difficult to introduce unless

they are either mandatory or entirely invisible to the people living there.

Table 5.6.1 distinguishes barriers that the interviews confirm against the existing literature from

those that emerge as new empirical contributions from the Swedish practitioner context.

Table 5.6.1: Drivers and barriers to FSC adoption in the Swedish practitioner context.

Finding Type Status Supporting interviews
Drivers
Falling BESS/PV costs; TES cost- Economic C G2,G3,G4
competitiveness
Primary energy regulation Regulatory C Gl1, G2, G3, G4
Peak capacity demand charge Regulatory C G2, G3,G4

and economic
Geopolitical context / energy Political N G2, G3, G4, G5
security
EU taxonomy / green bank Financial N G4
financing

Barriers
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Finding Type Status Supporting interviews
PEF (1.8 electricity / 0.7 DH) Regulatory C G1,G2,G3,G4
Revenue stacking undemonstrated Market N G2, G3,G4

for BESS and TES

FCR saturation; near-zero Market N G3, G5, DSO
building participation in DSO

local flex markets

BESS fire risk and insurance Technical C G2, G4
rejection

Physical space for TES and BESS  Technical and C G3,G4

in dense urban buildings economic

Cross-boundary electricity Regulatory N Gl

sharing taxed and economic

Intra-organizational project Organizational N G4
development vs. asset

management misalignment

Cooperative governance: no Organizational N G4 (BRF)
dedicated energy expertise; flat-

fee incentive structure

Energy illiteracy among residents ~ Social N G3, G4 (BRF)

and tenants

N = new empirical contribution from interview data; C = confirmed by prior literature;

G1 = researchers/planners; G2 = technology installers; G3 = market operators; G4 = building owners;

G5 = national energy regulator.

Answer to RQ6. The primary energy calculation factor is the most consistently cited barrier
to FSC adoption in the Swedish building sector. Four of five stakeholder groups named it as
a regulatory misalignment that pulls investment decisions toward optimizing a score rather
than the energy system itself. At the current electricity weighting of 1.8 and DH weighting
of 0.7, technologies that use electricity as the flexible vector, including HPs, BESS, and PVT
panels, are systematically disadvantaged relative to DH connections, regardless of the actual
carbon intensity of the Swedish grid. Reforming this factor toward a value reflecting the
renewable composition of Swedish electricity supply could shift investment behavior not in

isolated projects but across the Swedish building portfolio as a whole, and would likely improve
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the financing conditions for C1 and C2 configurations through green credit mechanisms.

Beyond the PEF, five empirical findings emerged with no equivalent in the reviewed FSC
literature. Geopolitical risk following the 2021-2022 energy price crisis now functions as
an independent investment driver across five of eleven interviews, detached from standard
ROI reasoning. Revenue stacking, the simultaneous combination of FCR participation,
peak shaving, and PV self-consumption, had not been demonstrated in any operational
Swedish BESS or TES installation known to those interviewed; FCR standby requirements
and hardware-level conflicts between continuous standby and active peak shaving make it
difficult in practice even when business cases assume it. Cross-boundary electricity sharing
is taxed in a way that structurally prevents neighborhood-scale PV deployment and makes
C4-type configurations unviable without aggregator intermediation. Incentive misalignment
between project developers and asset managers within building companies keeps long-term FSC
investments out of construction specifications. The cooperative housing governance model,
with volunteer boards, flat-fee billing structures, and informal payback thresholds around twelve
years, accounts for a large share of the Swedish residential stock yet appears nowhere in the FSC

literature’s treatment of building owner decision-making.

Not all storage technologies sit equally within this barrier landscape. BITES (C3) addresses
most barriers directly: no CAPEX, no insurance approval, no dedicated floor space, and no
flexibility market participation required. That combination makes it the most accessible entry
point across the Swedish building stock. HP-based configurations (C1, C2) are hit hardest by
the PEF penalty and depend on green financing to be viable at scale. Buffer TES retains strong
unit economics for DH-connected buildings where space is available, but the physical space
barrier is particularly acute in dense urban contexts, and its revenue stacking potential remains
undemonstrated in Sweden. BESS carries the revenue stacking problem, the insurance barrier,
and FCR saturation at the same time, which is why business cases that looked viable two or three
years ago have deteriorated faster than expected. PVT panels and EBs strengthen the driver side
by adding self-generation and direct renewable P2H, but they do not resolve the market access
or regulatory barriers on their own. Running through all of this is digital capability: Advanced-
tier BMS integration is the precondition for both flexibility market access and revenue stacking,
regardless of what hardware is installed. Falling technology costs will continue to improve the
investment case for all configurations, but they are unlikely, on their own, to close the structural,

regulatory, and organizational gaps this section has documented.

