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Summary
Sweden’s electricity system is moving toward a predominantly renewable supply, while district heating (DH) networks provide approximately 60 % of space-heating demand in Swedish buildings. Flexible sector coupling (FSC) uses energy storage to separate the timing of renewable electricity conversion from the moment of heat or power demand. Buildings and districts equipped with thermal energy storage (TES), battery energy storage systems (BESS), or building inertia thermal energy storage (BITES) can function as distributed flexibility hubs within the broader energy system. This paper maps five FSC configurations (C1–C5) across three Swedish building typologies and evaluates them across six domains: energy, economic, environmental, flexibility, grid interaction, and digital readiness. The analysis combines a structured literature review with eleven semi-structured stakeholder interviews across five actor groups. The findings show that no single energy storage technology covers the full range of FSC services. The control-only BITES configuration (C3) requires no capital investment and is the most immediately deployable option across the DH-connected building stock. The performance metrics used in the FSC literature also diverge from those practitioners apply. The Swedish primary energy number (PEN) weights electricity at 1.8 and DH at 0.7 in building regulation, where this weighting can direct investment toward regulatory compliance rather than FSC performance and extend its effects to financing through EU taxonomy requirements.
Keywords: Flexible Sector Coupling (FSC), Buildings, Heating and Cooling, Electricity, Thermal Energy Storage (TES), Solar photovoltaic (PV), Heat Pump (HP), Electrochemical Battery (BESS), Digital systems.
Field of application for the findings: Energy storage in residential and district-scale buildings; district heating systems; building energy management and flexibility services in the Swedish energy system.
Addressed audience: Building energy researchers; district heating operators and planners; energy system policymakers; energy technology installers; Swedish building owners and housing cooperatives.
Introduction 
Sweden's electricity system is undergoing a structural shift. Wind and solar generation, now accounting for a rising share of national electricity supply (Energimyndigheten, 2025), produce output that does not match heating demand in time. District heating (DH) networks supply approximately 60 % of space-heating demand in Swedish residential and service buildings (Fernqvist et al., 2023), while periods of high renewable electricity generation increasingly may occur when thermal loads are low. The result is a temporal mismatch between electricity availability and heating demand. Sector coupling (SC) addresses this by linking the electricity and heating sectors through heat pumps (HPs) and electric boilers (EBs), which convert surplus electricity into heat deliverable to DH networks and building heating systems (Ramsebner et al., 2021). 
Flexible sector coupling (FSC) extends this approach by incorporating energy storage, allowing the moment of conversion to be separated from the moment of use (Hauer et al., 2024). Buildings equipped with thermal energy storage (TES), building inertia thermal energy storage (BITES), or electrochemical battery energy storage systems (BESS) combined with e.g. HPs, EBs and chillers can shift electrical demand, absorb renewable surpluses, and provide FSC services to both the electricity grid and the heating and cooling systems, including DH (Hauer et al., 2024). Distributed solar photovoltaic (PV) generation through building installations can also feed these energy storage assets directly, extending the range of FSC services available at the building level. Buildings, along with their energy storage, can function as distributed flexibility hubs within the broader energy system. 
Although many of the technical conditions are already in the Swedish building stock, the energy storage configurations that make FSC operational have not been systematically mapped for the Swedish context. Available literature is largely theoretical or based on non-Swedish settings (Hauer et al., 2024; Pastore, 2026). The control standards and digital interfaces needed to connect assets at the building level to FSC services remain fragmented (Ożadowicz, 2022). Key performance indicator (KPI) frameworks for evaluating building flexibility exist (Airò Farulla et al., 2021; Hauer et al., 2024; Johra et al., 2023), but none has been tested against the regulatory constraints and implementation barriers present in the Swedish context.
This article identifies representative building and district typologies for the Swedish context, maps the FSC configurations applicable to each, and evaluates them across six domains: energy, economic, environmental, flexibility, grid interaction, and digital readiness. For that, the analysis combines a structured literature review with semi-structured interviews with relevant key Swedish stakeholders in the context of buildings and their energy systems. 
Methodology 
Two sources inform the analysis: a structured literature review and eleven semi-structured stakeholder interviews. Data from both are analyzed independently and then compared to address each of the six research questions.
RQ1: What energy storage technologies are available in buildings and districts, and how do they perform across short, medium, and long-term timescales?
RQ2: How can storage technologies enable FSC between thermal and electrical systems, and what services can they provide to both sectors?
RQ3: Which configurations have the greatest potential to facilitate renewable generation through storage in Swedish buildings?
RQ4: Which KPIs are most suitable to evaluate FSC services provided by energy storage in buildings?
RQ5: What digital maturity do FSC configurations require for monitoring, control, and interoperability?
