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Abstract: Inclusion of energy efficiency measures (EEMs) in the renovation of the single-family
housing stock can unlock the potential for much-needed energy efficiency to tackle climate change.
Energy renovation (ER) in single-family houses is often promoted as an aggregate process, and
EEMs are treated homogenously without sufficient attention to their differences. This study applies
a comparative analysis on common EEMs using chi-square test to investigate the influence of
factors already found affecting the implementation of ER. This paper addresses the “personal” and
“house-related” factors influencing the adoption of EEMs regardless of motives or barriers leading
the adopters’ decisions. This strategy is useful to highlight the contexts leading to an increase in the
adoption rate of different EEMs. The analysis is based on a questionnaire survey mailed in spring
2017 to 1550 single-family homeowners in the northern region of Sweden. Approximately 60% of
respondents showed interest in adopting at least one EEM if they implement a major renovation.
About 46% of respondents stated to have at least one indoor environmental problem (IEP) in their
houses, and IEPs are found to have significant relations with homeowners’ interest to adopt several
different EEMs. The policy implications related to different EEMs are discussed.

Keywords: energy renovation; influential factors; implementation; homeowners’ perception; indoor
environmental quality

1. Introduction

Buildings are a major sector responsible for global warming as they account for 30% of the world’s
final energy use [1], and a quarter of greenhouse gas emissions (GHGE) [2]. These shares are even
larger for the European building stock, which are responsible for 40% of final energy use and 36%
of GHGE [3]. Despite the efforts to improve energy efficiency in residential buildings, the energy
used in this sector has increased in the last few decades and is expected to grow worldwide in the
future [4]. Political aspirations to mitigate climate change have led to devise several policy instruments
to improve energy efficiency in the European Union. The Energy Efficiency Directive (EED) and the
Energy Performance of Buildings Directive (EPBD) are the two well-known legislative documents on
buildings’ energy efficiency in Europe [5,6]. In addition to the policies at the European level, Sweden
has undertaken several initiatives to drive and facilitate energy-efficient renovation in the building
sector [7].

Single-family houses comprise a large share of dwellings in Sweden, which are responsible for
53% of GHGE from the residential sector, equivalent to 2.62 MtCO, per year [8]. Single-family houses
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are often occupied by their owners. Unlike the multi-family buildings, which are often managed by
municipality companies, private companies, and housing associations [9], the owners of single-family
houses have more freedom on their investment decisions to improve their dwellings’ energy efficiency.
Buildings are usually considered to last over 50 years, hence, the majority of existing buildings will
be in use in the coming decades [10]. The annual rate of construction of new dwellings in Sweden
is just about 1% [11]. This implies the importance of existing housing stock to attain environmental
and political targets for a low-carbon future. Renovation provides an opportunity to improve the
energy efficiency of existing buildings. Home renovation could include (i) non-energy improvement
measures such as kitchen and bathroom renovation and/or (ii) energy efficiency measures (EEMs) such
as replacing the inefficient components in a building with more energy-efficient ones and improving
the insulation of the building envelope [12]. Further, it is more likely that homeowners adopt EEMs
while they undertake home improvements [13]. Incorporating EEMs in renovation could transform a
non-energy renovation to an energy renovation (ER) [13]. However, an EEM as a standalone measure,
which is not undertaken as part of a major renovation, is not considered an ER. The level of energy
efficiency achieved by an ER depends on the type and the quantity of EEMs included in the renovation
package [14].

The research on investment decisions to improve single-family houses’ energy efficiency by
renovation has gained momentum in the last few decades [14-16]. The majority of studies in this
area investigate the factors influencing the implementation of ER similar to a single measure [17,18].
This approach does not consider the differences in preferences and consequences between EEMs that
are included in ER. Though homeowners, who implement ER, usually adopt EEMs in a package of
measures [13], they may still evaluate each EEM separately, while adopting one individual EEM may
affect the decision to adopt the others [16]. Homeowners’ decision to adopt ER may depend on a
combination of factors (context) such as adopter’s socio-demographic aspects and house characteristics.
Viewing ER as a single measure while neglecting the facilitating and/or impeding contexts of EEMs
may give an incomplete perspective on enhancing the energy-saving by ER [16]. EEMs, as parts of
ER affect the residents, the building, and each other [16,19]. However, studies focusing on specific
EEMSs miss the interplays between the measures. Such studies have different designs, and their results
are difficult to be compared and generalized for ER implementation [20]. Without understanding the
differences and similarities of the required context for adopting various EEMs, it would be challenging
to devise strategies that promote ERs with multiple EEMs. Comparing the contexts of the adoption
of various EEMs could provide insights on their similarities and differences that could facilitate the
bundling of various EEMs to achieve enhanced energy savings by ER.