5.7 Sustainability Dimensions of FSC Implementation

Sustainable development, as the Brundtland Commission defined it, is development that meets
the needs of the present without compromising the ability of future generations to meet their own

needs [108]. The environmental, economic, and social framing now common in the literature
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grew out of this discourse but has no single conceptual origin. It emerged gradually from
critiques of growth-oriented development across disciplines, and without a theoretically precise
definition to anchor it, it is a practical lens for evaluating trade-offs across dimensions at once
[109]. That is how it is used here.

5.7.1 Environmental dimension

The storage technologies reviewed here do not carry the same initial impact. BITES (C3)
requires no new material at all; the building’s structural mass already provides the thermal
capacity. BTES and PTES require excavation and piping, but they enable the seasonal load
shifting that reduces fossil backup use at district scale (C5). BESS is a difficult case: the Li-
ion manufacturing footprint does not go away, and in Sweden, where renewables made up over
87 % of electricity generation in 2023 [2], the operational carbon savings from grid shifting are
too small to compensate for it quickly. P2H configurations (C1, C5) reduce grid carbon when
control logic responds to real-time signals. When the schedule is fixed instead, much of that

benefit disappears.

5.7.2 Economic dimension

C3 stands apart on cost: it requires nothing beyond software commissioning and is within reach
of most of the Swedish building stock. From there, costs rise. C1 depends on a substation-scale
HP, limiting it to MFB that are connected to DH, where landlord capital or external financing is
available. C2 and C4 require multiple revenue streams working at the same time, a combination
that no operational Swedish installation has demonstrated; the payback period is not just long,
it is unknown. Underlying all of this is the PEF, which weights electricity at 1.8 and DH at
0.7 [10]. That number pulls investment decisions toward certification scores rather than system
value, and because banks apply the same metric when setting green financing terms [10], the

distortion runs from certification into project financing from the start.

5.7.3 Social dimension

The digital maturity results (Section 5.5) show that full FSC automation is feasible today only
for the Advanced-tier minority. Most Low-tier buildings, which make up much of the Swedish
cooperative housing (BRF) sector, do not have the monitoring and control infrastructure for
active flexibility programs. The BRF governance model makes it worse. Volunteer boards make
capital decisions. Flat-fee billing means individual residents have no financial reason to adjust
their energy use. Large capital investments require both board and general assembly approval.
Cooperative housing can therefore be cut off from FSC participation even when the physical
equipment is already there. Behavioral demand response hits its own ceiling too: programs

requiring active resident participation have not held up over time in the Swedish residential
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market. In the near term, the buildings most likely to capture flexibility benefits are the ones
managed by professionals, not the cooperative housing sector, even though that sector holds a

large share of the total TES potential.



Chapter 6

Conclusions and Future Work

Three storage categories, five configurations, and eleven practitioner perspectives point to the
same conclusion: FSC is feasible across much of the Swedish building stock, but the binding
constraints are rarely technical. This chapter draws out what that means for building owners,

policymakers, and researchers.

6.1 Research Context

This thesis produced five FSC configurations for three Swedish building typologies and tested
them against eleven practitioner interviews. The literature had not systematically mapped which
technology combinations suit Swedish buildings, what digital infrastructure each requires, or
what practitioners actually run into when trying to deploy them. That gap is what shaped the

study.

6.2 Summary of Main Findings

Three storage categories apply to Swedish buildings: TES, BITES, and BESS. No single one
covers the full FSC service range. TES handles thermal loads cost-effectively across timescales
from hours to seasons. BITES is already in the DH-connected building stock. Activating it
takes only a substation software adjustment. That makes it the lowest barrier entry point across
the entire typology. Seasonal borehole and pit systems are the only technologies that bridge
Sweden’s summer to winter generation gap. BESS responds fastest but costs far more per stored
unit than water-tank TES.

The five configurations are better understood as a deployment sequence than as alternatives.
C3, the software-only BITES option, is the entry point for DH-connected MFB; C1 comes next
once adding an HP can be economically justified. C2 covers the SFH case with a prosumer
setup already partially in place across a large share of the Swedish housing stock. C4 and C5
sit further along: greater potential, but they depend on aggregation infrastructure and capital

investment most organizations do not yet have. Across all five, digital readiness matters as much

87



88 6.3. ANSWERS TO THE RESEARCH QUESTIONS

as hardware. C3 needs only a software update. C4 cannot run without platforms coordinating

multiple buildings.