RQ6: What technical, economic, social, and regulatory drivers and barriers influence the adoption of FSC-enabled buildings as flexibility hubs?
Fig. 1 shows how the three main components relate and which research questions each one addresses.
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[bookmark: _Ref238210265]Fig. 1: Research process overview: sequential flow from literature review and framework development through stakeholder interviews to comparative analysis and results, with research question coverage indicated per method.
As Fig. 1 shows, the literature review addresses primarily RQ1–RQ3 and establishes the analytical framework, while the interviews address primarily RQ4-RQ6 and capture conditions absent from published sources.
2.1. Literature Review and Technology Mapping
The literature search covered six thematic areas: (1) energy storage technologies in buildings and district energy systems, covering TES, BESS, and BITES; (2) FSC configurations and flexibility services; (3) energy conversion and renewable generation systems, including HPs, EBs, and PV; (4) digital capabilities and interoperability standards; (5) KPIs for FSC evaluation; and (6) drivers and barriers for FSC adoption in Sweden. Online publication searches were conducted targeting scientific articles, reports, websites, and similar sources (e.g., Google Scholar, Elsevier, ResearchGate, MDPI, KTH library subscriptions, and related scientific databases. Among reports, particularly the International Energy Agency (IEA) Energy Storage Task 35 and selected IEA Energy in Buildings and Communities (EBC) Annex publications are included. The search concentrated on the last decade (2016-2026). The search prioritized peer-reviewed journal articles, recent reviews, conference proceedings, and IEA institutional reports on buildings, district heating, and Swedish or European energy system conditions.
2.2. Analytical Frameworks 
[bookmark: OLE_LINK1]The analysis uses two frameworks built from the literature findings. The first defines KPIs across six domains. Five were grounded in the multi-dimensional FSC assessment approach of the IEA Energy Storage Task 35 (Hauer et al., 2024): energy, economic, environmental, flexibility, and grid interaction. The study adds a sixth domain, digital, to capture the measurable smart readiness of building systems (Ożadowicz, 2022). KPIs within each domain were drawn from review papers on building flexibility and demand response (Airò Farulla et al., 2021; Pallonetto et al., 2021) and from IEA EBC Annex 81 (Johra et al., 2023) and the IEA Task 35 final report (Hauer et al., 2024). Only indicators appearing consistently across these sources as relevant to flexibility enabled by energy storage were retained.
The second framework identifies the minimum digital capabilities each FSC configuration must have to function. It adapts two European standards to the Swedish building context: the Smart Readiness Indicator (SRI) (European Commission, 2020), introduced under the revised Energy Performance of Buildings Directive (European Commission, 2026), and EN ISO 52120-1 (ISO, 2021), which classifies building automation and control functions by their contribution to energy performance (Plienaitis et al., 2023; Walczyk and Ożadowicz, 2025). The SRI scores individual smart services from 0 to 4 across nine building domains (Varsami and Burman, 2021). EN ISO 52120-1 assigns one of four efficiency classes (D to A), separating non-automated systems from those capable of coordinated multi-system control (Walczyk and Ożadowicz, 2025). Both scales were applied to the five FSC configurations, defined in this work as C1-C5, to determine the minimum functional level required by each.
[bookmark: OLE_LINK5][bookmark: Sec2_3]2.3. Stakeholder Interviews
Semi-structured interviews provided information rarely available in published sources: implementation conditions, perceived barriers, drivers, and digital requirements from actors in the field (Kallio et al., 2016). Eleven interviews took place between April and May 2026 with representatives from five actor groups spanning the Swedish FSC value chain, listed in Table 1. A distribution system operator (DSO) provided written responses outside the interview protocol.
[bookmark: _Ref238211400]Table 1: Stakeholder sample: twelve roles across five actor groups; eleven semi-structured interviews, April–May 2026. 
(BRF: Bostadsrättsförening)
	Group
	Category
	Role

	G1
	Researchers & Planners
	Research Expert (FSC); 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

	—
	Distribution System Operator
	DSO Representative*


* Written responses only; not included in the eleven semi-structured interviews.
A six-theme guide structured each session: 1) the future role of buildings and DH in the Swedish energy system; 2) triggers for TES, BESS, or FSC investment; 3) current technical and organizational practices; 4) KPIs and value metrics; 5) perceived barriers and risks; and 6) enabling factors. The shared thematic frame kept cross-group comparison consistent. Sessions ran 60-90 minutes by video call, were recorded with participant consent, and transcribed before analysis, supported by the tool Transkriptor (Transkriptor, 2026). No quantitative techno-economic modeling was carried out. All numerical values in the results come from published sources or interviewee statements.