The objective of this study is to explore how the adoption of EEMs are influenced by their contexts,
which consist of a set of “personal” and “house-related” factors. A comparative approach is used in
this study to shed light on the relations between the contexts facilitating or impeding the adoption of
the investigated EEMs. The data on the perceptions of owners of single-family houses is collected from
a questionnaire survey. The homeowners’ perceptions of different EEMs are comparatively analyzed
with the inferential statistical method of chi-square test to unfold the contexts that facilitate or impede
their adoption in the cold climate of northern Sweden.

2. Adoption of EEMs in Single-Family Houses

2.1. Common EEMs Adopted in Single-Family Houses

EEMs can be broadly defined as the measures that lead to an increase in the ratio of a process’s
useful output to its input energy [21]. EEMs might be adopted due to reasons other than saving energy;
however, they would eventually lead to energy efficiency [22]. The overall energy demand in the
Swedish residential sector consists of 70% space heating, 10% domestic hot water, and 20% electricity
for lighting and appliances [8]. Accordingly, space-heating provides the highest opportunity for energy
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use reduction. EEMs are categorized into three groups based on their efficacy, including (i) thermal
envelope, (ii) mechanical installations, and (iii) renewable energy sources [23].

A study that investigated some of the common EEMs in Swedish residential buildings states that
improved insulation of the thermal envelope of buildings to decrease heat loss is a basic strategy to
improve energy efficiency [8]. Improvement in the insulation of external walls and attics and replacing
windows with more energy-efficient ones are three thermal envelope measures evaluated in this study.
A study in Denmark implies these three are the most effective measures for reducing space heating
in multi-family buildings [23]. Swedish homeowners were found to perceive attic insulation as the
most energy cost-saving thermal envelope measure, although homeowners are more likely to replace
windows [24]. One reason mentioned for their preference is the higher observability of windows than
attic insulation [24].

Installing heat pump and ventilation system with heat recovery are two EEMs related to heating,
ventilation, and air-conditioning (HVAC). A ventilation system with heat recovery can be adopted for
the benefits such as improving air quality or/and energy efficiency. The specific barriers such as noise
generation, negative pressure, and concerns about aesthetical aspects might inhibit the adoption of
this EEM if they are not addressed with enhanced system design [23]. Heat pump is considered an
environmentally friendly technology that enables the use of renewable energies [25]. A study in Norway,
with a similar climate to Sweden, showed that air-source heat pump is the most common measure for
energy upgrades [26]. A study in Finland infers ground-source heat pumps to be more cost-effective for
emission reduction than other heating systems [14]. In this study, the homeowners’ interests to install
both air and ground source heat pumps are grouped together. The measures investigated in this study
are also presented in a review by [16] as common measures to improve households’ energy efficiency.

2.2. The Influential Factors on the Adoption of EEMs

Early studies on investments in households’ energy efficiency deemed ER as a rational decision
from a technical and economic perspective [27]. The importance of the economic viability of ER is
asserted by several studies in the literature [22,28]. The low rate of adoption of EEMs despite their
potential has led the researchers to identify barriers impeding the adoption [29]. Besides, studies have
raised the need to look beyond techno-economic aspects by contextualizing ER in different disciplines,
including socio-behavioral theories [30,31]. For example, a social marketing perspective can be utilized
to view how the trade-off between the benefits and barriers of ER can influence different groups of
homeowners to implement ER [32]. Diffusion of innovation is another approach introduced by [33],
which can explain the dynamic of adopting EEMs in the renovation of single-family houses [24]. In this
approach, the variables influencing the actors’ decision to adopt an innovation can be grouped in
various ways, such as innovators’ characteristics, innovation characteristics, and the environmental
context [33]. Recent studies gave relatively more emphasis on the importance of the human dimension
of ER along with techno-economic aspects [34]. As stated by [35], buildings have a performative role in
renovation decisions as they carry meaning, values, habits, and behavioral preferences. Hence it is important
to pay attention to buildings’ characteristics and residents” interactions with them.