The interviews exposed a gap between how the FSC literature frames performance and
how Swedish practitioners evaluate the same investments. Technical indicators dominate
the published research: renewable integration rates, carbon intensity, flexibility revenue.
Practitioners reached for different things: payback period, real-estate yield, bank financing
terms. The Swedish primary energy number was the one metric that crossed both: a lower
score qualifies buildings for green financing, turning a compliance target into a capital cost
variable. Four KPIs that practitioners raised had no equivalent in the reviewed literature: real-
estate yield, maintenance savings from flat-mode TES operation, annual peak tariff exposure,

and cost per watt-peak for PV.

Eight findings from the interviews had no equivalent in the reviewed literature. Energy security
concerns, after the 2021-2022 price crisis, became an investment driver of their own, separate
from standard ROI logic. EU taxonomy criteria and bank lending rates tied to primary energy
scores pull building owners toward optimizing the score rather than the energy system behind it.
Revenue stacking across battery services has not been demonstrated in any Swedish installation,
and FCR market revenues have fallen below what originally justified BESS investment in several
portfolios. A tax on cross-boundary electricity flows prevents neighborhood-scale PV sharing.
Incentive misalignment between project developers and long-term asset managers means FSC
investments often disappear from specifications before the building goes up. Cooperative
housing governance blocks investment even when the physical infrastructure is already there.
Energy disengagement among residents limits how far behavioral demand response can go in

practice.

6.3 Answers to the Research Questions

Each answer draws on the analysis in Chapters 4 and 5, where literature findings and interview

data are compared research question by research question.

6.3.1 RQ1: Energy storage technologies and time scales

Three storage categories are relevant to Swedish buildings and districts: TES, BITES, and
BESS, each operating across a distinct timescale from minutes to months. No single technology
covers the full range of FSC services. Seasonal TES, in particular borehole and pit systems,
is the only option capable of bridging the structural mismatch between summer renewable
generation and winter heating demand in Sweden; BITES handles intra-day thermal flexibility
at zero CAPEX; and BESS provides the fast electrical response that thermal storage cannot

match.
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6.3.2 RQ2: FSC services enabled by storage

Storage enables FSC by separating energy conversion from delivery, letting buildings and
districts shift demand in response to grid signals or absorb renewable surplus that would
otherwise go unused. Which services are available depends on both storage type and what

is already deployed across the Swedish stock.

BITES is physically present in the entire DH-connected building stock and supports intra-day
demand response without capital investment. Buffer TES is common in multi-family substations
and HP installations, where it enables thermal load shifting and spot-price arbitrage. BESS
is installed across Swedish SFH and commercial buildings, providing fast electrical response
for self-consumption and peak shaving. Seasonal BTES and PTES are the only technologies
capable of covering Sweden’s winter heating demand from summer renewable surplus, and both
are already operating in some district systems. In most cases, though, these technologies sit as
passive components: buffer tanks sized for comfort and DHW load, BITES with no substation

dispatch software, and BESS handling self-consumption without a market connection.

In practice, none of these technologies is used to its full FSC potential. Systematic BITES
dispatch for external grid or market signals requires substation software upgrades that most
DH operators have not deployed at scale. No BESS installation in Sweden has demonstrated
simultaneous FCR participation, spot arbitrage, and PV self-consumption in a single operational
system. For C4 and C5, the missing piece is not hardware but coordination: aggregation
platforms, lower DH supply temperatures, and a regulatory path for building-scale flexibility

market participation.

6.3.3 RQ3: System configurations and implementation strategies

Five FSC configurations were identified across three Swedish building typologies (Section 4.3).
C1 pairs a building-side HP with a buffer TES in DH-connected MFB, enabling demand
flexibility and partial DH decoupling. C2 combines an HP, buffer TES, BESS, and rooftop PV in
SFH for self-consumption maximization and spot market arbitrage. C3 treats building structural
thermal mass as a virtual storage asset through DH substation supply temperature adjustment,
with no hardware investment. C4 aggregates BITES and HP flexibility across a building cluster
through an aggregation platform. C5 runs large-scale centralized HPs with seasonal TES at DH

network level, converting surplus electricity into stored heat for winter.

