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ARTICLE INFO ABSTRACT

Handling editor: Mark Howells The uptake of renewable energy sources is intensifying in detached houses in the Nordic countries. Survey results
(N = 4276) among a detached-house owner association members in Finland imply that the energy transition has
progressed further than believed. In the sample, 89 % of households had two or more systems which suggests an
accumulation and parallel use of heating systems instead of removing older energy technologies. The phe-
nomenon concerns houses with electric heating, wood heating and air-source heat-pumps, and the owner-
occupant sample is rather even across socio-demographic backgrounds. However, larger homes had a higher
number of energy technologies, and hybrid arrangements were also adopted more by male respondents. Women,
unemployed, and families with three members or more had higher odds for relying only on one energy tech-
nology or fuel. The results call for urgent updates in European energy statistics and classifications and the energy
policy measures targeted at residential sector, both from energy justice and heating decarbonization perspec-
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tives. This is one of the rare studies focusing on hybridization of residential heating in Nordic countries.

1. Introduction

The uptake of renewable energy sources is intensifying on all scales
from large industrial installations to small scale plants in detached
houses [1]. Many homeowners are adopting small-scale renewable en-
ergy technologies (S-RET)' both as primary and supplementary heating
sources [2]. The uptake of S-RET has been thus far examined largely in
terms of substitution of older fossil fuel based or direct electric heating
(e.g. Refs. [1,3]), even as research has for long pointed that consumers
perceive their extant and novel energy systems as complementary to
each other, not only competing (e.g. Refs. [4-6]). This may result not
only in adding supplementary S-RETs to extant systems or replacing
them as primary heating sources, but also in ‘hybrid’ systems, in which
several S-RETs are combined for the energy needs of the same house. We
define such hybrids as heating arrangements comprised of combinations
of two or more energy technologies, the use of which alternates based on
seasonal or daily cycles utilizing the perceived value points of each in-
dividual system within these changing conditions (in contrast to e.g.
heating systems where there is a primary heating system and its
supplements).

* Corresponding author.
E-mail address: sini.numminen@aalto.fi (S. Numminen).

The hybrid heating phenomenon is poorly characterized in research
and deserves attention. The research that has been undertaken observes
that hybrid solutions have wide technical variety, occur in diverse socio-
economic contexts, and contribute to several different low carbon
pathways in detached housing stock. Thoroughgoing hybrid solutions
provide trailblazing exemplars of energy positive and very low energy
housing. They can help address energy poverty [7], and increase energy
security [8,9]. They can generate more flexible energy practices [10],
provide more resilient heating systems, and help flatten peak demand
[11,12]. Hybrid solutions are purposefully planned for new build houses
but can also evolve through energy renovations or inclusions of addi-
tional heating sources to an existing heating system [2]. The latter
alternative can lead to pathways of subsequent additions, typically
responding to different seasonal, economic, and operational opportu-
nities and household conditions [10,13].

Despite the EU’s ambitious plans to decarbonize the building sector
[3,14], hybrid heating solutions are absent in policy considerations
[15], and from residential heating statistics. Much research also builds
on distinct positions of heating systems (e.g. Ref. [16]). European
heating statistics are based on a division between primary and supple-
mentary heating systems, where ‘primary’ denotes a system that

1 S-RET includes solar photovoltaic panels (Solar PV, PV), solar thermal collectors (Solar collectors), ground source heat pumps (GSHP), Air source heat pumps
(ASHP), Air to water heat pumps (ASWHP), Exhaust air heat pumps (EAHP), micro-wind power (Wind), pellet and woodchip burning furnaces (Pellets) and solid

wood fireplaces that reserve heat (Wood).
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Abbreviations

ASHP Air source heat pump

AWSHP Air-to-water source heat pump
EAHP Exhaust air heat pump

GSHP Ground source heat pump

GJ Giga-joule

GWh Giga-watt-hour

PV Solar photovoltaic panel

S-RET  Small-scale renewable energy technology

‘provides most of the heat to the dwelling’, and ‘supplementary’ a sys-
tem that ‘is used less often’ [17]. The same applies to national statistics
(e.g. Refs. [18-20]). If an increasing number of houses are heated with
hybrids that build on complementary value-points, these statistics listing
only one supplementary system and insisting on a hierarchy between
systems may provide an erroneous view of the reality of home heating.
They peripheralize more complex heating arrangements and, for
instance, exaggerate the dependencies that households may have on any
one heating source. To gain a better sense of the progress in user-end
energy transition, we conducted an energy related survey in Finland
in the autumn of 2022. The survey targeted detached and semi-detached
housing which is home to around half (47 %) of Finnish people [21] and
earlier studies have reported an emergence of heating hybridization in
detached housing [2,13,22,23]. Other housing forms are terraced
houses (13 % of population [21]) and apartments (38 %) where op-
portunities for heating system transition are essentially different due to
their collective ownership and decision-making structures and location
in townships typically served by district heating networks.
Our main research questions are.

1 what types of energy producing combinations and arrangements do
detached houses use at this point of energy transition?

2 is hybridization in heating inclined to certain types of buildings or
socio-demographic background of households?

3 does the development of hybrid heating indicate need for changes in
energy policy measures?

The paper is structured as follows. In the following section we outline
literatures on S-RET adoption and classification systems. In section 3, we
describe our research context, research process, data and methods and
proceed to present the results and discussion of the study in section 4.
We conclude with policy implications. Overall, our results corroborate
existing findings that the energy transition is advancing well in the
Finnish residential sector. Yet it provides new insights on the progress of
the transition and its highly contingent character. Our analysis points to
the need to update the ways in which data about household heating is
collected and classified. These issues have also direct implications for
policy regarding energy subsidies and promotion of renewables among
citizens.

2. Background
2.1. S-RET adoption and diffusion

As energy transitions progress, it has become timely to analyse the
diffusion of key technologies in different countries, scales and contexts.
Most analyses focus on aggregated deployment of particular renewable
technologies, such as wind and solar PV (e.g. Refs. [24-27]). Studies
have further focused on the early phases of uptake and how entrant
technologies become gradually institutionalized and embedded in citi-
zen’s everyday consumption, facilitating their wider spreading (e.g.
Refs. [23,28-30]). In turn, studies on energy transitions follow the
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advancement of particular renewables as a “technology substitution
processes where a novel technology emerges in a niche, improves and
diffuses over time and eventually replaces or integrates with an estab-
lished technology” [31]. Where the complementarities and competition
in the diffusion of different renewables are studied, this takes place at
the sectoral level, leaving technology complementarities at points-of-use
without explicit attention [32]. This is likely due to lack of available
data because the way energy adoption statistics are gathered do not
make it readily available (see Section 2.3).

Some studies [6,23] differentiate S-RET diffusion on different scales
of deployment and other studies have provided insights into the adop-
tion of particular energy technologies in detached housing, such as heat
pumps [33]. Here, the key finding is that S-RET diffusion across coun-
tries is highly uneven both in terms of market penetration levels and the
extents of different renewables [6,23,33], which, in the EU, is not
explainable by geography or available support schemes [34] only.
Rather, existing literatures point to the influence of various factors
stretching from the household to the national level, highlighting the
complexity and situatedness of S-RET adoption [6,12,35].

2.2. Contingencies of S-RET adoption

On the national level, markets and policies are crucial for the diffu-
sion of S-RET. Markets develop in relation to existing infrastructures
[36], institutions and macro-economics [37]. While they develop
slowly, the maturity of markets influences the ability of adopters to
operate in the market [38]. Market conditions, together with advocacy
or rejection of S-RET by social movements, professional communities,
and the mass media, can influence the legitimacy of S-RET [6]. Simi-
larly, cultural [22] and climatic conditions [23] influence S-RET adop-
tion and diffusion. Policies, like financial incentives, are generally
considered important in the diffusion of S-RET and are available in many
European countries [12]. Yet, it has been suggested that financial in-
centives alone can be ineffective [35], as focus on them easily obscures
the importance of policy trajectories and broader policy palettes
including, for instance, the training and certification of qualified in-
stallers [6], which positively influence the diffusion of S-RET.

On the local level the importance of peer and social network effects
for S-RET adoption has been observed by several authors. Graziano and
Gillingham [39], for instance, note that localized neighbourhood effects
are stronger drivers for solar PV adoption than socio-economic factors.
Others have noted that S-RET adopters often influence their peers
[40-42] and are keen to inform others about the benefits of S-RETs [43].
The availability and expertise of local companies and installers [11,44]
are important factors for S-RET diffusion. While de-localized online peer
communities can be crucial in market creation and adoption of S-RET
too [45,46].

Finally, on the household level the influence of socio-demographic
factors (e.g., education, age, income, values) on S-RET adoption
consideration and decisions is often cited (e.g. Refs. [43,47]), although
their influence is not necessarily straightforward [40,48] or uniform
across different S-RET [35]. Instead, socio-demographic characteristics
entwine with other household level factors. Detached house dwellers
and homeowners tend to be more likely to adopt S-RET than renters and
apartment dwellers [35,49]. In turn, in line with general diffusion the-
ory [50], early adopters are more guided by interest in technology or
environmental issues and are more likely to adopt innovative solutions,
in comparison to later adopters that are more motivated by economic
benefits [51]. Meanwhile, existing household practices [52,53] and
heating systems [4], expectations of comfort [54], and access to wider
heating infrastructures, such as gas distribution networks [55] and
moving house [10] also influence S-RET adoption decisions.

A key implication from these studies on the adoption of S-RET is the
high emphasis on the particularities of detached houses, adopter needs
and resources, means and knowledge they have at their disposal for
making S-RET adoption decisions. The same S-RET solutions can
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compete or complement each other depending on the local and national
context as well as on the particularities of house and adopters [6].

2.3. Multiple heating systems use in detached houses

Existing literature on multiple heating systems in households is
relatively sparser than research on S-RET adoption. Observing the wood
heating practices of Finnish detached house dwellers, Rinkinen [56],
nonetheless, posits that households tend to embrace diversity in their
heating solutions as well as a sense of sovereignty. Studies on hybrid
heating arrangements suggest that house owners generally view hybrid
heating arrangements positively due to their relatively lower acquisition
and operation cost and the possibility to add them one by one, retaining
old systems in place, and due to the ensuing capacity to better respond to
climatic or price variations (see below) [2,47]. However, their higher
installation costs might be a barrier for the adoption, as is the case with
any new heating arrangements [57].