Accordingly, several studies in the literature investigated the influence of human-related and
building-related factors on the implementation of ER. A study in Sweden examined a set of factors
categorized as “personal” and contextual factors that may influence the Swedish homeowners to
implement ER [36]. “Personal” factors consist of demographics, skills, knowledge, and attitude of
homeowners, while contextual factors are related to building such as age, thermal comfort, perceived
energy cost, and past investment. A study in Germany adopted a similar approach, although
investigated more factors related to lifestyle and occasions [37]. The relations of these factors with the
benefits and barriers of ER is investigated by [32]. They inferred that the characteristics of adopters
(personal factors) and buildings affect the perceived benefits and barriers and thereby eventually
influence the implementation of ER.
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Based on the review of the studies mentioned earlier, a combination of important “personal” and
“house-related” factors are identified and presented in Figure 1. The approach to examine the influence
of such factors has already been employed for both ER and individual EEMs [16]. However, the
comparative analysis of the contexts for different EEMs can reveal the relations between the required
contexts for the collective adoption of EEMs. It can be assumed that the EEMs resembling each other
in their functions (e.g., thermal envelope or HVAC) are likely to share similar influential factors for
adoption. Since such EEMs may share the context facilitating their adoption, it is possible to adopt
them together. However, it may be more challenging to adopt EEMs which do not share similar
influential factors jointly.

Mi‘ Context of adoption /ﬂ\

“House-related” factors

“Personal” factors Tenancy period

Gender *  Age of house

Age * Size of house

Education + Existing indoor environmental problems
Occupation - Unsuitable temperature

Annual household income - Mold

Children in the household

Importance of electricity use reduction
Importance of heat use reduction
Perceived knowledge of renovation

1

Cold surfaces
Insufficient daylight
Cold air draft
Stuffiness

Noise

Interest in adoption of energy
efficiency measures

* Replacing windows

* Improving attic insulation

* Improving fagade insulation
.

.

h 4

Installing ventilation with heat recovery
Installing heat pump

Figure 1. Schematic representation of the role of context on the adoption of energy efficiency measures.
3. Methods

The analysis is based on empirical data from a questionnaire survey of single-family homeowners.
The important EEMs were identified from the literature review, and their local relevance was verified by
interviewing a municipality energy advisor, who provides advice on energy use to homeowners in the
region. The questionnaire consisted of four sections: (i) respondents’ demographics, (ii) characteristics
of their houses, (iii) respondents” knowledge and attitudes towards renovation, and (iv) respondents’
perception of information sources for energy renovation. The questionnaire was pilot tested by eight
homeowners. Their comments led to changes in the formulation of some of the questions to improve
the relevance and clarity of the questions. In this study, a part of the questionnaire that covered the
context of the adoption of EEMs (Figure 1) is used.

These questions on homeowners’ attitudes related to electricity and heat use reduction were asked
on a 5-point Likert scale. For example, “How important is it for you to reduce your household heating
energy use?” was asked to understand respondents” attitudes to reduce household heating energy
use. Respondents answered the question on a 5-point Likert scale (1 = not important at all, 5 = highly
important). For the analysis, we reclassified the 5-point responses related to homeowners’ attitude
to reduce energy use into three by grouping the options 4-5 as “important” and options 1-2 as “not
important,” while option 3 was the neutral option, which was “neither-nor.”
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Studies have suggested that homeowners’ knowledge plays an important role on the implementation
of ER [38]. However, knowledge of ER consists of various aspects, such as knowledge on products
and materials, costs, services offered by contractors, energy efficiency improvement, available financial
incentives, and effect of renovation on the market value of the house. Accordingly, these six aspects
were asked in the questionnaire wherein the respondents expressed their knowledge on each of these
six aspects on a 5-point Likert scale (1 = no knowledge, 5 = in-depth knowledge). The responses to these
6 aspects were averaged to create a single variable, “knowledge of renovation.”

The homeowners’ interests in the adoption of specific EEMs (Figure 1) were investigated using
the question “How interested are you to adopt these measures if you undertake a renovation in
your house?” Similar to the questions related to “personal factors,” the respondents could give their
responses on a 5-point Likert scale. However, the focus of the analysis was on the group interested
in adopting EEMs. Accordingly, the responses to this question were categorized into two groups:
options 1-3 were categorized as “not interested/neither-nor” and options 4-5 were categorized as
“interested.” This binary classification enhances the reliability of the statistical analysis of chi-square
tests by increasing the number of counts in cross-tabulation [39,40].