2.4. Data Analysis
Literature and interview data were analyzed separately before being compared per research question. The literature review grouped energy storage technologies by type, timescale, application scale, and FSC service. Stakeholder transcripts were analyzed using the six-phase thematic framework proposed by Ahmed et al. (2025).  All responses were mapped against the six interview themes (stated in 2.3. Stakeholder Interviews). Where both sources converged on the same conclusion for a given research question, the finding is treated as consistent evidence and reported with citations from both. Divergences appear in the results as either practical barriers absent from the literature or gaps between how FSC performance is framed in academic sources and how practitioners assess it.
Building Typologies and FSC Configurations
Three building typologies (T1-T3) define the scope of the analysis, based on the main modes of heating supply in Sweden. Five FSC configurations (C1-C5) are developed from these typologies, each pairing a typology with specific energy conversion and storage technologies and a primary flexibility objective. The typologies are literature-based archetypes rather than case studies of individual sites. Non-residential buildings as well as cooling are excluded from the study scope.
3.1. Swedish Building Typologies
[bookmark: _Hlk238638351]Sweden's residential building stock covers roughly 713 million m2 of heated floor area, divided among detached single-family houses (321 million m2), multi-family blocks (212 million m2), and non-residential premises (180 million m2) (Energimyndigheten, 2025). In 2023, electricity and DH were the main energy carriers, accounting for 68.7 TWh and 47.3 TWh, respectively, out of a total of 139.5 TWh (Energimyndigheten, 2025). Electricity enables direct demand response and grid market participation; DH enables thermal storage and SC through HPs.
T1: DH-Connected Multi-Family Building (MFB). T1 represents the Swedish multi-family residential block, particularly the concrete buildings constructed under the “Million programme” during the late 1960s and early 1970s. DH dominates this typology: in 2023, it supplied roughly 25.0 TWh of the 27.7 TWh used for space heating and domestic hot water in Swedish MFBs, equivalent to a share of about 90 %. Each building connects to the DH network through a substation, the heat exchanger at the building boundary that transfers district heat to the internal space-heating and hot water circuits (Werner, 2017). The thermal mass of these buildings (i.e., BITES) can enable short-term thermal storage without additional hardware. In a field study of 107 Swedish MFBs where feedback regulation of the DH supply temperature was already in operation, this control was found to reduce annual heating demand by 4 kWh/m2 and to lower the average indoor temperature by 0.4 °C (Olsson et al., 2023)
T2: Single-Family House (SFH) with Air-Source HPs and Rooftop PV. T2 represents the detached SFH, Sweden’s largest building category by floor area. Unlike T1, only about 27 % of Swedish detached houses are connected to a DH network (Danielski et al., 2012). Air-source HPs are the dominant heating technology among the remaining houses. By 2021, Sweden had the highest per-capita HP capacity among European countries, with more than one million units installed in over half of all residential houses (Johansson, 2021). At the national level, electric space heating in this stock offers up to 7.3 GW of demand-response capacity and up to 8 GWh of shiftable energy per event, provided that indoor temperature may increase by up to 3 °C above the baseline (Nyholm, 2016). SFHs with rooftop PV generation can operate as prosumers, meeting part of their electricity demand locally and exporting surplus to the grid.
T3: Urban Residential District at the Positive Energy District (PED) Scale. T3 operates at the district scale and represents a planned urban residential neighborhood designed to meet the PED standard, under which net annual energy imports must not exceed local renewable production (Ahrens Kayayan et al., 2025). In a modelled residential area in Gävle, replacing DH supply with distributed building-level HPs nearly doubled the winter peak electrical load, from approximately 1.45 MWh/h to 2.87 MWh/h (Ahrens Kayayan et al., 2025). At 98 %, the winter peak load increase means T3 requires TES and DH return-pipe heat recovery to manage the trade-off between annual energy performance and winter grid loading. At district scale, this includes borehole thermal energy storage (BTES), which stores heat underground over weeks to months for use during the heating season (Vandermeulen et al., 2018).
3.2. Representative FSC Configurations
Five representative FSC configurations (C1–C5) are derived from these three typologies (T1–T3). Each configuration combines one typology with one or more coupling mechanisms and a primary flexibility objective. Following Ramsebner et al. (2021), SC is defined here as replacing fossil fuels with renewable electricity through direct electrification, power-to-heat (P2H) using HPs and EBs, and related conversion pathways. In each configuration, thermal or electrochemical storage provides flexibility by decoupling the timing of energy conversion from the timing of delivery, enabling peak load shifting (Hauer et al., 2024). Fig. 2 maps typologies to configurations; T1 and T3 each support two configurations that differ in hardware investment level. Table 2 summarizes all five across key technologies, storage type, and primary FSC service, from pure software interventions to full district installations.