In line with studies presented in Section 2.2, Michelsen & Madlener
[58] note that adoption motivations for hybrid heating arrangements
are guided by existing heating technologies as well as those to be
incorporated to existing heating arrangements. Raiha & Ruokamo [2] in
turn observe district heating or ground source heat pump (GSHP)
households are less likely to consider the adoption of supplementary
heating technologies than households using direct electric heating,
pointing to the influence of existing heating systems in S-RET adoption
as well as the preventive effect of expensive prior investment (also [4]).
Moreover, they note that the adoption of an S-RET is likely to lead to a
domino effect of further adoptions (see also [13]). Others, too, have
noted the importance of local infrastructural factors such as the size and
condition of the house [53,59] on S-RET adoption.

In their UK case study [4], observe that instead of replacing existing
heating systems, low-carbon solutions are typically integrated into them
to retain the value provided by conventional technologies. Similarly, up
to 20 % of Finnish oil-heaters retain their old system in reserve instead of
scrapping them [60]. Juntunen [13] and Hyysalo [23] posit that the
intermittent nature of S-RET and the demands of the Nordic climatic
conditions tend to drive heating systems towards hybridization in
household. Only few S-RETs, namely GSHP and AWSHP, and also ASHP
and micro-wind, can provide year-round low effort heating but require
considerable investments. Other household scale S-RETs are relatively
more inexpensive and provide improvements to existing heating systems
and complementarities to each other: for instances cold but sunny
springs and long summer days are well suited for solar technologies,
dark but relatively mild autumns and warm spells mid-winter suit
air-source heat pumps well, and the physical arduousness of solid wood
heating is found bearable for relatively short high heat demand peaks at
mid-winter. Hyysalo’s [23] analysis of heat-pump diffusion in Finland
conjectures that due to the high uptake of ASHPs the character of
Finnish energy renovations has shifted from system replacement to-
wards the integration or parallel operation of S-RET alongside existing
systems.

3. Methodology
3.1. Research context: heating in Finnish detached houses

In 2021, the heating of buildings comprised 27 % of total energy used
in Finland. Finnish buildings are well insulated but, as is typical of
Nordic countries, people are accustomed to high and stable indoor
temperatures, the average being 21 °C [61,62]. Almost half (47 %) of the
Finnish population lives in detached houses [21], and home-ownership
rate in Finland is 71 %, which is higher than in most Western European
countries [63], and thus large portion of consumers can directly make
investments decisions about their heating arrangements.

Residential space heating in Finland has historically featured a
varying mix of oil, wood, coal, gas, peat and direct electric heating and
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the more recent rise of heat-pump produced heating, ‘ambient heating’.
Until the 1980s residential space heating was solely fossil and wood
energy based [62]. In the 1990s and 2000s, district heating and direct
electric heating advanced, while coal, peat and natural gas remained
marginal as heat sources. Distributed and renewable energy diffusion
advanced during the 2000s [23]. At present, solid wood is the most
extensively used energy carrier for heating in detached housing,
covering 39 % of heating energy usage [64]. With the prehistory of a
1978 statute requiring houses to have an alternative heating form,
currently 86 % of houses and cottages are equipped with a fireplace
[65], and almost all newly build detached houses are fitted with one
[66]. By 2022 an estimated 774,000 Finnish detached houses (73 %)
were equipped with one or more heat pumps used for heating®. Also,
solar PV capacity has increased notably [69] along with smaller shares
for wood pellets and solar heat. While it has been noted that wood
heating enjoys a special cultural-historical status in Finland, it has also
been observed that wood heating technologies often provide a backup or
a backbone for heating arrangements to which other heating technolo-
gies can be integrated [10,22].

This progression of user-end energy transition in Finland has not yet
comprehensively affected how official statistics about energy use in
buildings are collected. There are three statistics on household heating
(see Fig. 1, parts a—c), the so-called Buildings and free-time residences
(116h) [701, Households’ Consumption (13gk) [20], and Energy con-
sumption in households (11zr) [64] databases. The first is based on the
Building and Dwelling Register maintained by the Digital and Popula-
tion Data Services Agency, where buildings are classified based on their
primary heating system during construction. That information is only
updated if a building undergoes renovation requiring a permit, which
most energy renovations do not [71]. This renders the database largely
outdated. The second database is a subsection of household consump-
tion survey renewed every five years, which surveys consumers only for
their primary heating system.

The third statistic [64] describes the amounts of heating fuels used in
detached and semi-detached houses. Here energy consumptions are
calculated from sales figures of different fuels to different energy tech-
nologies, complemented by modelling of consumption patterns and
equipment use in typical households. Inaccuracies of this method
particularly in fully capturing S-RET diffusion and energy use, are re-
ported by the corresponding authority [72].

Focus on all these three statistics is on “primary” heating which has
enabled comparability and reproducibility of information across time
and space which is important in statistics [73]. Yet, hybrid heating ar-
rangements in their diversity, as we demonstrate below, are residual
[74] or left-out phenomena [73,75] that challenge existing classification
schemes. Statistics built around “primary heating” may have given an
adequate picture of the heating of homes before, but the rapidly pro-
gressing energy transition in the detached house sector has left many
phenomena outside of the official statistics.

In the Finnish case, the three statistics produce images of direct
electric heating as the dominant heating source in detached and semi-
detached houses. Importantly, regarding the research in this paper,
the additive sum of different renewables in Finnish detached houses (see
above) and the smallest amounts of non-renewable heating systems
implied by any of these statistics amounts to over twice as many heating
systems as there are detached houses — indicating that the statistics
likely overlook the existence of hybrid heating system arrangements.

The extent and ways by which renewables are adopted in detached

21,453,621 heat pumps have been sold in Finland by 2022. 774,000 estimate
based on the industry estimate of the distribution of less than 26 kW systems
into detached houses, commercial buildings and summer houses and an esti-
mated 15-year replacement cycle for air source heat pumps (ASHP) and an
industry estimate of to date 10 % of the houses featuring more than one heat
pump [67,68].
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Wood, peat
Energy carrier

Ambient energy

Other

. Electricity

District heating - Qil, gas

Fig. 1. a—c. Primary heating sources of small houses (% of all houses), based on (a) building registry (left), in 2021 [70] and (b) consumer surveys (middle), in 2022
[201.% (¢) Chart on the right depicts shares (%) of volumetric (GWh or GJ) energy sources consumption for heating in small houses in 2021 based on sales figures and
modelling [64]. ‘Ambient energy’ denotes heat pumps as ’primary’ heating sources (GSHP in (a); GSHP and ASHP in (b)) or energy produced by heat pumps (in c).
Category "Other’ with 20 % popularity in (b) typically denotes wood heating because because wood was not an option in the survey.

3 Based on preliminary survey data for 2022 (collected from 1 January 2022 to 30 June 2022), covers only detached (not semi-detached) houses.

housing are likely affected also by some further country specific con-
ditions. Regarding heat-pump based electricity, electricity prices in
Finland have continuously been among the lowest in Western Europe
(EU-15) [76]. Finland was a pioneer in smart meter roll-out, completing
it in the first years of the 2010. The Finnish population is also at the top
of the UN education index and the country has retained some
do-it-yourself culture, particularly in the sparsely populated country-
side, which both contribute to having the skills to adopt and adapt new
equipment, as well as to the capacity to search for and appropriate in-
formation [30,77]. Yet, over the years, the adoption of S-RETs has only
been modestly advanced by subsidies that have addressed energy effi-
ciency and renewable energy use in the residential sector in Finland,
such as subsidies for replacing oil-based heating systems at the end of
the 2000s and again in 2020.

3.2. Data and methods

Our analysis is based on data from a Survey on energy prices and
Finnish homes conducted on an online platform in the early autumn of
2022 among the members of Suomen Omakotiliitto ry (Finnish Home
Owners’ Association; www.omakotiliitto.fi; that has 70,000 citizen
members across the country). The survey design was led by an Aalto
University researcher (the main author of this paper) who involved
experts in three universities and in an energy consultancy company
VaasaETT LTD and the homeowner association management to
contribute or give feedback in research design, survey question formu-
lation, and the user-friendliness of the survey. Aalto University’s
Research Ethics Committee conducted an ethical assessment of the
survey in June 2022 before the public launch of the survey. The survey
was online in August and September 2022 and it was actively promoted
to the members of the association and through the communication
channels of the research project ORSI (www.ecowelfare.fi). Survey
questions can be found in Supplementary material in the original lan-
guage (Finnish) and as translated into English.

The primary motivation of the survey was to map the experiences of
Finns on the cost of energy under the energy crisis. In parallel, relevant

background information such as heating systems in use, fuel expenses,
and some socio-demographic details were queried. Respondents were
requested to fill the survey only for one apartment used all year round.
This paper reports the analysis on part of the survey data considering the
versatility of respondents’ heating systems that were mapped through a
diverse set of questions.

e Which of the following energy sources are used in your apartment?
(+-Others, what)

o Which of the following energy-producing or consuming appliances
do you use? (+Others, what)

e Do you know the total energy costs of your household in 2021?

e What were your household energy costs in 2021? € (estimate) or €
(exact figure).

e How much did you pay for each energy source last year in 2021?
(respondent was asked to detail costs per fuel on dedicated rows;
there was also a row ‘Others, what’.)

e Did you get some free fuel, such as wood?

e Which of the following heating or energy renovations have you made
in your apartment in the last two years? (+Others, what)

Data analysis tool R was used for analysing survey data. There were
5220 responses to the survey in total. We deleted 444 duplicate or
incomplete responses as well as some that were labelled unreliable (see
below) based on the initial data analysis. Survey data pre-processing is
explained in detail in Ref. [78]. Additionally, we excluded respondents
living in apartment buildings and terraced houses. The final number of
responses analysed in this article is 4276.

We identified user numbers for different heating fuels (oil, wood,
pellets, gas), heating solutions (electric heating, district heating), heat
pumps (ASHP, GSHP, AWSHP, and exhaust-air heat pump (EAHP)) and
for solar panels and solar thermal collectors. During the data analysis, it
was noticed that respondents with various heating profiles mentioned
that they use ‘electric radiators’. An electric radiator was interpreted as
electric heating in all cases where there was no risk of misunderstanding.
Even with that risk, electric heating would only be used in part of the
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apartment or only as a backup heating radiator. The choice is consistent
with the purpose of our research, which is to map the variety of installed
heating devices. On the other hand, ‘electricity’ (without the ‘electric
radiators’ box ticked) as a form of energy used by a respondent was not
enough to categorize them as using electric heating. In these cases, and
in the case of uncertain heating profiles, we conducted a more detailed
analysis.