To investigate homeowners’ experiences with indoor environmental problems (IEPs), the
respondents were asked to state if they have issues with seven different IEPs in their houses.
The investigated IEPs included unsuitable temperature, mold, cold surface, insufficient daylight,
cold air draft, and stuffiness (insufficient ventilation). These IEPs were chosen from the literature to
represent different aspects of indoor environmental quality [41,42]. Similar to the questions related to
EEMs, the local relevance of IEPs was verified in an interview with the municipality energy advisor.
The respondents who mentioned having at least one of the seven investigated IEPs were assigned to a
new variable named IEP.

The questionnaires were sent by mail to 1550 owners of single-family houses during spring
2017. The addresses were collected from Statens person addresses register (SPAR), which is a public
organization working with address registration in Sweden. The addresses were randomly selected from
seven municipalities in the counties of Viasterbotten and Norrbotten in northern Sweden. Accordingly,
the sample group consisted of individuals irrespective of their experiences or intention of house
renovation. The respondents were given the option to respond online instead of responding on a paper
questionnaire, and 7.5% of received responses were online. The final response rate after a reminder was
29%. There was a fairly even representation of male and female respondents and household income
was normally distributed in our sample. The majority of respondents were above 55 years old, which
complies with an earlier survey of Swedish households [31]. The percentages of respondents with
different levels of education were closely related to the Swedish national levels except for the group
with university education equal to or higher than 3 years. This group was over-represented with 35%
as compared to 23% on the national level [37]. The percentage of responses to the questions related to
“personal” factors and “house-related” factors are presented in Table 1.

Homeowners’ responses to various questions related to context are statistically tested to find their
relations with homeowners’ interest to adopt different EEMs. The inferential statistical analysis was
conducted by Pearson’s chi-square test, which examines whether the observed distribution is due to
chance and fits the expected frequencies [43]. A significant difference between observed and expected
frequencies implies the association of variables. Otherwise, the tested variables can be inferred being
independent of each other. Such analysis requires a contingency table consisting of R number of rows
and C number of columns, which R and C represent the “levels” of the two tested variables.
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Table 1. Summary statistics of responses to the questionnaire.

Factors Related to the Context of Adoption

Percentage of Respondents

Factors Related to the Context of Adoption

Percentage of Respondents

Gender (N = 451)
Male

Female

Age (N = 443)
18-45

46-55

56-65

65<

Occupation (N = 434)
Paid work, full time
part time, unemployed
Pensioner

Highest education (N = 437)
Elementary/middle school
High school

University < 3 years
University > 3 years

Perceived knowledge of renovation (N = 439)

Low
Average
High

Importance of reducing electricity use (N =
417)

Not important

Neither-nor

important

Importance of reducing heat use (N = 328)

Not important
Neither-nor
Important

55%
45%

22%
19%
24%
35%

53%
8%
39%

11%
41%
12%
35%

19%
48%
33%

24%
26%
50%

25%
26%
49%

Children below 18 years old (N = 423)
Yes

No

Annual income (1000 SEK *), (N = 432)
<350

350-500

501-750

751-900

900<

Tenancy period (year) (N = 440)
1-3

4-10

11-20

21-30

31-40

>40

Age of house (year) (N = 439)
<25

25-40

41-55

56-70

70<

Size (m?) (N = 428)
<100

100-150

151-200

>200

Indoor environmental problems (N = 451)
Unsuitable temperature

Mold

Cold surfaces

Insufficient daylight

Cold air draft

Stuffiness

Noise from outside

IEP

71%
29%

15%
22%
32%
19%
12%

9%
19%
24%
18%
19%
10%

80/0
22%
30%
20%
20%

13%
52%
25%
10%

7.3%
0.4%
26.4%
2.2%
6%
12%
50/0
46%

N refers to the number of valid responses. * 1 Euro ~ 10.2 SEK (18 November 2020).

6 of 16
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Additional post-hoc analysis was conducted for all the statistically significant findings of the
chi-square tests. The post-hoc analysis provides further explanations on the significant relations
between variables tested by the chi-square. The chi-square test shows the overall statistically significant
results, while the post-hoc analysis uses adjusted residuals to indicate where the significances are
embedded in the contingency table [39,44]. This method can reveal which groups in the related
variables contribute to the significance of a relation (showed by chi-square test). The adjusted residuals
higher than 1.96 and lower than —1.96 are significant with p < 0.05. The analysis methods for chi-square
test and post-hoc analysis were carried out using the statistical package of SPSS.