Of these, C3 and C2 are the most immediately deployable. C3 requires only a software upgrade
to an existing substation controller, and C2 builds on equipment already partially in place
across the Swedish SFH stock. C1 depends on HP retrofit investment and access to green
financing. C4 cannot function at all without interoperable aggregation software coordinating

multiple buildings. C5 is the furthest from deployment: it requires capital investment, lower
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DH supply temperatures, and a seasonal P2H regulatory framework that Sweden has not yet
established.

6.3.4 RQ4: Suitable KPIs for FSC services

The energy engineering indicators that dominate the FSC literature, including renewable
integration rate, carbon intensity, and flexibility revenue, were not raised by any building owner
or installer as investment criteria. The PEN is the exception: practitioners optimize it not
for its energy content but because it determines EU taxonomy classification and bank credit
conditions. Four KPIs emerged only from the interviews, with no equivalent in the reviewed
literature: real-estate yield as the primary investment denominator for commercial building
owners; maintenance cost reduction through flat-mode operation, where a buffer TES lets the
HP or boiler run at steady output and substantially reduces daily start-stop events and wear over
the equipment lifetime; annual DC peak tariff exposure as a barrier to flexibility experiments;

and cost per watt-peak, the unit technology installers use when quoting PV systems.

6.3.5 RQS: Digital maturity requirements and functions

The three-tier digital maturity model developed in this study (Section 5.5) maps the minimum
monitoring, control, and communication functions each FSC configuration needs. Most
Swedish FSC stakeholders work at the Low or Intermediate tier: they can monitor individual
systems and respond to day-ahead spot prices, but cannot reach outward to flexibility markets
or interact with DH operator dispatch platforms. Advanced-tier organizations, those with the

interoperability needed for C4 or CS5, are a small minority.

A consistent gap emerges between what engineering research assumes and what practitioners
actually do. The FSC literature treats renewable integration rates, carbon intensity, and
flexibility revenue as natural performance targets. Across four of five stakeholder groups,
practitioners instead tracked the PEN as the primary output, because it determines financing
eligibility. The obstacle keeping most Intermediate-tier organizations from moving up is not a
lack of sensors or data. It is protocol fragmentation: each new inverter or HP brand requires
separate integration work, and over time that friction adds up to a genuine barrier. Low digital
maturity is a barrier to FSC deployment on its own terms, independent of equipment availability,

financing, or regulation. A new heat pump or a buffer tank does not resolve it.

The SRI and EN ISO 52120 frameworks show where a building sits on this spectrum. What
neither does is map a specific score to the FSC services that score can actually support. The
three-tier model developed in this thesis makes that connection. Building owners, installers,
and market operators each face a version of the same question: which digital upgrades does a
given FSC configuration actually require? Treating digitalization as a single generic category

cannot answer that question.
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The tier model also exposes a gap on the digital side. Engineering literature treats
MPC, semantic interoperability, and grid-interactive control as the expected baseline. Most
organizations interviewed do not have that: they use manufacturer portals, fixed schedules, and
BMS with limited external reach. Advanced-tier practitioners have aggregation platforms that
work within their own portfolio but are not easily transferable to smaller operators. The three-
tier model makes that spread visible rather than collapsing it into a binary smart or not-smart

judgment.

6.3.6 RQ6: Drivers and barriers for FSC-enabled buildings

Two regulatory parameters run through this answer. The PEN is the annual primary energy
use per square meter that building owners report under Swedish building regulations; the PEF
converts delivered energy to primary energy using weights of 1.8 for electricity and 0.7 for
DH.

The PEF was the most consistently raised barrier across the interviews. It determines the PEN
that building owners must report under Swedish building regulations, and because a lower
PEN qualifies buildings for EU taxonomy-aligned green financing, the distortion extends from
regulatory compliance into capital markets. A building owner who replaces DH with an HP-
based configuration will report a higher PEN under the current weighting and may lose green
loan eligibility as a result, even when the HP is the lower-carbon option given the Nordic grid
mix. The weighting penalizes the choice it should encourage. Technology choices end up pulled
toward primary energy score improvement rather than FSC system performance. For TES and
BITES, this creates a structural problem: both enable coordinated P2H at DH network level,
yet a HP running above a coeflicient of performance of 2.57 will always score better than DH

under the current weighting, whatever the actual grid carbon intensity is at that hour.