We assumed that the respondents keep their homes warm year-
round. As such, they must utilize at least one of the following: electric
heating, oil heating, district heating, gas heating, ASHP, GSHP, AWSHP,
a pellet burner or some kind of wood heating technology. We assumed
that solar panels, solar thermal, and an EAHP alone could not cover the
year-round heating needs on Finland’s latitudes. The key indicator of the
reliability of an answer line was the reported energy cost. If the
respondent had left their energy costs unreported or the magnitude of
their energy costs was unrealistic, an iterative reliability assessment was
undertaken, and their heating profile was compared to other similar
ones. For example, if a respondent had not been identified as an electric
heater, but could not be identified as heating with oil, district heating,
GSHP, AWSHP, pellets or wood, but their reported electricity bill for
2021 exceeded 8 €/m?, they were marked as heating with electricity,
because their energy costs corresponded to the order of magnitude that
other respondents using electric heating had paid. Descriptive statistics
of sample can be viewed in Table A1 in Appendix A. Depending on their
county (province) of residence, each respondent was categorized into
one of four ‘weather regions’, that are defined in an official building
code [79], formed according to differing heating needs across the
country (position of counties in weather regions in Table Al). Our hy-
pothesis was, that elevated heating needs in the more northern regions
would also motivate installation of additional heating systems.

Because the sample was not randomized, and the survey was mar-
keted particularly to the members of the Finnish Home Owners’ Asso-
ciation, the sample cannot be considered statistically representative of
the Finnish detached housing stock. However, the demographics of our
sample are surprisingly close to the overall Finnish situation for many
key figures, such as household size and median income (Table 1), while
the respondents are slightly more aged and more educated than the
overall population. The sample is biased towards detached houses with
higher than average floor area, and to houses built in the 1980s (Fig. 2).
In terms of geographic distribution, Southern and South-Western re-
gions are clearly overrepresented, but the remaining distribution is

Table 1

Descriptive statistics of the respondents compared with Finnish population in
detached and/or semi-detached housing in 2021. Mean values (Median values in
brackets).

Variable Sample (N = 4276) Finnish population Source
Age (years)” 59 (62)" 53 (54)° [80]
Education level Basic or no education Basic or no education [81]
5 %; Higher-level 20 %; Higher-level
tertiary or doctorate tertiary or doctorate
28 % 12 %
Gender Male 63 % NA
Annual disposable 48242 (52800)" 56491 (49016)" [82]
income of
household (€)
Household size (N 2.44 (2) 2.36 (2) [83]
inhabitants)
Floor area (m?) 154 (141) 144 (NA) [70]

1979 (1983) NA (NA)°
2.503 (3); SD = 0.85 NA

Building year

Number of different
energy
technologies or
fuels used

@ For people over 18 years.

b Values counted from midpoints in intervals for age and income optionable in
survey (i.e., 62 in 60-64 years).

¢ See Fig. 2.
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roughly even compared to Finland statistics (Fig. 2).

Connectedness of increasing number of energy technologies (vari-
able ‘N_systems’) with respondents’ socio-demographic background and
building variables were explored with basic statistical tests of associa-
tion. N_systems was treated as a numeric variable (Point-biserial cor-
relation coefficients) but also as a categorical (CramerV and Kendall’s
tau-b or tau-c coefficients). Treating N_systems also in categories is
motivated due to the low variance: most respondents (79 %) had two or
three systems (Table A1l in Appendix A shows distribution) but also
because the everyday life situation where the house has just one, single,
heating system is distinctively different from the situation where the
family can effectively use 4-6 different, alternating systems. Anova tests
were performed with independent variables that was count data
(building floor area and the age of building) and with ordinal variables.

To determine the impacts of multiple variables’ simultaneous pres-
ence, two logistic regression models were built. The binary dependent
variables were whether or not the household had one energy technology
(N_systems = 1; Model 1) or over three systems (N_systems = 4-6; Model
2). All available independent variables were fed into models, however
heating variables were restricted to major heating technologies or fuels
used (oil, AWSHP, district heating, electric heating and GSHP) because
including all energy technology variables produced severe multi-
collinearity. Reference values for category variables were 18-29 years of
age; 42000-63600 € of annual household disposable income; ‘employed’
employment status; basic level of education and ‘South-Western® for
geographic region. All prerequisites for logistic regression [85] such as
no overdispersion were assessed to be met. Models were trained with 70
% of sample leading to similar accuracy levels with testing datasets
(11.4 % and 11.4 % for Model 1 and 9.9 % and 10.3 % for Model 2).
Models converged after 6 Fisher scoring iterations.

4. Results

We identified 162 different kinds of hybrid energy arrangements in
our data (see Table A2 in Appendix A for the full list). By hybrid energy
arrangements we refer to the totality of different energy technologies or
fuels used in a household, which can be composed of one or more
different technologies.” As Table 2 demonstrates, 38 % of the re-
spondents utilize three, 38 % two, and 10 % four or more energy tech-
nologies in their homes and only 11 % rely on a single energy source.
Wood, ASHP and electric heating are the most widely-utilized single
fuels or technologies. Popularities of each technology can be found in
Table A3 in Appendix A. Table 3 demonstrates the popularities of the
arrangements of energy technologies (Full collection in Table A2). The
most popular arrangement included direct electric heating, wood heat-
ing and an ASHP, used by 23 % of the households. After this combina-
tion, heating arrangements fragment quickly. The second most popular
combination (wood with electric heating) is utilized by just 9 % of the
respondents (see Fig. 3).

4.1. Different energy technologies and hybridity

As indicated before, different heating systems appear to have
different propensity to affect the extent of hybridization of heating ar-
rangements. Variation is demonstrated in Fig. 4 where users of each
‘major’ heating technology or fuel are represented, when being parts of
differing heating systems arrangement sizes (N_systems). As per their
correlation coefficients (Table 4), ASHP (0.62), wood (0.51), solar PV
(0.47) and electric heating (0.32) are the most ‘hybridized’ energy

4 We chose to talk about ‘hybrid energy arrangements’ as some of our re-
spondents (0.8 %) combine a heat source with solar PV. While, solar PV cannot
be considered a heating source on Finnish latitudes, it contributes to a house-
hold’s energy portfolio and can contribute towards the efficiency of heat pumps
for instance, as demonstrated in by literature [86].
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Fig. 2. Regional coverage and the age of buildings in sample (red lines) compared with overall population (blue bars) [84] of detached and semi-detached houses in
Finland. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 2
Number of energy technologies among fuel and energy technology users.

All sample GSHP owners District heating Oil users AWSHP owners Electric heating owners Wood users ASHP owners
(662) (275) (555) (382) (2088) (3324) (2520)
N_systems N % N % N % N % N % N % N % N %
1 486 11 119 18 75 27 75 14 33 9 78 4 99 3 3 0
2 1620 38 313 47 128 47 211 38 133 35 620 30 1142 34 587 23
3 1745 41 188 28 62 23 191 34 149 39 1111 53 1665 50 1526 61
4-6 425 11 42 6 10 4 78 14 67 18 279 13 418 13 404 16
Total 4276 100 662 100 275 100 555 100 382 100 2088 100 3324 100 2520 100
bl only 3 % of wood-users rely on wood-only (Table 2). Raiha and Ruo-
Table 3

Most popular energy technology arrangements in sample (N = 4276) and pop-
ularities of all single-source arrangements (Full table in Table A2 in Appendix
A).

Popularity™) Arrangement N %

1. Electric heating, wood heating and ASHP 982 23
2. Electric heating and wood heating 401 9.4
3. GSHP and wood heating 230 5.4
4. Electric heating and ASHP 196 4.6
5. Wood heating and ASHP 183 4.3
6 Electric heating, wood heating, ASHP and PV 152 3.6
7. Only GSHP 118 2.8
8. 0Oil heating, wood heating and ASHP 115 2.7
9. GSHP, wood heating and ASHP 114 2.7
10. 0Oil heating and wood 110 2.6
11. Only wood heating 99 2.3
14. Only electric heating 78 1.8
15. Only district heating 74 1.7
16. Only oil heating 73 1.7
27. Only AWSHP 33 0.8
44.%) Only pellets 4 0.1
45. Only ASHP 3 0.1

) Shared 44. place, for example, was given for 8 unique arrangements that
only had 4 users each.

technologies or fuels. On the other hand, GSHP and district heating have
negative coefficients indicating a higher probability to appear in a
single-heating-system arrangement, however the effect is quite weak.
Indeed, 18 % of GSHP owners have just their single system (GSHP) while

kamo [2] arrived at similar results. District heating households had only
2.03 energy technologies or fuels in use and GSHP owners 2.23, on
average, while the whole sample average was 2.50. Solar collector
owners had on average 3.67 energy technologies and PV panel owners
3.65. Mean and SD values of N_systems connected with all single energy
technologies can be found in Table A1 in Appendix A. On the other hand,
oil heating and AWSHP ownership are not statistically significantly
connected with the number of used systems (coefficients are nearly
Z€ero).

4.2. Socio-demographic and building characteristics and hybridity

Only weak direct correlations between many socio-demographic
features and an increasing number of energy technologies were found,
as Table 4 indicates. CramerV coefficient was less than 0.1 for all tested
variables. Moderate correlation would in principle require at least
0.1-0.29 [87]. Household income (Table 4) seems completely uncon-
nected due to the high p values which does not enable the rejection of
the null hypothesis. However, the differences between income-groups
were non-linear. Tukey comparison of means tests (Table 5) revealed
a statistically significant difference between two middle-income groups.
The third-lowest income group had 0.25 systems more, on average, than
a single higher-earning group (the sixth; find income groups details in
Table Al in Appendix A). Education level neither demonstrated being
associated with the number of energy technologies at home. There was a
small (0.1 systems) difference between two education groups (Table 5).
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4 technologies: 9%

5-6 technologies: 1%
1 technology (GSHP): 2.8%
,_ 1technology (Wood heating): 2.3%
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_ 1 technology (Oil heating): 1.7%

— 1 technology (District heating): 1.7%
— 1 technology (ASHP or AWSHP): 1%

\
2 technologies: 37.7%

Fig. 3. Shares of respondents using different numbers of energy systems. Single-energy-source cases also visible. Source: Authors.