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[bookmark: _Ref238636426]Fig. 2: Swedish building typologies (T1-T3) and FSC configurations (C1-C5). 
[bookmark: _Ref238636411][bookmark: _Ref238728981]Table 2. Summary of representative FSC configurations (C1–C5)
	Config.
	Typology
	Key technologies
	Storage type(s)
	Primary FSC service

	C1
	T1 (DH-MFB)
	Substation HP on DH return; buffer tank
	BITES; buffer tank
	Peak shifting; DH return temperature reduction

	C2
	T2 (SFH)
	GSHP; rooftop PV; Li-ion BESS; water-tank TES
	Water-tank TES; Li-ion BESS
	PV self-consumption; spot cost minimisation

	C3
	T1 (DH-MFB)
	Substation setpoint control only
	BITES (passive)
	Control-only demand response; peak shaving

	C4
	T3 (PED)
	Aggregated HP fleet; collective PV; aggregator
	Building inertia; buffer tanks
	District VPP; renewable self-consumption

	C5
	T3 (PED/DH)
	Large HPs; EB; TES; 4GDH
	Hot-water tanks; BTES/pit TES
	Multi-seasonal P2H; curtailment absorption



C1 (Typology T1) adds a building-side HP at the DH substation to recover heat from the return circuit and feeds it to the internal space-heating loops. The main FSC service is day-ahead P2H peak shifting. Swedish DH systems had accumulated 1,527 MW of large HP capacity across 120 units of 1 MW or more since the 1980s, with a fleet-average coefficient of performance (COP) of 3.3 (Averfalk et al., 2017). Building thermal inertia is the main energy storage resource. A buffer tank at the HP output decouples compressor cycling from instantaneous heating demand (Zhou et al., 2025). MFBs of the type commonly found in the Swedish stock store approximately 0.1 kWh per m2 of floor area within a comfort band of plus or minus 0.5 °C (Kensby et al., 2015). In a field study of 58 DH substations across three major Swedish networks, coordinated pre-heating cut peak thermal load by 15–20 % and lowered DH return temperature by 2 °C (Kensby et al., 2015). Lower return temperatures increase DH network heat extraction capacity and reduce pumping losses, allowing more heat to be delivered per unit of circulating flow (Ahrens Kayayan et al., 2025).
[bookmark: OLE_LINK4]C2 (Typology T2) is the prosumer configuration: an SFH that both consumes and locally generates electricity, equipped with a ground-source HP, rooftop PV, a water-tank TES, and a Li-ion BESS. Two objectives guide the operation of C2: maximizing PV self-consumption through rule-based control and minimizing electricity cost through day-ahead spot market price-based optimization. In a comparable Nordic SFH simulation, cost-optimal control across sequential 24-hour horizons reduced the annual electricity bill by 13–25 % against a constant price reference (Salpakari and Lund, 2016). A numerical study of a representative Swedish SFH PV system found that adding a BESS raised self-consumption by 20–50 percentage points and self-sufficiency by 12.5–30 percentage points (Nyholm et al., 2016). The water-tank TES and the BESS operate on different time horizons: thermal storage shifts loads over hours while the BESS responds within seconds.
C3 (Typology T1) shares the DH-connected MFB setting with C1 but adds no hardware. The only flexibility resource is BITES, activated by adjusting the DH substation supply temperature or flow rate in response to a grid or price signal. C3 offers the lowest cost path to FSC deployment for the Swedish MFB stock. It requires only updated substation control software. The 4th Generation District Heating (4GDH) framework is designed around this mode of operation: weather forecasts drive control schedules for building mass charge and discharge cycles, cutting the DH load curve peak and lowering average return temperatures (Lund et al., 2014).
C4 (Typology T3) aggregates individually sized HPs across multiple buildings into a coordinated virtual power plant (VPP), alongside a collectively owned PV array. The goal is to shift electric heating loads in response to spot market prices or balancing signals from the grid operator. District-scale aggregation works because the load profiles of individual HPs are complementary. Individual HP units are unlikely to face peak thermal demand simultaneously in practice, so the aggregate VPP can sustain near-continuous load modulation without disrupting the normal cycling of individual units (Vandermeulen et al., 2018).
[bookmark: _Hlk238723564]C5 (Typology T3) is the largest configuration in terms of both spatial and temporal scale. It combines a centralised HP, or a fleet of large HPs, with an EB for peak P2H capacity and a large TES that shifts heat across timescales ranging from hours to seasons. The EB provides fast response by converting surplus grid electricity into heat with negligible ramp-up time, while the HP provides baseload capacity. Swedish DH systems held 900,000 m3 of hot water storage in 2016, around 150 TJ, enough for multi-hour charge and discharge cycles at district scale (Werner, 2017). Where BTES or pit TES is available, the charge-discharge window can extend to several months. This allows summer renewable surplus to be stored for winter delivery. The HP share in Swedish DH supply is projected to reach 61 % by 2050, when seasonal storage will be needed to carry those surpluses into the winter heating season (Atabaki et al., 2026).