On the driver side, falling BESS, PV, and HP costs continue to improve the investment case
across all configurations. Water-tank TES remains cost-competitive across heating-dominated
configurations. Energy security concerns, independent of standard ROI reasoning, emerged as
a driver in several interviews following the 2021-2022 energy price crisis. TES also captures
a value the FSC literature ignores. With a buffer tank in place, the HP or boiler holds a steady
output; the tank absorbs the load variation. That steadiness matters mechanically: fewer start-
stop cycles over the system lifetime means lower maintenance costs, and at least one DH operator
named this as a genuine part of the TES business case. No KPI framework in the reviewed

literature accounts for it.

Six barriers emerged from the interviews with no equivalent in the reviewed FSC literature:
undemonstrated revenue stacking for both BESS and TES in operational Swedish installations;
FCR market saturation, which has cut ancillary service revenues below what originally justified

BESS investment in several building portfolios; cross-boundary PV sharing taxed in a way that
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prevents neighborhood-scale arrangements; incentive misalignment between project developers
and asset managers within the same organization; Swedish cooperative housing governance,
where volunteer boards, flat-fee billing, and informal payback thresholds block FSC investment
regardless of technical merit; and energy illiteracy among residents and tenants, which limits
behavioral demand response because most occupants have no individual financial stake in
flexibility outcomes and participation does not hold over time. Some of these barriers also
suggest where opportunity is concentrated: the gap in demonstrated revenue stacking favors
first movers, and the BRF governance problem points to demand for managed FSC services

that boards can purchase without needing technical expertise to evaluate.

6.4 Sustainability Considerations

The environmental, economic, and social assessment of FSC configurations is in
Section 5.7.

BITES and water-tank TES have the lowest material and financial entry cost; BESS has the
largest embodied footprint and, in a grid already supplied largely by renewables, accumulates
carbon savings slowly. The PEF weighting works against the configurations with the most
system-level environmental value: a HP running above a COP of 2.57 scores better than
DH regardless of actual grid carbon intensity, pulling investment toward primary energy
certification rather than actual system performance. The financial case for the more complex
configurations rests on projections rather than demonstrated performance. No Swedish
installation has shown simultaneous revenue stacking across BESS and TES. Digital maturity
and housing governance determine how much of this potential building owners can actually
reach. The cooperative sector holds a large share of Sweden’s TES potential and is currently

the least able to capture it.

6.5 Recommendations

The recommendations are organized by actor group, since the entry points and obstacles differ

across the Swedish FSC value chain.

6.5.1 District heating companies and system operators

C3 can be deployed now across existing DH-connected portfolios through substation software
updates that activate BITES demand response, without capital investment. Lower supply
temperatures would improve HP COP across connected buildings and make C1 and C5

progressively more attractive.
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6.5.2 Building owners — DH-connected MFB

C3 is the entry point: a software upgrade to an existing substation controller, with the financial
case built on reducing DH peak demand charges rather than electricity market participation.
C1 follows once an HP installation can be economically justified; Swedish field evidence shows
meaningful reductions in DH draw and operating costs relative to DH-only operation. The PEF
creates a distortion here: replacing DH with an HP may improve green financing eligibility
while removing a flexibility asset from the network, and the net outcome is not always what the

primary energy score suggests.

6.5.3 Building owners — cooperative housing (BRF)

Standard FSC business cases do not fit cooperative housing governance. Tools that work
here reduce evaluation complexity and present outcomes in terms volunteer boards already
understand: reductions in the collective heating bill and simple payback periods. Turnkey
managed services are a more realistic path than expecting boards to engage with flexibility

market logic or accept temporary comfort trade-offs.

6.5.4 Technology providers and system integrators

The biggest integration cost is protocol fragmentation: standardized Modbus register mapping
at EU level would make configurations like C4 viable for smaller firms. The metrics that
support investment decisions in this sector are COP, payback period, and cost per watt-peak,

not renewable integration rates or carbon intensity figures.

6.5.5 Policymakers and regulators

Revising the PEF electricity weight to reflect actual Nordic grid carbon intensity would be
the single most consequential regulatory change available in this context, since PEN scores
feed directly into EU taxonomy assessments and bank lending rates. Allowing PV sharing
across property boundaries without the standard electricity tax would make district-scale FSC
arrangements viable. DSO-level flexibility markets already exist in Sweden but building
participation is near zero; property owners need clearer information about these markets and
a straightforward pathway to join them. Including the SRI in Swedish renovation permits or
energy declarations would give building owners and installers a concrete reference for what

each FSC configuration actually requires digitally.
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6.6 Limitations

This study combines a structured literature review with qualitative stakeholder interviews across
eleven organizations in five actor categories. The stakeholder sample is intentional and non-
random: eleven interviews cannot be treated as statistically representative of the Swedish
building sector, DH industry, or technology installer market. The patterns identified here
should be read as indicative of conditions that may be more general, not as population-level

findings.