When tested between ‘higher’ and ‘lower’ education groups, differences
disappear completely (Table 4). Employment status was connected in a
statistically significant manner: unemployed had 0.43 fewer energy
technologies than entrepreneurs, and 0.3 fewer than the employed.
Statistically significant difference could also be found between house-
holds in two unique geographic regions. Respondents in the most
northern region (‘North’) had 0.3 systems fewer than people in the most
southern region (‘South-West’). The difference can be probably
explained by modest diffusion of solar energy technologies in more
northern latitudes where solar irradiation intensity is lower.

Gender was also weakly associated with hybridization: female re-
spondents had a smaller number of energy technologies installed. Age of
respondents (Table 5) and building age (Table 6) were non-connected
with hybridization. However, higher floor areas of buildings were con-
nected with a higher number of energy technologies in use. Neverthe-
less, differences are tangible only when comparing houses of 3 systems
(mean floor area 151 rnz) with houses of 4 systems (mean floor area 163
m?), as per Tukey multiple comparison of means test (Table 6). Fig. 5
visually demonstrates a conclusion that existing energy technologies,
such as electric heating (part a) or a GSHP (part b) are clearly more
significant determinants of hybridization than floor area (part ¢) and
gender (part d) while differences across employment situation (part e)

100%

90%
80%
70%
60%
50%
40%

and education levels (part f) are clearly less tangible.

Logistic regression modelling allows studying simultaneous impacts
of background variables on a binary output. In the following sections we
study the possible connection of respondents’ background with the two
uttermost cases: having just one energy technology or fuel in use (Sec-
tion 4.2.1) and using four or more energy technologies (Section 4.2.2).

4.2.1. Households using only one energy technology or fuel

Logistic regression modelling (Table 7, Model 1) revealed that
certain existing major heating installations, namely electric heating,
AWSHP or oil heating significantly reduced likelihood of one-system
heating. In addition, respondents who were unemployed had almost 2
times higher odds of having just one energy technology, compared with
the reference group, employed. Families with children (number of
family members three or more) had 1.5 higher odds of having just one
energy technology or fuel in use than the reference group, two-person
families. Women had 1.3 higher odds compared with men. Floor area
was also statistically significantly correlated meaning that increasing
floor area reduced the likelihood of having just one energy technology.
However, the actual differences in floor areas between one-system
homes and the rest are actually not large (Table A1). Younger age of
building reduced the likelihood for having only one energy technology

30% 5-6
20% -
10% m4
0% m3
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Fig. 4. Number of utilized different heating systems (N_systems) per heating system owners/fuel users. Each bar represents all users of specific heating type, and
within, the shares (%) per N_systems in use. In brackets their total number in sample. Bars are put in the left-right order depending on their Point-biserial coefficients

in Table 4.
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Table 4
Tests of association between various independent variables and the number of
energy technologies or fuels in use (N = 1,2,3,4,5-6).

Dichotomous variables

Independent Variable Chi2 test p- CramerV Kendall’s Point-
value tau-c biserial
GSHP owners (no vs <2e-16 0.1442 —0.1096 —0.1360
yes)
District heating users <2e-16 0.1585 —0.0782 —0.1481
Oil users 0.0004 0.0690 —0.0038 0.0016
AWSHP owners 1.41e-06 0.0874 0.0352 0.0659
Electric heating users ~ <2e-16 0.3363 0.3507 0.3156
Wood users <2e-16 0.5707 0.4617 0.5132
ASHP owners <2e-16 0.6566 0.6829 0.6209
Solar photovoltaic <2e-16 0.5996 0.3053 0.4679
owners
Solar thermal owners <2e-16 0.2632 0.0398 0.1744
EAHP owners <2e-16 0.2193 —0.0017 0.1926
Gas heating users 0.807 0.0194 —0.0017 —0.0150
Pellet users <2e-16 0.2413 0.0278 0.1299
Gender (men vs 5.98e-08 0.0959 —0.0869 —0.0879
women)
Education (lower vs 0.0812 0.0441 —0.0083 —0.0064
high)
Category variables
Variable Chi2 test p- CramerV  Kendall’s tau-b Pearson
value or tau-c corr
education (in 5 0.0207 0.0434 0.0196
categ.)
income 0.5360 NA NA
age (in 10 0.0002 0.0687 (non-linear)
categories)
family size 0.0013 0.0537 0.0310 0.0262
weather region 0.0088 0.0414 —0.0282
employment (in 5 <0.0001 0.0571 —0.0093

categ.)

but because differences are counted on years, not on decades, they are
unmentionable (see Table 6 and A.1). Respondent’s age or education,
household income level or the geographic region were not statistically
significantly connected.

Table 5
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4.2.2. Households having 4-6 different energy technologies

Having electric heating, AWSHP, oil heating or an GSHP increased
the likelihood of having 4 or more different energy technologies in use.
In addition, odds of having 4-6 systems were almost 3 times higher
among post-graduates than people with basic education, and 1.8 higher
for entrepreneurs than the reference group, employed. Curiously, re-
spondents in category ‘out of work’ (for reasons not queried in the
survey but also temporarily such as being on parental leave) increased
the odds of living in a hybrid heated home. Women had smaller odds of
having 4-6 systems than men. Indeed, only 6.6 % of female respondents
used 4-6 systems compared to 11.9 % of male respondents (Table Al).
Increasing floor area was connected, but a mentionable difference could
only be found only between houses of 4 systems and houses with 3
systems (Table 6 and A.1): the former had 9.4 square meters higher floor
area than the latter. Respondent’s age, income level, geographic region
and the age of building were not statistically significantly connected.

To conclude, these logistic regression tests revealed some further
information about the connectedness of certain socio-economic back-
ground features with the two uttermost situations in hybridization
(N_systems = 1 and N_systems = 4-6). Due to differing treating of var-
iables in univariate and multivariate tests, the correlation tests (Sections
4.1 and 4.2) where hybridization was treated as a steadily increasing
numeric variable are not completely comparable with the LR test results
(Sections 4.2.1 and 4.2.2), but findings are complementary.

5. Discussion
5.1. Hybridization among variously heated homes

The diversity and fragmentation of detached house heating into more
than 160 hybrid arrangements underscore the importance of local,
household level conditions and rationales in shaping heating arrange-
ments [6,59]. People are creative and able to devise and design energy
systems suitable to their particular needs and resources [4,23,46]. Most
hybrid heating arrangements (73 %) in our data are quite unique, opted
for by less than 10 households, which corroborates these earlier
observations.

There are several logical reasons why different fuels or energy

One-way ANOVA for ordinal variables with N_systems (numeric) and when significant, results of Tukey multiple comparison of means test. Mean and SD values of

N_systems per each respondent group in Table Al in Appendix A.

Anova Tukey test (sig)
Variable df F p compared groups diff p
education 4 4.274 0.00188** Upper secondary vs Lower tertiary -0.10 0.01739
income 9 8.423 0.00372%* 14400-20400 € vs 42000-63600 € —-0.25 0.00771
age 11 2.709 0.00175%* N/A N/A >0.053
age (10 groups) 9 2.564 0.00612%* 55-59 years vs 45-49 years -0.19 0.04824
weather region 3 6.462 0.000232%** North vs South-west —-0.30 0.00034
family size 5 5.644 3.42e-05%** 1 member vs 2 members -0.19 0.00001
1 member vs 4 members —-0.15 0.03532
1 member vs 5 members —0.22 0.02267
employment 4 5.077 0.00044%*** Unemployed vs Entrepreneur —0.43 0.00018
Unemployed vs Employed —0.30 0.00253
Unemployed vs Retired —0.33 0.00078

Signif. codes: 0 “**** 0.001 ‘** 0.01 ** 0.05 ‘. 0.1 © 1.

Table 6

One-way Anova for numeric building variables with N_systems (category) and Tukey multiple comparison of means test when significant. Mean and SD values of
N_systems per each respondent group in Table Al in Appendix A. In the last column, Pearson correlation coefficients.

Anova Tukey test (sig) Corr
Variable df F p compared groups diff P
floorarea 4 3.45 0.00802 ** 4 systems vs 3 systems 9.43 m? 0.0368 0.0156
buildingyear 4 0.758 0.552 N/A N/A >0.48 0.0158

Signif. codes: 0 “**** 0.001 ‘*** 0.01 *** 0.05 “.” 0.1 “ 1.
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Houses with a ground-source heat pump (GSHP)
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Fig. 5. a—f. Number of energy technologies in homes with a) electric heating; b) a ground-source heat pump and c) their floor areas. Hybridity and respondent’s d)
gender; e) employment status and f) education level. Numeric labels on segments on Figures a-b and d-f indicate the respondent number per each segment.

solutions, such as wood, ASHP and electric heating appeared mainly in
hybrid combinations. The prevalence of wood, in particular, is not sur-
prising, considering the important cultural-historical status of wood in
Finnish heating [10], encouraged by building regulation [88] and

building tradition [65,66]. Neither is the popularity of the ASHP in
hybrid arrangements surprising, considering their recent, rapid and
wide surge in sales [67,89], and the relatively low investment costs
(400-3000 € compared to other S-RETs e.g. median costs of a GSHP is
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Table 7
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Logistic regression models predicting situations where the number of different energy technologies is one (Model 1) and the number is 4-6 (Model 2). Numbers in bold
indicate statistically significant correlations with p-values of: ‘.’ <0.1, “** <0.05, ‘**** <0.01, “**** <0.001.