The five configurations operate at two levels of spatial scale: building-level (C1–C3) and district-level (C4–C5). Capital requirement increases from a control software update in C3 to a substation HP in C1, multi-component SFH hardware in C2, and district coordination infrastructure in C4 and C5, where C5 also requires a centralized plant and seasonal BTES or pit TES.
Results and Discussion
Both the literature review and the stakeholder interviews inform the findings below. Across all three typologies, the technical basis for FSC is present. The barriers to implementation are primarily regulatory, organizational, and digital factors rather than technical.
Five subsections address the six research questions: storage technology and FSC service scope (RQ1–2), configuration assessment (RQ3), performance indicator alignment (RQ4), digital maturity requirements (RQ5), and adoption drivers and barriers in the Swedish context (RQ6).
4.1. Energy Storage Technologies and FSC Services
Three energy storage categories apply to Swedish buildings and district energy systems: TES, BITES, and BESS. No single category covers the full range of FSC service requirements. Together, they span timescales from minutes to months.
[bookmark: _Hlk238655126][bookmark: OLE_LINK6][bookmark: OLE_LINK7]In all three typologies, TES is the dominant storage technology for short to medium timescales. Water-based sensible TES operates at two scales. At the building scale, water-tank TES of 1–3.5 m³ are operated with active control strategies to shift thermal loads and maximize PV self-consumption (Huang et al., 2019; Salpakari and Lund, 2016). At district scale, pit or BTES provides heat storage for multiple months (Navarro Rivero et al., 2023; Vandermeulen et al., 2018). Where an HP is retrofitted in C1, a buffer tank absorbs the mismatch between the HP output and the instantaneous heat demand, reducing compressor on-off cycles (Zhou et al., 2025). Under standard thermostat control, however, it reacts only to local temperature variations and does not respond to electricity price signals or grid dispatch requests, limiting its contribution to FSC flexibility (Fischer and Madani, 2017; Vandermeulen et al., 2018). Water-based sensible TES reaches costs as low as 0.5 EUR/kWh of usable capacity in large-scale district applications, with round-trip efficiency above 90 % and design lifetimes exceeding 40 years (Navarro Rivero et al., 2023). Buffer tanks decouple HP cycling from instantaneous thermal demand in T1 and T2 typologies. Zhou et al. (2025) report that a buffer tank reduces HP start-stop cycles from approximately 40 to 10 per day and lowers peak demand by 25–45% in monitored installations. At the district scale, approximately 64 % of Swedish DH network capacity consists of thermal mass embedded in the distribution infrastructure (Fernqvist et al., 2023). Seasonal BTES and pit TES extend the dispatch window from hours to months. They are the only technologies reviewed here capable of carrying Sweden's summer renewable surplus into the winter heating demand (Atabaki et al., 2026).
BITES provides passive short-term storage available at zero capital cost. Kensby et al. (2015) report a 15–20 % cut in DH peak load through coordinated pre-heating across 58 substations in three major Swedish networks, with indoor temperature variation within ± 0.5 °C. Within this comfort band, the storage density is approximately 0.1 kWh per m2 of floor area. The flexibility window is above five to six hours at 5 °C outdoor temperature, falling to two to three hours at minus 12 °C (Wagener, 2017). Since BITES uses existing building mass and heating infrastructure, it can serve as the first energy storage resource deployed across the DH-connected MFB stock.
BESS operates on a different timescale and in a different sector. With response times below one second and round-trip efficiency in the range of 85–95 %, it handles intra-hour to intra-day electrical arbitrage and short-duration grid services that TES cannot provide (Pastore, 2026). For Swedish SFH, adding a BESS with a rooftop PV has been reported to increase self-consumption by 20–50 percentage points (Nyholm et al., 2016). Capital costs are considerably higher for Lithium-ion BESS, ranging from 250–1,000 EUR/kWh in 2020 against as low as 0.5 EUR/kWh for large-scale water-tank TES (Navarro Rivero et al., 2023; Pastore, 2026). For systems where a TES is already sized for HP operation, directing PV surplus through the HP into a domestic hot water (DHW) tank tends to be more cost-effective than adding a BESS (Huang et al., 2019).
Dispatch windows range from hours for BITES and buffer tanks to weeks and months for seasonal BTES and TES. BESS covers the electrical range from minutes to a full day.