The DSO interviewee sent written answers to three role-specific questions but did not complete
the full seventeen-question protocol. Those responses fed into the tier classification and
the barriers section, but did not cover the six cross-cutting themes central to the main
thematic analysis. The distribution-level operator perspective is therefore only partially

represented.

No quantitative techno-economic modeling was carried out as part of this study. The numerical
values cited in the results, including levelized costs and payback periods, come from published
literature and from interviewee statements, not from Swedish-specific simulation. Comparisons
between configurations are therefore qualitative. Relative rankings reflect literature synthesis,

not model-validated assessments.

The scope is restricted to Sweden. Several of the regulatory and structural conditions that shape
the findings, including the PEF weighting, the dominance of DH in the Swedish urban building
stock, and the cooperative housing ownership structure, are specific enough to the Swedish

context that direct transfer to other national markets should be approached with caution.

The cooperative housing perspective rests on a single BRF interview. The features described,
volunteer boards, flat-fee billing, and informal payback thresholds, are consistent with the
general Swedish BREF literature, but the specific dynamics reported reflect one organization’s

experience.

LTES and TCES are described in the background but neither appears in the Swedish FSC
configurations studied here; both were therefore excluded from the results analysis, as described

in Section 5.1.

6.7 Future Work

Techno-economic modeling calibrated to Swedish building typologies, DH tariff structures, and
Nordic electricity prices would allow a formal comparison across the five FSC configurations
and produce the levelized cost and payback estimates this study could not provide. That

modeling should include BTES and PTES sizing for seasonal P2H at district scale, and a
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portfolio-level quantification of BITES flexibility across DH-connected buildings: individual
building studies document the intra-day potential, but no study has aggregated it to network

level.

Revenue stacking in a real Swedish BESS installation remains undemonstrated. No case in
this literature or the interview sample combines FCR participation, peak shaving, and PV self-
consumption at the same time. The technical conflict between FCR standby requirements and
active peak shaving is unresolved; several interviewees raised it without an answer, and neither
battery management approaches nor market rule changes have been tested against it in the

Swedish context.

HP, EB, chiller, and PVT have not been compared as conversion pathways in the Swedish FSC
context, and connecting DHC networks to the electricity system through coordinated P2H and
seasonal storage remains a system-level research gap. A comparative conversion technology
study would provide the selection guidance practitioners currently lack; PVT in particular

appears in Nordic FSC literature but not in the Swedish market at scale.

A C4 pilot connected to a live DSO flexibility market would test the digital maturity framework
against actual operating conditions. The regulatory basis is currently being written, which

makes this a near-term opportunity.

FSC decision tools adapted to the BRF structure are missing. Payback evaluation frameworks
and fully managed service models could reduce the expertise barrier for volunteer boards
without structural changes to cooperative housing. The same gap applies at policy level:
quantifying what would happen to building investment decisions if the electricity primary
energy weight were moved from 1.8 toward a figure tracking actual Nordic carbon intensity

is a task the interview data motivates consistently but this study does not resolve.
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Chapter A

Stakeholder Interview Guide

This appendix contains the interview guide used in the stakeholder study (Chapter 2). Section 1
covers the six thematic areas that structured all eleven interviews. Section 2 lists the role-
specific questions for each actor type. The DSO flexibility representative answered three of
these questions in writing rather than in a recorded session; those responses are referenced in
Table 5.5.1 and Section 5.6.

Background: Sector Coupling and FSC

Each interview began with a short introduction to the key concepts, so that all participants

started from the same point of reference regardless of their background.

Sector coupling (SC) is the coordinated planning and operation of several energy systems
together, in contrast to siloed approaches where each value chain links a specific resource to

a specific end-use [4].

FSC adds energy storage to that picture [4]. Storage is what makes the coupling flexible: a heat
pump charges a TES during low-price hours, and the TES discharges later when electricity is
more expensive or renewable supply drops, without the heat pump running. The thermal and
electrical sectors are linked through a shared storage buffer rather than through simultaneous

operation.
Two features characterize FSC as used in this study:

* The storage link: Thermal, chemical, or electrical storage technologies are the FSC
enablers. They hold renewable energy until it is needed in a different sector or at a later
time [4].

* Cross-carrier flexibility: Energy moves between carriers, for example surplus electricity

converted into stored heat for later use.