Model 1: N systems = 1

Model 2: N systems = 4-6

Variable B exp () p value B exp (B) p value

Intercept 18.6552 1.26E+08 0.0001 ok —14.9369 3.26E-07 0.0107 *
Age 35-49 0.0327 1.0333 0.9268 0.3550 1.4262 0.4072

Age 50-59 0.0440 1.0450 0.9016 0.3255 1.3847 0.4469

Age 60-69 0.1919 1.2115 0.6159 0.3662 1.4423 0.4232

Age 70- 0.4286 1.5350 0.3054 0.4369 1.5479 0.3685

Income <15600 0.1396 1.1498 0.6592 —0.4402 0.6439 0.2504

Income 15600-27600 0.3411 1.4064 0.1096 —0.2621 0.7694 0.2839

Income 27600-42000 0.0889 1.0929 0.5908 —0.1660 0.8471 0.3232

Income 63600-104400 —0.1640 0.8487 0.4084 —0.3400 0.7117 0.0776

Income >104400 0.0812 1.0846 0.8345 —0.4005 0.6700 0.3230

Education Upper secondary 0.1433 1.1540 0.6204 0.1508 1.1627 0.6517

Education Lower tertiary —0.0669 0.9353 0.8226 0.2062 1.2289 0.5437

Education Higher tertiary 0.2267 1.2544 0.4609 0.1316 1.1406 0.7095

Education Postgraduate —0.7580 0.4686 0.2037 1.0954 2.9904 0.0131

Entrepreneur —0.1984 0.8201 0.5234 0.6206 1.8600 0.0273 *
Unemployed 0.6625 1.9397 0.0466 * —1.5873 0.2045 0.1193

Retired 0.1358 1.1455 0.5527 0.3041 1.3555 0.2149

Out of work —0.1448 0.8652 0.6986 0.8534 2.3476 0.0205 *
Region: Central Finland —0.2956 0.7441 0.0659 —0.0030 0.9970 0.9853

Region: Northern Central —0.2273 0.7967 0.2368 —0.2450 0.7827 0.2409

Region: North 0.0759 1.0789 0.7980 —0.8053 0.4469 0.1258

Gender: Female 0.2883 1.3341 0.0294 * —0.4572 0.6331 0.0035 i
Family size: 1 0.1686 1.1836 0.3781 —0.1655 0.8475 0.4704

Family size: 3-6 0.4154 1.5149 0.0201 —0.0509 0.9504 0.7785

Floor area —0.0024 0.9976 0.0406 * 0.0037 1.0037 0.0005 ek
Year built of house —0.0100 0.9900 0.0000 ok 0.0050 1.0051 0.0845

District heating 0.0236 1.0239 0.9120 0.6779 1.9697 0.1419

Electric heating —2.3758 0.0929 0.0000 ok 2.1219 8.3473 0.0000 il
Oil heating —0.8517 0.4267 0.0000 ok 1.5109 4.5307 0.0000 el
AWSHP heating —1.1283 0.3236 0.0000 s 1.6768 5.3484 0.0000 e
GSHP heating —-0.3229 0.7240 0.0771 1.1459 3.1451 0.0002 il
McFadden R? 0.136 0.104

AUC value 0.723 0.699

21,000 €) that makes additive installation of ASHP financially viable for
many households. Based on our data we cannot ascertain whether
ASHPs are used for heating or cooling. Product development have
rendered new ASHPs efficient, capable of covering year-round heating
needs in Finnish latitudes [23,90], making it a viable choice for elec-
tricity or oil heated homes to decrease energy bills, and for wood-heated
homes to alleviate the physical burden required to ensure consistent
indoor temperatures [22]. Considering that the survey was conducted in
Finland where the heating degree days (HDD) index is the highest in
Europe [91], we can assume that households having installed an ASHP
are using it at least for heating even if they might also use their ASHP for
cooling in the summer.

Also, the more expensive S-RET systems, that is the AWSHPs and
GSHPs, are combined with more traditional arrangements. AWSHP is
often described as a replacement for oil heating [92], in a process that is
subsidized [93]. Still, 81 (15 %) of 555 homes in our sample with oil
heating, have both an AWSHP along with an oil boiler, forsaking the
replacement subsidy. Where oil is combined with an AWSHP, we can
assume seasonal patterns for the utilization of different heating energy
technologies, where oil enters the picture during the coldest periods of
the year when the performance levels of the AWSHP drop. There are also
10 houses with both GSHP and oil heating. Further scrutiny into these
homes pointed out higher floor areas (mean 164 m?) and higher total
number of technologies (mean 3) and family sizes (mean 3 members). As
our statistical test also found a general, statistically significant,
connection with higher floor areas with hybridization, we could
conclude that the accumulation of energy systems in some cases might
mean situations where different floors or sections of larger buildings are
heated with separate heating techniques which is a pragmatic choice for
those families to gain savings to their heating costs.

Nonetheless, GSHP appears most probably as the ’lonely’ single
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energy technology in buildings (18 % of GSHP owners in our dataset
have just this one energy system). This could be explained through the
fact that GSHP is the most popular heating system for new build de-
tached houses [68] and GSHP is a significant investment (as is building a
new home). In their case it can be assumed that the hybridization
development will be topical only in the future. An existence of a district
heating system is another heating technology that more probably ap-
pears alone (74/275 = 27 % of district heating owners). One reason for
this might be that utilities’ heat flow charge has a typically 50 % fixed
price component, which renders energy provision by other energy car-
riers relatively disadvantaged.

Nevertheless, also the majority of district heating installation owners
have additive or complementary energy technologies, similarly to other
respondents in the sample. The 16 unique combinations produced by
district heaters (typically with wood, PV and ASHP, but also with a solar
heat collectors and EAHP) suggest that the inclusion of S-RETs does not
necessarily streamline, but rather just adds diversity [4] to heating ar-
rangements, and moreover that households can bring different energy
technologies together in unexpected configurations [4,13].

5.2. Hybridization and the socio-demographic background of households

Only weak differences are found regarding socio-demographic
background of respondents when ‘hybridity’, as an increasing number
of energy systems, was studied. This is actually not very surprising
because the number of energy systems (three, typically) comes with a
broad range of combinations and energy system qualities and use
practices. Many authors (e.g. Ref. [58]) emphasize that any association
found between hybrid system adoption and socio-demographic factors
are bound to context-specific factors such as householders’ earlier ex-
periences with S-RET, their housing type, available grants, and also the
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time of study. Most importantly, the already existing household energy
infrastructure prominently determines S-RET adoption and hybridiza-
tion [6,58]. This is aligned with our findings.

When we separately studied the background of households with just
one energy system, we found that unemployed respondents, women, and
families with children (number of family members three or higher)
typically belonged to this group. As families with children are also more
often experiencing an emotional burden from their energy costs (sub-
jective energy poverty) [78], it would be important to understand how
different technology arrangements spread or can spread across
socio-demographic groups and whether the energy transition should be
advanced more actively for specific groups (see e.g. Ref. [94]). In
particular, homes that are still dependent on a single fuel, particularly
oil or electricity that are prone to aggressive market price fluctuations
might make these households energy vulnerable. On the other end, we
found that most hybrid arrangements (with four, five or six different
energy technologies) were reported by male respondents. Our findings
indicate that gender differences might be significant which also requires
further research attention.

5.3. Classification problems and policy implications

Our analysis indicates that whilst the share of fossil-based energy
sources has dramatically diminished, the uptake of renewables has not
resulted in a simple replacement pattern assumed in renewable growth
scenarios and country studies [24-27]. This indicates that there is a
considerable group of households that lie beyond the traditional pri-
mary-supplementary thinking about heating. Our findings thus indicate
that updating residential heating classification practices is timely. The
current reliance on ‘primary heating system’ as the basis for classifica-
tion invisibilizes hybrid heaters [8]. This can be consequential. For
example, while heat pumps, district heating, and solar technologies are
seen as integral parts of future heating arrangements, hybrid heating
arrangements are largely absent in the EU’s central decarbonization
targets [15,95].

Residential heating classifications and statistics need to be updated
to include questions about several heating systems and their in-
terrelations, which would feed directly to Finland’s and the EU’s
decarbonization aims by visibilizing practical measures already taken
and those still necessary to facilitate the energy transition in the resi-
dential sector. Although many homeowners can identify their most
important heating energy technology and while the ‘primary heating’
thinking simplifies calculation and analysis (for e.g. national-level fuel
consumption [16]), assuming global applicability might produce inac-
curate results within and between countries. Our recommendation
might complicate the comparability between countries, yet this should
not be a reason to exclude hybrid heating arrangements from consid-
eration. Classification, and official statistics, are often seen as facts about
the world [73]. They are powerful ordering techniques that carry po-
litical weight, inform societal problems and solution definitions [96],
while policies are based on them [97]. S-RET adoption, and the manner
by which it is done by households, can be rapidly progressing which
requires an up-to-date basis for setting policy measures towards low
carbon targets.

Similarly, under the conditions of additive uptake of renewables,
support and aid mechanisms that are formulated with the focus on single
technologies or fuels, or assumptions on their extent of use, might be
misdirected and wrongly designed. An example of this is the Finnish
state-granted one-time energy crisis aid during winter 2022/2023 whose
formulation assumed wide-spread reliance of direct electricity heating
based on Finnish statistics. The programme included admitting grants
automatically for households with high electricity bills. Research has
found out that the grant programme benefited the wealthiest sections of
the Finnish population [98] simply because they use more electricity
than others [99], making the grant poorly directed. In our survey direct
electric heating appeared alone in domestic space-heating only in few
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cases (1.8 % of respondents).

It is also worthwhile to assess the position of programmes that seek to
reduce CO, emissions by a removal of a single technology. In our
dataset, several homes have retained their oil boiler and added a heat
pump (an AWSHP, a GSHP or an EAHP) or electric heating in parallel.
We can fairly assume that in these households, the more expensive oil is
used only sparingly, such as during the coldest winter days or blackouts.
It would thus be sensible to discourage fossil fuel usage through other
policy tools such as taxation.

Relatedly, hybridization offers potential for demand flexibility which
is increasingly critical in the system level with the rising shares of
intermitted wind energy [100], particularly during cold, non-windy
winter days when electricity prices are hiking. In our sample, 73 % of
detached houses feature a possibility to switch from electricity
consuming heating (electric heating, GSHP, AWSHP and ASHP) to a
technology or fuel that does not require electricity. Hybridization thus
improves the technological and price related resilience at the household
level, and if widespread, strengthens national energy security as well.

There are several policy measures that can support the proliferation
of hybrid heating arrangements and optimizing the carbon reductions
achieved through them. Currently few private companies offer inte-
grated hybrid solutions or planning services for hybrid arrangements for
detached houses in Finland (to our knowledge, such services are scarce
also elsewhere), nor does the public energy counselling provide
encompassing support on hybrid energy technologies. Consequently,
many S-RET adopters turn to peer-to-peer Internet communities to
select, purchase, integrate, run, and troubleshoot these systems [23,46,
90]. This state of the affairs could be rectified through support measures
targeted at planners and installers of hybrid heating arrangements as
well as at companies developing digital automation systems that help
further optimize multiple heating systems. Open hardware and open
APIs in S-RETs and automation systems would be further conducive to
the integration and set-up of integrated heating arrangements, and steps
towards achieving this can be taken both through regulation and
through support to open innovation communities. Public energy coun-
selling could also provide information about the possibilities of hybrid
heating and elevate the accessibility of information on hybrid heating
for example through targeted advisory and more diverse portfolios of
media through which these services are offered.