Each typology uses a distinct combination of storage assets. In T1 (DH-connected MFBs), BITES and DH network inertia provide the main storage resources, supplemented by a buffer tank when an HP is retrofitted. T2 (detached SFHs with air-source HP and PV) uses thermal and electrical storage in parallel, with the balance between them determined by the local tariff structure and PV output. T3 (urban PED district) is the only typology that can economically justify seasonal storage, which individual buildings cannot reach on their own.
4.2. Configuration Assessment and Implementation Pathways
The five configurations (see Table 2) are assessed against three criteria: alignment with the Swedish building stock, technical feasibility at typical levels of building digitalization, and the balance between implementation complexity and FSC potential.
C3 (BITES control, no hardware) is the most immediately applicable configuration for T1 buildings. DH supplies approximately 90 % of Swedish MFB heat demand (Ahrens Kayayan et al., 2025), meaning that the physical energy storage asset is already in place across most of the stock. C3 requires only updated substation control software, no capital investment, no insurance approval, and no dedicated floor space. C3 is the lowest-barrier entry point for FSC deployment in the Swedish MFB (Kensby et al., 2015).
C1 (substation HP with buffer tank) adds active P2H conversion beyond what C3 achieves through software alone. Swedish field studies support this directly: an exhaust-air HP reduced DH draw by 28–48 %, depending on building type and control strategy (Rupar-Gadd et al., 2024). A Gothenburg case study found that giving priority to HP operation rather than DH cut annual operating costs by roughly 58 % relative to DH-only operation (Dogkas et al., 2025). C1 depends on access to green financing and performs better as DH supply temperatures fall toward the 4GDH target of 45–55 °C. At Sweden's current average supply temperature of 86.0 °C (Averfalk et al., 2017), HP COP is considerably lower than studies assuming 4GDH conditions, which raises electricity consumption per unit of heat delivered, increases operating costs, and reduces the return on substation retrofit investment.
C2 (HP, PV, BESS, and water-tank TES in an SFH) is already partially deployed across the Swedish T2 stock. HPs are installed in more than half of Swedish residential buildings (Johansson, 2021), and rooftop PV is a common addition. The key decision for implementation is energy storage allocation: how much TES vs BESS to install depends on the local tariff structure and the degree to which the owner optimizes for self-consumption versus spot market arbitrage (Goop et al., 2021; Salpakari and Lund, 2016). C2 does not require regulatory innovation; its barriers are economic and informational.
[bookmark: OLE_LINK9]C4 (district VPP) and C5 (large-scale centralized HP with seasonal TES) offer the widest FSC potential but also present the largest implementation barriers. C4 needs an aggregation platform capable of coordinating HP setpoints across multiple buildings through interoperable control interfaces. C5 requires centralized plant investment, transition to lower DH temperature networks, and a regulatory framework for seasonal P2H. The technology is commercially established: Swedish DH systems accumulated 1,527 MW of large HP capacity by 1980s (Averfalk et al., 2017). The binding constraint is investment scale and supply temperature transition. The HP share in Swedish DH supply is projected to reach 61 % by 2050, making seasonal TES the essential infrastructure for covering winter heating demand from renewable surpluses (Atabaki et al., 2026).
Digital readiness is a constraint at every step across all five configurations. C3 is activated by a software update. C4 cannot function at all without interoperable aggregation infrastructure. Hardware investment and digital capability development therefore need to advance together rather than one after the other.
4.3. Performance Indicators and the Research-Practice Gap
The FSC literature frames building performance primarily in terms of energy engineering, focusing on renewable integration, carbon intensity, flexibility revenue, and round-trip energy storage efficiency. The interviews show that Swedish practitioners place greater emphasis on a different set of criteria, a divergence that constitutes the central finding of this study.
All five actor groups converged on the same pattern: evaluation criteria shift toward financial returns as proximity to the physical building increases. The Primary Energy Number (PEN) is the one metric that appears across almost all groups, not because they are optimizing energy performance directly but because it determines access to green financing under the EU taxonomy and the interest rates banks apply to building owners.
The link between building performance and financing is established through Swedish building regulations (BBR), which set the current primary energy factors (PEF) for nearly zero energy building (nZEB) compliance in September 2020 (Wahlström and Maripuu, 2021). The regulation calculates annual energy use per square meter, weighting electricity at a PEF of 1.8 and DH at 0.7. An HP running above a COP of 2.57 scores better on the primary energy metric than DH. That breakeven comes directly from the weighting factors:
		(eq.1)
At this threshold, both technologies produce the same primary energy score. An HP operating above COP 2.57 delivers each unit of heat at a lower primary energy cost than DH; below it, DH is more favorable on the primary energy metric (Wahlström and Maripuu, 2021).