Figure 3.1.2 in Chapter 3 shows the full FSC concept from IEA Task 35 [4].



Section 1: Interview Questions by Thematic Area

Thematic Area 1: Perceived Role of Buildings & District Energy

* How do you see the role of buildings and District Heating (DH) / District Cooling (DC),
together with TES, BESS, and Heat Pumps (HPs), contributing to the Swedish energy

system today?

* How do you expect this role to evolve over the next 10-20 years?

By “role,” I mean how these systems contribute to energy security, decarbonization, and

flexibility goals.

Thematic Area 2: Triggers and Decision Context for FSC

* Do you currently work with or see these technologies in your projects, clients, or systems?

Thermal Energy Storage (water tanks, PCM/ice, other)?
Battery Energy Storage (BESS)?

Building Inertia Thermal Energy Storage (BITES)?
Heat Pumps?

Electric Boilers?

Chillers?

Solar PV/PVT?

Solar Thermal?

* If yes: Which of these technologies do you work with?

Energy Storage (BESS/TES/BITES)
Conversion (HPs/Boilers/Chillers)

Generation (PV/PVT)

* If yes: What capacities and sizes (kWh, kW, kg, m?, other?) do they have, and how are

they mainly used?

* If no: What are the main reasons these technologies are not part of your focus?

* For the technologies you work with: what are their main benefits and limitations in your

context?



* If TES/BESS/BITES are relevant: When did they first become important for your
organization? What triggered this?

Thematic Area 3: Current Practices and Capabilities

* What is your understanding of flexible sector coupling (FSC) between thermal and

electrical sectors?

* What concrete activities, projects, or practices are you currently involved in that use
buildings or DH/DC with TES/BESS/BITES for FSC between electricity and heat?

* How well equipped is your organization (systems, data, competencies) for these integrated

flexibility solutions?

Thematic Area 4: Value, KPIs, and Decision Logic

» If TES/BESS is currently relevant in your organization: which outcomes or KPIs are most
important when evaluating these solutions? (e.g., technical, economic, environmental,

customer-related)
* If not yet relevant: what would need to change for these KPIs to become relevant?

* What specific decision parameters do you always look for in energy system-related

investments in buildings?
* Is FSC currently part of your organization’s investment or planning decisions?
— If yes: How does your organization justify or prioritize FSC-related investments?

— If no/unsure: What would need to change (awareness, mandate, market conditions,

policy) for FSC to become relevant?

Thematic Area 5: Barriers and Risks
* Are TES/BESS/BITES currently relevant in your organization?

— If yes: What are the main barriers to implementing and/or optimally operating them

for FSC in buildings or district systems?
— If no/unsure: What would need to change for them to become relevant?
* Are TES/BESS/BITES currently relevant from a business or financial perspective?

— If yes: What business model or tariff challenges prevent them from delivering

financial benefits through flexible services (e.g., DH tariffs, grid markets)?

— If no/unsure: What would need to change for them to become financially relevant?



* What risks or uncertainties do you associate with these solutions, and how do they

influence decisions?

Thematic Area 6: Enablers and Needed Changes

* Which policy, market, business, or technology aspects most influence the adoption of
energy storage (TES/BESS/BITES) vs. conversion (HPs, chillers, electric boilers) vs.
generation (PV/PVT)?

* What changes (policies, markets, business models, technology, processes) would help
greater adoption of TES/BESS/BITES and FSC in buildings?

* What knowledge, tools, or examples would help your organization move forward?

* s there anything else you would like to add?

Section 2: Role-Specific Questions

G1 - Researchers and Planners

Researcher / Academic

* Beyond energy consumption and cost savings, which KPIs best capture the value of

flexible sector coupling at the building or district scale?

* What are the main gaps or discrepancies between laboratory demonstrations or

simulations of FSC systems and their real-world performance in actual buildings?

* Which control algorithms or optimization approaches show the most promise for
coordinating the operation of multiple assets (TES, BESS, HPs, and PV) in an FSC

context?

District Heating / District Cooling (DH/DC) Utility Planner

* How does your DH/DC system and network operation currently limit or enable building-
side TES or BESS flexibility?

* Do you think your current tariff structure encourages or discourages hybrid HP

installations in buildings? Do volatile electricity prices change this dynamic?

* How do heat pumps compete with or complement your DH/DC operations: what are the

main benefits and challenges from your perspective?



Municipal / Local Energy Planner

* What local regulations, zoning rules, or building codes currently affect the
implementation of TES, BESS, or BITES systems in buildings?