5.4. Limitations and suggestions for further research

Despite our dataset being large, it was non-representative of the
Finnish population. Therefore, our findings, particularly considering the
prevalence of various energy systems, should be taken as indicative.
Survey responses were self-reported and therefore some errors may have
remained despite our systematic identification of unreliable responses.
Whilst our findings correlate with the gross installation numbers of
heating technologies in Finnish detached houses that are twice the
number of houses, we might have captured a more progressive set of
respondents regarding the energy transition than that of an average
Finnish detached house owner. Our respondent base (somewhat more
educated and mid-income, emphasis on South of Finland; majority being
a homeowner association members) may therefore be ahead in the
adoption of S-RETs, but there is no reason to assume that the adoption of
S-RET will, in the future, be slowed down. What our study is able to
imply that there exists a phenomenon of additive adoption of S-RET
systems by the respondent homeowners, instead of replacing adoption.
Thus, even if the resulting hybridization of installations is not fully
representative, it indicates an ongoing development.

Further surveys on household-level energy technology diffusion are
needed due to insufficient granularity on the topic in official statistics
databases. Survey questions are recommended to also capture local level
details on available infrastructures and energy prices which evidently
impacts homeowners’ motivation to install alternative or ancillary
heating systems. For example, district heating prices vary significantly
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across municipalities in Finland [101]. In addition, it would be impor-
tant to explore how various hybrid heating arrangements are utilized by
households, calling for more in-depth qualitative studies. As heating
arrangements are major determinants of energy poverty in Nordic
countries [78,102], the extent and qualities that hybrid heating ar-
rangements may have in energy poverty alleviation requires more
research. At the same time, it would be important to further investigate
the role of hybrid heating in low carbon transitions, as hybridization can
also sometimes act as a barrier to more comprehensive
consumption-reducing building renovations or energy renovations that
might be necessary in the energy transition.

6. Conclusion

Our study focused on hybridization in domestic space-heating basing
on a large survey-data in Finland. Our results indicate that the energy
transition in detached housing in Finland was not about ’replacing’ the
old, traditional heating system, such as oil-based or wood-based boiler
but by now have come to include the adding of new energy units,
particularly various heat-pumps on top, or integrating them within the
existing heating arrangements. The resulting hybrid heating arrange-
ments are highly diverse and very common in our sample. Hybridization
in heating is broad-reached, and considers households from various
socio-demographic backgrounds, geographic regions, and buildings of
all ages. Unfortunately, this hybrid nature in heating and heating
practices is not captured by official statistics that require each building’s
energy consumption be categorized into just one energy source cate-
gory. Energy and climate policy should also feature targeted actions
addressing this multi-faceted heating reality in the domestic sector to-
wards greener, and more energy just futures.
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Appendix A
Table A.1
Statistics of respondents with different numbers of energy technologies or fuels used
Number of respondents Number of
technologies
Variable All sample 1 energy 2 energy 3 energy technologies ~ 4-6 energy Mean SD
4276 respondents technology technologies 1745 (40.8 %) technologies
486 (11.4 %) 1620 (37.9 %) 425 (9.9 %)
age 1 18-29 33 (0.8 %) 6 (1.2 %) 17 (1.0 %) 9 (0.5 %) 1 (0.2 %) 2.15 0.76
2 30-34 135 (3.2 %) 9 (1.9 %) 50 (3.1 %) 67 (3.8 %) 9 (2.1 %) 2.57 0.74
3 35-39 226 (5.3 %) 24 (4.9 %) 84 (5.2 %) 104 (6.0 %) 14 (3.3 %) 2.48 0.77
4 40-44 335 (7.8 %) 36 (7.4 %) 131 (8.1 %) 139 (8.0 %) 29 (6.8 %) 2.49 0.83
5 45-59 323 (7.6 %) 29 (6.0 %) 106 (6.5 %) 154 (8.8 %) 34 (8.0 %) 2.61 0.82
6 50-54 449 (10.5 %) 43 (8.8 %) 185 (11.4 %) 176 (10.1 %) 45 (10.6 %) 2.50 0.81
7 55-59 517 (12.1 %) 61 (12.6 %) 216 (13.3 %) 204 (11.7 %) 36 (8.5 %) 2.42 0.80
8 60-64 549 (12.8 %) 66 (13.6 %) 211 (13.0 %) 220 (12.6 %) 52 (12.2 %) 2.48 0.86
9 65-69 681 (15.9 %) 78 (16.0 %) 237 (14.6 %) 293 (16.8 %) 73 (17.2 %) 2.54 0.85
10 70-74 588 (13.8 %) 61 (12.6 %) 210 (13.0 %) 237 (13.6 %) 80 (18.8 %) 2.59 0.88
11 75-79 310 (7.2 %) 50 (10.3 %) 121 (7.5 %) 101 (5.8 %) 38 (8.9 %) 2.42 0.92
12 80- 130 (3.0 %) 23 (4.7 %) 52 (3.2 %) 41 (2.3 %) 14 (3.3 %) 2.38 0.97
age (in 10 1 18-34 168 (3.9 %) 15 (3.1 %) 67 (4.1 %) 76 (4.4 %) 10 (2.4 %) 2.49 0.76
categories) 2 35-39 226 (5.3 %) 24 (4.9 %) 84 (5.2 %) 104 (6.0 %) 14 (3.3 %) 2.48 0.77
3 40-44 335 (7.8 %) 36 (7.4 %) 131 (8.1 %) 139 (8.0 %) 29 (6.8 %) 2.49 0.83
4 45-59 323 (7.6 %) 29 (6.0 %) 106 (6.5 %) 154 (8.8 %) 34 (8.0 %) 2.61 0.82

(continued on next page)
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Table A.1 (continued)