[bookmark: OLE_LINK2]The PEN therefore connects academic evaluation frameworks to practitioner investment decisions. Energy engineering KPIs, including carbon intensity, grid service revenue, and renewable integration rate, were not raised by any building owner or technology installer as investment criteria. The PEN was the one exception.
Four KPIs that practitioners linked directly to storage investment decisions have no equivalent in the FSC literature: real-estate yield (net operating income divided by asset value) as the primary investment denominator for commercial building owners; maintenance cost reduction through flat-mode HP or boiler operation, where a buffer tank absorbs load variation and reduces the start-stop cycling; annual peak cooling tariff exposure for district cooling users, where one peak demand event sets the rate for the following twelve months; and cost per watt-peak as the unit technology installers use when quoting PV systems. None of these appears in the FSC evaluation framework across six domains derived from the literature.
[bookmark: OLE_LINK3]The gap between research and practice runs in both directions. Practitioners use financial metrics the academic literature does not measure; the academic literature uses energy and techno-economic metrics practitioners do not act on. Resolving this misalignment requires translation tools adapted to each actor group, not more granular technical KPIs.
4.4. Digital Maturity Requirements
All FSC configurations require digital capability for monitoring, dispatch, and coordination with external signals. The analysis here traces what that capability looks like in practice across the twelve stakeholder roles and identifies a three-tier structure, as visualized in Fig. 3.
[image: ]
[bookmark: _Ref238997798]Fig. 3: Three-tier digital maturity model derived from stakeholder interviews. EN ISO 52120-1 efficiency classes (D–A) and SRI functional levels (0–4) serve as reference frameworks, not hard boundaries. 
Low-tier organizations (c.f. Fig. 3) run manufacturer portals, individual building management systems (BMS), and smart meters at the grid connection. None of these systems communicates with the others, and there is no external connection to flexibility markets or DH operator platforms.
Intermediate-tier organizations (c.f. Fig. 3) pull data from multiple building systems into a single integration layer and can respond to day-ahead spot prices. One commercial real estate owner uses a cloud-based PropTech platform that connects BMS, PV meters, HPs, and planned BESS in one place. A TES and HP installer runs a proprietary cloud system with its own programmable logic controllers, dispatching HPs remotely. Neither, however, can connect to flexibility market interfaces.
Advanced-tier organizations (c.f. Fig. 3) span multiple buildings and connect to external electricity markets or DH operator dispatch platforms. The VPP aggregator interviewed links roughly 12,000 residential and commercial customers via Modbus-based control units, dispatching BESS to Frequency Containment Reserve (FCR) and Fast Frequency Reserve (FFR) markets in real time. The DH utility operator adjusts supply temperatures across 2,000 buildings using thermal inertia as the flexibility resource, which is the C3 configuration in this study framework, with technical capacity to expand to 14,000 buildings. Each adjustment stays within 0.5 °C. Other building owners in the same DH network already accept adjustments of up to 2 °C; if that tolerance became common practice, available flexibility would quadruple.
Four gaps keep most organizations below the advanced tier. Protocol fragmentation means every new brand of inverter, HP, or BESS requires separate integration work, where, e.g. the BESS and PV installer estimated that debugging one unfamiliar brand takes over twelve hours on site. Digital teams have grown in headcount without matching growth in control engineering expertise. One building portfolio owner described an IT team that expanded from four to fourteen people over ten years, with most new hires hired as project managers rather than Internet of Things (IoT) or control engineering specialists. A residential building portfolio owner described the proportion directly: in a property management company of a hundred people, roughly ten work in technical operations, and of those, perhaps one carries genuine knowledge of energy storage systems. Platforms on the building side and interfaces on the market side are being built by separate actors without a shared protocol. The SRI, the EU framework for assessing building digital readiness, did not come up in any of the eleven interviews, including the conversation with the BESS and PV installer where digital integration was discussed at some depth. Whether this reflects limited reach among practitioners or a gap in the interview design is an open question. The most concrete proposal to emerge from the interviews was a standardized Modbus control mapping at EU level, which would address protocol fragmentation across all three tiers.
4.5. Drivers and Barriers in the Swedish Context
The PEF, which weights electricity at 1.8 and DH at 0.7 in Swedish building regulation, was the most consistently named barrier across the interviews, and four of the five stakeholder groups identified it without being asked. The stakeholders identified two effects: it pulls technology choices toward improving the primary energy score rather than FSC performance, and because banks apply the PEN when setting green financing terms, the distortion reaches from regulatory compliance into capital markets. One technology installer noted that 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. Revising the PEF electricity weight toward a value reflecting the renewable composition of the Nordic grid was named by four of five stakeholder groups as the regulatory change most likely to shift investment behaviour across Swedish buildings.