* How do municipal energy plans prioritize flexibility and storage investments compared

to other goals (e.g., emissions reduction, cost minimization, renewable energy targets)?

What role do you see buildings playing in your municipality’s energy transition strategy?
* Do municipal energy plans currently consider building flexibility and storage at all?
— If yes: How do they fit compared to other goals (emissions, cost, renewables)?

— If no: What would need to change?

G2 - Technology Installers

TES & Heat Pump Installer

* What main barriers or objections do clients raise for TES installations (water tanks, PCM,

ice storage)?
* What performance metrics/KPIs do building owners ask for before a TES investment?

* What challenges exist in integrating TES with existing Building Management Systems
(BMS) or controls and DH/DC systems?

BESS & PV Installer
* What main barriers or objections do clients raise for BESS installations?
* What performance metrics/KPIs do building owners ask for before a BESS investment?

* What challenges exist in integrating BESS with existing BMS controls and PV/HP

systems?

HP / Electric Boiler / Chiller Installer

* How do you optimize HP or chiller operation for grid flexibility signals or demand

response programs?

* What digital connections or control infrastructure are needed to enable your HPs or

chillers to respond to grid signals or price incentives?

* What challenges arise from integrating HPs, electric boilers, or chillers with thermal

energy storage?



Solar PV Installer

* What installation challenges arise from adding PV/PVT to multi-family or residential

buildings (with or without existing storage)?

* What digital integration issues exist between PV and/or PVT systems and Building
Energy Management Systems (BEMS)?

G3 — Market Operators

Aggregator

* Which types of building flexibility assets (TES, BESS, HPs, others) work best for

aggregation, and what makes them effective?

* What minimum technical requirements must buildings meet to participate in your
programs? (e.g., response times, minimum ramp rates, minimum duration of flexibility

provision)
* What are the biggest barriers or concerns your clients mention when invited to join a
flexibility aggregation program?
Facility Manager / DH Operator

* What daily operational constraints do you face when running flexible TES, BESS, or

HP/electric boiler/chiller systems?

* How does frequent charging/discharging cycling of TES or BESS affect your maintenance

costs or system reliability?

* How do tenant comfort complaints (temperature variations, noise, etc.) influence your

ability to implement active flexibility strategies?

G4 - Building Owners

DH Utility Operator

* What digital tools does your organization use to manage energy systems across your

building portfolio? Are these systems integrated or do they operate in silos?

* Can your current digital systems coordinate energy storage, heat pumps/chillers, and PV
or PVT systems together with DH/DC and electricity supply? Do they optimize all these

systems together, or are there integration gaps?

* What benefits or limitations do you observe in your current heat pump, chiller, or electric

boiler systems that might encourage or discourage the use of thermal energy storage

6



(TES)?

* What benefits or limitations do you observe in your PV or PVT systems that might

encourage or limit the use of TES or BESS?

* Do you currently use (or plan to use) the building’s thermal mass to store heat or cold

and shift energy use, e.g., pre-heating before demand peaks? What limits this?

Cooperative Housing Representative (BRF)

* How do changes in energy prices or electricity rates affect your preferences or behavior

regarding heating, cooling, or electricity use?

* What temperature variations or comfort trade-offs might residents be willing to accept if
the building provides flexibility services to the grid (e.g., for financial or environmental
benefits)?

* If offered a demand response program where residents accept minor temperature changes

for financial discounts or CO, savings, what would motivate or discourage participation?

GS - National Regulator

Energimarknadsinspektionen (Ei) — Energy Market Regulator

* What current market rules, tariff structures, or regulations enable or limit the participation

of buildings or distributed storage systems in flexibility provision?

* How do your tariff design principles (e.g., capacity charges vs. energy charges) encourage
or discourage power-to-heat flexibility?

* If you identified specific barriers above, what might happen if those were addressed?

DSO - Written Questionnaire

DSO Flexibility Representative

These three questions were administered as a written questionnaire rather than a recorded

interview. Responses are referenced in Table 5.5.1 and Section 5.6.

* From your perspective, what potential do buildings have to contribute flexibility to the
distribution grid today, and what role (if any) do you see them playing over the next 10-20
years?

* What technical, regulatory, or organizational factors currently limit the role of buildings

in providing flexibility at the distribution grid level?



* If buildings played an important role in distribution-level flexibility in the future, what
technical requirements (response time, capacity, ramp rates, duration, etc.) would be

important?
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