Number of respondents Number of
technologies
Variable All sample 1 energy 2 energy 3energy technologies ~ 4-6 energy Mean SD
4276 respondents technology technologies 1745 (40.8 %) technologies
486 (11.4 %) 1620 (37.9 %) 425 (9.9 %)
5 50-54 449 (10.5 %) 43 (8.8 %) 185 (11.4 %) 176 (10.1 %) 45 (10.6 %) 2.50 0.81
6 55-59 517 (12.1 %) 61 (12.6 %) 216 (13.3 %) 204 (11.7 %) 36 (8.5 %) 2.42 0.80
7 60-64 549 (128 %) 66 (13.6 %) 211 (13.0 %) 220 (12.6 %) 52 (12.2 %) 2.48 0.86
8 65-69 681 (15.9 %) 78 (16.0 %) 237 (14.6 %) 293 (16.8 %) 73 (17.2 %) 2.54 0.85
9 70-74 588 (13.8 %) 61 (12.6 %) 210 (13.0 %) 237 (13.6 %) 80 (18.8 %) 2.59 0.88
10 75- 440 (10.3 %) 73 (15.0 %) 173 (10.7 %) 142 (8.1 %) 52 (12.2 %) 2.41 0.94
income Less than 12000 98 (2.3 %) 9 (1.9 %) 37 (2.3 %) 45 (2.6 %) 7 (1.6 %) 2.52 0.79
€
12000-14400 € 102 (2.4 %) 13 (2.7 %) 43 (2.7 %) 39 (2.2 %) 7 (1.6 %) 2.39 0.80
14400-20400 € 181 (4.2 %) 28 (5.8 %) 83 (5.1 %) 57 (3.3 %) 13 (3.1 %) 2.31 0.83
20400-27600 € 415 (9.7 %) 63 (13.0 %) 161 (9.9 %) 151 (8.7 %) 40 (9.4 %) 241 0.87
27600-42000 € 1116 (26.1 %) 141 (29.0 %) 415 (25.6 %) 454 (26.0 %) 106 (24.9 %) 2.48 0.85
42000-63600 € 1501 (35.1 %) 152 (31.3 %) 552 (34.1 %) 626 (35.9 %) 171 (40.2 %) 2.56 0.85
63600-80400 € 524 (12.3 %) 50 (10.3 %) 197 (12.2 %) 228 (13.1 %) 49 (11.5 %) 2.54 0.82
80400-104400 € 215 (5.0 %) 19 (3.9 %) 79 (4.9 %) 96 (5.5 %) 21 (4.9 %) 2.57 0.82
104400-132000 83 (1.9 %) 8 (1.6 %) 31 (1.9 %) 35 (2.0 %) 9 (2.1 %) 2.54 0.82
€
over 132000 € 41 (1.0 %) 3 (0.6 %) 22 (1.4 %) 14 (0.8 %) 2 (0.5 %) 2.37 0.70
wregion®) South-west 2671 (62.5 %) 296 (60.9 %) 1005 (62.0 %) 1091 (62.5 %) 279 (65.6 %) 2.52 0.86
Central 881 (20.6 %) 99 (20.4 %) 318 (19.6 %) 367 (21.0 %) 97 (22.8 %) 2.53 0.84
Northern Central 586 (13.7 %) 68 (14.0 %) 231 (14.3 %) 243 (13.9 %) 44 (10.4 %) 2.45 0.79
North 138 (3.2 %) 23 (4.7 %) 66 (4.1 %) 44 (2.5 %) 5(1.2 %) 2.22 0.76
gender Male 2715 (63.5 %) 283 (58.2 %) 986 (60.9 %) 1124 (64.4 %) 322 (75.8 %) 2.56 0.86
Female 1561 (36.5 %) 203 (41.8 %) 634 (39.1 %) 621 (35.6 %) 103 (24.2 %) 2.40 0.81
education Basic 204 (4.8 %) 28 (5.8 %) 79 (4.9 %) 77 (4.4 %) 20 (4.7 %) 2.44 0.86
Upper secondary 1506 (35.2 %) 175 (36.0 %) 603 (37.2 %) 593 (34.0 %) 135 (31.8 %) 2.46 0.83
Lower tertiary 1394 (32.6 %) 136 (28.0 %) 503 (31.0 %) 603 (34.6 %) 152 (35.8 %) 2.56 0.83
Higher tertiary 1064 (24.9 %) 140 (28.8 %) 396 (24.4 %) 428 (24.5 %) 100 (23.5 %) 2.47 0.87
Postgraduate 108 (2.5 %) 7 (1.4 %) 39 (2.4 %) 44 (2.5 %) 18 (4.2 %) 2.69 0.85
education (in Lower education 3104 (72.6 %) 339 (69.8 %) 1185 (73.1 %) 1273 (73.0 %) 307 (72.2 %) 2.51 0.83
two cat) Higher 1172 (27.4 %) 147 (30.2 %) 435 (26.9 %) 472 (27.0 %) 118 (27.8 %) 2.49 0.87
education”
familysize 1 626 (14.6 %) 93 (19.1 %) 268 (16.5 %) 220 (12.6 %) 45 (10.6 %) 2.35 0.83
2 2396 (56.0 %) 246 (50.6 %) 901 (55.6 %) 980 (56.2 %) 269 (63.3 %) 2.54 0.85
3 532 (12.4 %) 61 (12.6 %) 196 (12.1 %) 230 (13.2 %) 45 (10.6 %) 2.49 0.82
4 489 (11.4 %) 59 (12.1 %) 178 (11.0 %) 206 (11.8 %) 46 (10.8 %) 2.50 0.85
5 178 (4.2 %) 20 (4.1 %) 54 (3.3 %) 87 (5.0 %) 17 (4.0 %) 2.57 0.83
6 55 (1.3 %) 7 (1.4 %) 23 (1.4 %) 22 (1.3 %) 3(0.7 %) 2.40 0.83
employment 1 Entrepreneur 210 (4.9 %) 21 (4.3 %) 67 (4.1 %) 94 (5.4 %) 28 (6.6 %) 2.62 0.85
2 Employed 2000 (46.8 %) 207 (42.6 %) 775 (47.8 %) 852 (48.8 %) 166 (39.1 %) 2.50 0.81
3 Unemployed 109 (2.5 %) 22 (4.5 %) 47 (2.9 %) 37 (2.1 %) 3(0.7 %) 2.19 0.79
4 Retired 1835 (42.9 %) 222 (45.7 %) 676 (41.7 %) 722 (41.4 %) 215 (50.6 %) 2.52 0.88
5 Parental leave 29 (0.7 %) 3 (0.6 %) 17 (1.0 %) 8 (0.5 %) 1 (0.2 %) 2.24 0.69
6 Student 39 (0.9 %) 5 (1.0 %) 13 (0.8 %) 16 (0.9 %) 5 (1.2 %) 2.59 0.99
7 Not working 54 (1.3 %) 6 (1.2 %) 25 (1.5 %) 16 (0.9 %) 7 (1.6 %) 2.44 0.86
employment (in 1. Entrepreneur 210 (4.9 %) 21 (4.3 %) 67 (4.1 %) 94 (5.4 %) 28 (6.6 %) 2.62 0.85
5 categories) 2 Employed 2000 (46.8 %) 207 (42.6 %) 775 (47.8 %) 852 (48.8 %) 166 (39.1 %) 2.50 0.81
3 Unemployed 109 (2.5 %) 22 (4.5 %) 47 (2.9 %) 37 (2.1 %) 3(0.7 %) 2.19 0.79
4 Retired 1835 (42.9 %) 222 (45.7 %) 676 (41.7 %) 722 (41.4 %) 215 (50.6 %) 2.52 0.88
5 Out of work 122 (2.9 %) 14 (2.9 %) 55 (3.4 %) 40 (2.3 %) 13 (3.1 %) 2.44 0.87
Wood user 1 No 952 (22.3 %) 387 (79.6 %) 478 (29.5 %) 80 (4.6 %) 7 (1.6 %) 1.69 0.65
2 Yes 3324 (77.7 %) 99 (20.4 %) 1142 (70.5 %) 1665 (95.4 %) 418 (98.4 %) 2.73 0.75
Pellets 1 No 4209 (98.4 %) 482 (99.2 %) 1609 (99.3 %) 1725 (98.9 %) 393 (92.5 %) 2.49 0.83
2 Yes 67 (1.6 %) 4 (0.8 %) 11 (0.7 %) 20 (1.1 %) 32 (7.5 %) 3.37 1.14
District heating 1 No 4001 (93.6 %) 411 (84.6 %) 1492 (92.1 %) 1683 (96.4 %) 415 (97.6 %) 2.54 0.84
2 Yes 275 (6.4 %) 75 (15.4 %) 128 (7.9 %) 62 (3.6 %) 10 (2.4 %) 2.03 0.80
Gas heating 1 No 4262 (99.7 %) 484 (99.6 %) 1614 (99.6 %) 1739 (99.7 %) 425 (100.0 %) 2.50 0.85
2 Yes 14 (0.3 %) 2 (0.4 %) 6 (0.4 %) 6 (0.3 %) 2.29 0.73
Oil user 1 No 3721 (87.0 %) 411 (84.6 %) 1409 (87.0 %) 1554 (89.1 %) 347 (81.6 %) 2.50 0.83
2 Yes 555 (13.0 %) 75 (15.4 %) 211 (13.0 %) 191 (10.9 %) 78 (18.4 %) 2.51 0.93
Electricity 1 No 2188 (51.2 %) 408 (84.0 %) 1000 (61.7 %) 634 (36.3 %) 146 (34.4 %) 2.24 0.84
heating 2 Yes 2088 (48.8 %) 78 (16.0 %) 620 (38.3 %) 1111 (63.7 %) 279 (65.6 %) 2.78 0.76
GSHP owner 1 No 3614 (84.5 %) 367 (75.5 %) 1307 (80.7 %) 1557 (89.2 %) 383 (90.1 %) 2.55 0.84
2 Yes 662 (15.5 %) 119 (24.5 %) 313 (19.3 %) 188 (10.8 %) 42 (9.9 %) 2.23 0.82
AWSHP owner 1 No 3894 (91.1 %) 453 (93.2 %) 1487 (91.8 %) 1596 (91.5 %) 358 (84.2 %) 2.49 0.84
2 Yes 382 (8.9 %) 33 (6.8 %) 133 (8.2 %) 149 (8.5 %) 67 (15.8 %) 2.68 0.92
ASHP owner 1 No 1756 (41.1 %) 483 (99.4 %) 1033 (63.8 %) 219 (12.6 %) 21 (4.9 %) 1.87 0.66
2 Yes 2520 (58.9 %) 3 (0.6 %) 587 (36.2 %) 1526 (87.4 %) 404 (95.1 %) 2.94 0.67
EAHP owner 1 No 4031 (94.3 %) 486 (100.0 %) 1565 (96.6 %) 1636 (93.8 %) 344 (80.9 %) 2.46 0.83
2 Yes 245 (5.7 %) 55 (3.4 %) 109 (6.2 %) 81 (19.1 %) 3.16 0.84
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Table A.1 (continued)
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Number of respondents Number of
technologies
Variable All sample 1 energy 2 energy 3 energy technologies ~ 4-6 energy Mean SD
4276 respondents technology technologies 1745 (40.8 %) technologies
486 (11.4 %) 1620 (37.9 %) 425 (9.9 %)
PV owner 1 No 3752 (87.7 %) 486 (100.0 %) 1581 (97.6 %) 1556 (89.2 %) 129 (30.4 %) 2.36 0.75
2 Yes 524 (12.3 %) 39 (2.4 %) 189 (10.8 %) 296 (69.6 %) 3.56 0.73
Solar collector 1 No 4209 (98.4 %) 486 (100.0 %) 1615 (99.7 %) 1721 (98.6 %) 387 (91.1 %) 2.48 0.83
owner 2 Yes 67 (1.6 %) 5 (0.3 %) 24 (1.4 %) 38 (8.9 %) 3.67 0.86
buildingyear Mean (sd): 1979.35 Mean (sd): 1977.58 Mean (sd): 1979.722 Mean (sd): 1979.32 Mean (sd): 1980.09
(25.57) min < med (25.28) min < med (25.74) min < med (25.57) min <med <  (25.21) min < med
< max: < max: < max: max: < max:
1750 < 1983 < 1820 < 1979.5 < 1750 < 1982 < 2022 1800 < 1985 < 2022 1820 < 1984 < 2022
2022 2022
floorarea Mean (sd): 153.80 Mean (sd): 153.12 Mean (sd): 154.76 Mean (sd): 151.14 Mean (sd): 161.83

(59.03) min < med
< max:
8 <142 < 810

(58.85) min < med
< max:
8 < 140 < 446

(61.45) min < med
< max:
20 < 143.5 < 810

(55.73) min < med <
max:
40 < 140 < 606

(62.24) min < med
< max:
65 < 150 < 600

2 Counties Uusimaa, Southwest Finland, Satakunta and Aland were categorized in ‘South-west’; Kanta-Hame, Pirkanmaa, Paijat-Hame, Kymenlaakso, South Karelia,
South Savo, South Ostrobothnia, Central Ostrobothnia in ‘Central’; North Savo, North Karelia, Central Finland and Ostrobothnia in ‘Northern Central’ and; North
Ostrobothnia, Kainuu and Lapland in ‘North’.

Y A master’s degree or higher.