Falling energy storage and solar PV costs were the most consistently reported change in the investment environment over the past five years. One VPP aggregator reported that residential BESS costs have fallen to the point where cost is no longer a barrier to deployment. PV deployment in commercial portfolios has largely saturated available roof space under current planning rules, meaning the constraint is no longer cost but physical space. For thermal applications, water-tank TES is a lower-cost option compared to BESS, while BITES carries no capital cost.
The interviews identified five barriers that were not represented in the reviewed FSC literature. First, revenue stacking across BESS services has not been demonstrated in any of the Swedish installations in the sample across FCR participation, peak shaving, and PV self-consumption at the same time. Interviewees linked this limitation to the operating requirements of BESS: FCR participation requires continuous standby mode, which prevents simultaneous peak shaving or self-consumption dispatch. Second, FCR market revenues have fallen sharply in several portfolios. One building owner described a project originally justified at a two-year payback based on FCR revenues. As those revenues declined, the business case came to depend on peak shaving alone to cover the full investment return, a threshold no installation in the sample has met. Third, cross-boundary electricity sharing between adjacent buildings is taxed in a way that limits PV deployment at neighbourhood scale, making these arrangements economically non-viable without aggregator intermediation. Fourth, incentive misalignment between project developers and long-term asset managers within the same organization keeps FSC investments out of construction specifications: the developer is measured on upfront cost while savings from an FSC installation happen in a separate part of the same organization over its operating life. Fifth, Swedish cooperative housing (BRF) governance, with volunteer boards (typically with low energy expertise), flat-fee billing structures, and informal payback thresholds, covers a large share of the residential stock and appears nowhere in the FSC literature's treatment of building owner decision-making. In addition, geopolitical risk following the 2021–2022 energy price crisis now functions as an independent investment driver across five of eleven interviews, separate from the standard return on investment considerations.
These barriers do not affect all configurations equally. BITES in C3 avoids most of these barriers: no capital investment, no insurance approval, no dedicated floor space, and no flexibility market participation required. HP configurations (C1, C2) are most affected by the PEF penalty and depend on green financing to achieve deployment at scale. Within these configurations, water-tank TES retains strong unit economics for DH-connected buildings where floor space is available. However, no Swedish installation has yet demonstrated revenue stacking across multiple services. BESS faces the revenue stacking problem, the insurance barrier (Swedish residential insurers frequently reject installations or require fire suppression and ventilation upgrades as a condition of approval, in either case raising capital cost), and FCR market saturation. Investment business cases that looked viable two to three years ago have weakened faster than originally projected. The district-scale configurations (C4, C5) face the digital maturity and aggregation gaps described in the previous section; without a clear regulatory path for building participation in DSO local flexibility markets, their deployment potential remains largely theoretical.
Conclusions
FSC is technically feasible across much of the Swedish building stock. In most cases, the main barriers are not technical but regulatory, economic, and governance constraints, and they vary across actor groups.
Three energy storage categories apply to Swedish buildings and districts: TES, BITES, and BESS. No single technology can cover the full range of FSC services. BITES is already present across the entire DH-connected MFB stock and can be activated through a substation software update, with no hardware investment. TES handles thermal loads cost-effectively from hours to seasons. BESS provides fast electrical response but at far higher cost per stored unit than water-tank TES.
The five configurations address distinct contexts rather than competing for the same application. C3, the software-based BITES option, is the entry point for DH-connected MFBs. C2 addresses the SFH prosumer case, where HPs and rooftop PV are already present in much of the Swedish housing stock. C1, C4, and C5 offer greater potential but depend on HP retrofit investment, aggregation infrastructure, and regulatory conditions not yet in place.
The interviews revealed a consistent gap between how the FSC literature frames performance and how Swedish practitioners evaluate the same investments. Technical indicators such as renewable integration rates and carbon intensity were not raised as investment criteria by any building owner or installer. The PEN was the one metric that appeared across both the literature and the practitioner interviews. Practitioners optimize it not for its energy content but because it determines EU taxonomy classification and bank credit conditions, which makes it the operative link between research framing and actual investment decisions.
Technology deployment alone cannot resolve this misalignment. Three priorities follow from these findings: reforming the electricity PEF to reflect the actual Nordic grid carbon intensity, which currently directs investment toward regulatory compliance rather than FSC performance; establishing clearer pathways for building participation in DSO-level flexibility markets, where infrastructure exists but building-side access remains near zero; and developing FSC decision tools tailored to Swedish cooperative housing governance, where volunteer boards lack the tools to evaluate and approve FSC investments.
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