Table A.2

162 Identified heating arrangements and their commonality

Count Popularity order Heating Arrangements Detached houses (N = 4276) Share of houses
1 1 Wood, Electric heating, ASHP 982 23.0 %
2 2 Wood, Electric heating 401 9.4 %
3 3 Wood, GSHP 230 5.4 %
4 4 Electric heating, ASHP 196 4.6 %
5 5 Wood, ASHP 183 4.3 %
6 6 Wood, Electric heating, ASHP, PV 152 3.6 %
7 7 GSHP 118 2.8 %
8 8 Wood, Oil, ASHP 115 2.7 %
9 9 Wood, GSHP, ASHP 114 2.7 %
10 10 Wood, Oil 110 2.6 %
11 11 Wood 99 23 %
12 12 Wood, District heating 85 2.0 %
13 13 Wood, AWSHP, ASHP 82 1.9%
14 14 Electric heating 78 1.8%
15 15 District heating 74 1.7 %
16 16 Oil 73 1.7 %
17 17 Wood, AWSHP 69 1.6 %
18 18 Oil, ASHP 64 1.5%
19 19 GSHP, ASHP 58 1.4 %
20 20 Wood, District heating, ASHP 54 1.3 %
21 21 Wood, ASHP, PV 49 1.1%
22 22 AWSHP, ASHP 42 1.0 %
23 23 Wood, Electric heating, ASHP, EAHP 41 1.0 %
24 25 Wood, Electric heating, EAHP 39 0.9 %
25 25 Wood, GSHP, PV 39 0.9 %
26 24 Wood, ASHP, EAHP 38 0.9 %
27 24 District heating, ASHP 38 0.9 %
28 26 Wood, EAHP 36 0.8 %
29 27 AWSHP 33 0.8 %
30 28 Wood, Electric heating, PV 28 0.7 %
31 29 Wood, GSHP, ASHP, PV 27 0.6 %
32 30 Wood, AWSHP, ASHP, PV 26 0.6 %
33 31 Wood, Oil, Electric heating, ASHP 25 0.6 %
34 32 Wood, Oil, Electric heating 22 0.5 %
35 32 Electric heating, ASHP, PV 22 0.5 %
36 33 GSHP, PV 19 0.4 %
37 34 Wood, Oil, AWSHP 17 0.4 %
38 35 Wood, Oil, AWSHP, ASHP 16 0.4 %
39 35 Oil, AWSHP 16 0.4 %
40 36 Electric heating, EAHP 14 0.3%
41 37 Wood, Pellets, Electric heating, ASHP 13 0.3%
42 37 Wood, AWSHP, PV 13 0.3 %
43 37 Oil, AWSHP, ASHP 13 0.3 %
44 38 GSHP, ASHP, PV 11 0.3 %
45 39 Wood, Electric heating, ASHP, EAHP, PV 9 0.2 %
46 40 Wood, Pellets, Electric heating, ASHP, PV 8 0.2 %
47 40 Wood, Pellets, ASHP 8 0.2 %
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Table A.2 (continued)

Count Popularity order Heating Arrangements Detached houses (N = 4276) Share of houses
48 40 Wood, District heating, ASHP, PV 8 0.2 %
49 40 Wood, Oil, ASHP, PV 8 0.2 %
50 40 Wood, ASHP, EAHP, PV 8 0.2 %
51 40 Wood, PV 8 0.2 %
52 41 Wood, Electric heating, ASHP, Solar thermal 7 0.2 %
53 42 Wood, Pellets 6 0.1 %
54 42 Wood, Electric heating, ASHP, PV, Solar thermal 6 0.1 %
55 42 Wood, GSHP, EAHP 6 0.1 %
56 42 Wood, AWSHP, Solar thermal 6 0.1 %
57 42 Oil, Electric heating 6 0.1 %
58 42 Electric heating, ASHP, EAHP 6 0.1 %
59 43 Wood, Electric heating, EAHP, PV 5 0.1 %
60 43 Wood, EAHP, PV 5 0.1 %
61 43 AWSHP, ASHP, PV 5 0.1 %
62 44 Wood, Pellets, ASHP, PV 4 0.1 %
63 44 Wood, Gas heating, ASHP 4 0.1 %
64 44 Wood, Gas heating 4 0.1 %
65 44 Wood, Oil, GSHP, ASHP 4 0.1 %
66 44 Wood, ASHP, PV, Solar thermal 4 0.1 %
67 44 Pellets 4 0.1 %
68 44 Oil, Electric heating, ASHP 4 0.1 %
69 44 AWSHP, PV 4 0.1 %
70 45 Wood, Pellets, Oil 3 0.1 %
71 45 Wood, Pellets, AWSHP 3 0.1 %
72 45 Wood, District heating, EAHP 3 0.1 %
73 45 Wood, Oil, AWSHP, ASHP, PV 3 0.1 %
74 45 Wood, Oil, AWSHP, PV 3 0.1 %
75 45 Wood, Oil, EAHP 3 0.1 %
76 45 Wood, Oil, PV 3 0.1 %
77 45 Wood, Oil, Solar thermal 3 0.1 %
78 45 Wood, GSHP, Solar thermal 3 0.1 %
79 45 Wood, PV, Solar thermal 3 0.1 %
80 45 Wood, Solar thermal 3 0.1 %
81 45 Oil, PV 3 0.1 %
82 45 Electric heating, PV 3 0.1 %
83 45 GSHP, ASHP, EAHP 3 0.1 %
84 45 ASHP 3 0.1 %
85 46 Wood, Pellets, Electric heating 2 0.0 %
86 46 Wood, Pellets, GSHP, ASHP 2 0.0 %
87 46 Wood, Pellets, GSHP 2 0.0 %
88 46 Wood, Pellets, PV 2 0.0 %
89 46 Wood, District heating, Oil 2 0.0 %
90 46 Wood, District heating, PV 2 0.0 %
91 46 Wood, Oil, Electric heating, AWSHP, ASHP 2 0.0 %
92 46 Wood, Oil, Electric heating, AWSHP 2 0.0 %
93 46 Wood, Oil, GSHP, ASHP, PV 2 0.0 %
94 46 Wood, Oil, GSHP 2 0.0 %
95 46 Wood, Oil, AWSHP, Solar thermal 2 0.0 %
96 46 Wood, Oil, ASHP, EAHP 2 0.0 %
97 46 Wood, Oil, ASHP, Solar thermal 2 0.0 %
98 46 Wood, Electric heating, Solar thermal 2 0.0 %
99 46 Wood, GSHP, AWSHP 2 0.0 %
100 46 Wood, GSHP, ASHP, EAHP 2 0.0 %
101 46 Wood, GSHP, ASHP, Solar thermal 2 0.0 %
102 46 Wood, GSHP, PV, Solar thermal 2 0.0 %
103 46 Wood, AWSHP, ASHP, EAHP, PV 2 0.0 %
104 46 Wood, AWSHP, ASHP, PV, Solar thermal 2 0.0 %
105 46 Wood, AWSHP, ASHP, Solar thermal 2 0.0 %
106 46 Wood, ASHP, Solar thermal 2 0.0 %
107 46 Pellets, Electric heating, ASHP 2 0.0 %
108 46 District heating, Oil, ASHP 2 0.0 %
109 46 Gas heating 2 0.0 %
110 46 Oil, AWSHP, ASHP, PV 2 0.0 %
111 46 0Oil, ASHP, Solar thermal 2 0.0 %
112 46 Oil, EAHP 2 0.0 %
113 46 Electric heating, ASHP, EAHP, PV 2 0.0 %
114 46 GSHP, EAHP 2 0.0 %
115 46 GSHP, PV, Solar thermal 2 0.0 %
116 46 GSHP, Solar thermal 2 0.0 %
117 47 Wood, Pellets, Oil, ASHP, Solar thermal 1 0.0 %
118 47 Wood, Pellets, Electric heating, ASHP, EAHP, PV 1 0.0 %
119 47 Wood, Pellets, Electric heating, ASHP, EAHP 1 0.0 %
120 47 Wood, Pellets, GSHP, ASHP, PV 1 0.0 %
121 47 Wood, Pellets, ASHP, EAHP, PV 1 0.0 %
122 47 Wood, Pellets, Solar thermal 1 0.0 %
123 47 Wood, District heating, AWSHP 1 0.0 %

(continued on next page)
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Table A.2 (continued)

Count Popularity order Heating Arrangements Detached houses (N = 4276) Share of houses
124 47 Wood, District heating, ASHP, EAHP 1 0.0 %
125 47 Wood, District heating, EAHP, PV 1 0.0 %
126 47 Wood, Gas heating, AWSHP 1 0.0 %
127 47 Wood, Oil, Electric heating, ASHP, PV 1 0.0 %
128 47 Wood, Oil, Electric heating, ASHP, Solar thermal 1 0.0 %
129 47 Wood, Oil, Electric heating, PV 1 0.0 %
130 47 Wood, Oil, GSHP, AWSHP 1 0.0 %
131 47 Wood, Oil, AWSHP, PV, Solar thermal 1 0.0 %
132 47 Wood, Oil, ASHP, PV, Solar thermal 1 0.0 %
133 47 Wood, Oil, PV, Solar thermal 1 0.0 %
134 47 Wood, GSHP, AWSHP, ASHP 1 0.0 %
135 47 Wood, GSHP, ASHP, PV, Solar thermal 1 0.0 %
136 47 Wood, GSHP, EAHP, PV 1 0.0 %
137 47 Wood, GSHP, EAHP, Solar thermal 1 0.0 %
138 47 Wood, AWSHP, ASHP, EAHP 1 0.0 %
139 47 Wood, AWSHP, EAHP, PV 1 0.0 %
140 47 Wood, AWSHP, EAHP 1 0.0 %
141 47 Pellets, Oil, ASHP 1 0.0 %
142 47 Pellets, ASHP 1 0.0 %
143 47 District heating, Oil 1 0.0 %
144 47 District heating, ASHP, EAHP 1 0.0 %
145 47 District heating, ASHP, PV 1 0.0 %
146 47 District heating, PV 1 0.0 %
147 47 Gas heating, AWSHP, ASHP 1 0.0 %
148 47 Gas heating, AWSHP 1 0.0 %
149 47 Gas heating, ASHP 1 0.0 %
150 47 Oil, Electric heating, AWSHP, ASHP 1 0.0 %
151 47 Oil, Electric heating, AWSHP 1 0.0 %
152 47 Oil, Electric heating, PV 1 0.0 %
153 47 Oil, GSHP 1 0.0 %
154 47 Oil, AWSHP, PV 1 0.0 %
155 47 0il, ASHP, EAHP, Solar thermal 1 0.0 %
156 47 Oil, ASHP, EAHP 1 0.0 %
157 47 Electric heating, ASHP, PV, Solar thermal 1 0.0 %
158 47 GSHP, EAHP, PV 1 0.0 %
159 47 AWSHP, ASHP, EAHP 1 0.0 %
160 47 AWSHP, EAHP 1 0.0 %
161 47 ASHP, EAHP, PV 1 0.0 %
162 47 ASHP, PV 1 0.0 %

Table A.3

User Numbers of Fuel Sources and Energy Technologies, and their appearance in unique energy system arrangements
Fuel or energy technology Detached houses (N = 4276) Share of houses N appearance in unique arrangements
Wood 3324 78 % 104
Air Source Heat Pump (ASHP) 2520 59 % 82
Direct Electric Heating 2088 49 % 37
Ground Source Heat Pump (GSHP) 662 15 % 31
Oil Heating 555 13 % 50
Solar PV 524 12 % 58
Air Water Source Heat Pump (AWSHP) 382 9% 39
District Heating 275 6 % 16
Exhaust Air Heat Pump (EAHP) 245 6 % 37
Solar Thermal 67 2% 29
Pellets 67 2% 21
Gas Heating 14 0% 7
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