4. Results and Discussion

The respondents’ interests in adopting different EEMs if they renovate their houses were analyzed
and the EEMs are presented in Figure 2. Approximately 60% of respondents expressed interest in
adopting one or more of the investigated EEMs. Replacing windows and installing heat pumps are
the EEMS with the highest interest, with 29% and 26% of respondents interested in adopting them,
respectively. On the other hand, improving facade insulation with about 15% received the least interest
among the investigated EEMs. The results show 43% and 36% of respondents were interested in at
least one EEM related to thermal envelope and HVAC measures, respectively.

= Interested 8 Neither nor/not interested

NN\

Replacing windows (N = 406)

Installing heat pump (N = 393)

Improving attic insulation (N = 405) ““""%‘“““\\Q\ Q&
Installing ventilation with heat recovery (N =402) :::::ﬁ%:::::.&\\ (6\

85
Improving facade insulation (N = 406) ““amn\\\\‘m\\\m\\‘m\w

0 20 40 60 80 100

% of respondents

Figure 2. The interest of homeowners in adopting different energy efficiency measures (EEMs).

In the following sections, the results of chi-square tests are presented along with the discussions on
findings from post-hoc analyses when chi-square tests are significant. The results of post-hoc analysis
are provided in Appendix A at the end of this paper. The tables in Appendix A present the adjusted
residuals from chi-square tests to show the significance of different groups in the variables.

4.1. “Personal” Factors

Gender and whether children (age < 18) live in the household are the factors found to be
significantly associated with improving attic insulation (Table 2). The post-hoc analysis of chi-square
results reveals the details on the association of gender and improving attic insulation (Table A2 in
Appendix A). Male homeowners, as compared to females, are significantly more likely to show interest
in improving attic insulation. Gender affects people’s needs and the use of energy, and the way
everyday-life is impacted by energy conservations [45]. Homeowners who do not have any children
living in their households are more likely to be interested in improving attic insulation. Avoiding
exposing children to the risk of respiratory issues caused by this EEM might be one reason discouraging
the homeowners who have children to adopt this EEM [46].
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Table 2. Influence of “personal” factors on homeowners’ interest to adopt EEMs.

Probability Value (p)

Improvin Installing Improvin
“Personal” Factors Replacing Installing proving Ventilation P &
. Attic . Facade

Windows Heat Pump . with Heat .

Insulation Insulation

Recovery

Gender 0.49 091 0.03 0.47 0.69
Age 0.25 0.68 0.52 0.82 0.99
Education 0.10 0.07 0.08 0.90 0.15
Occupation 0.24 0.27 0.16 0.76 0.06
Annual household income 0.11 0.54 0.16 0.42 0.61
Children in household 0.15 0.32 0.03 0.27 0.21
Knowledge of renovation 0.14 0.03 0.56 0.40 0.95
Importance of reducing el. use 0.02 0.04 0.22 0.58 0.00
Importance of reducing heat use 0.01 0.20 0.00 0.18 0.00

Significant results of chi-square tests are highlighted when p < 0.05.

As shown in Table 2, perceived knowledge of renovation was found to have a significant association
with installing heat pump while the relations between knowledge and the interest to adopt other EEMs
are insignificant. The negative effect of lack of knowledge and expertise on the adoption of heat pump
is also found and discussed by other studies [38].

The perceived importance of reducing energy use is shown in another study to affect homeowners’
decisions to improve the thermal envelope of their houses [24]. In this analysis, the homeowners’
perception of the importance of reducing their electricity and heat use were asked separately. The results
of chi-square tests presented in Table 2 show significant relations between the homeowners’ interest in
replacing windows and improving fagade insulation with the perceived importance of reducing both
electricity and heat use. The interest to improve attic insulation is more likely among the homeowners
who perceive it important to reduce their heat use (Table 2). The interest to adopt heat pump is more
likely among those who think it is important to reduce electricity use. This may be partly attributed to
some of those households that use electricity for heating.

4.2. “House-Related” Factors

The factors related to houses, such as age and tenancy periods, are found to have significant
relations with the EEMs in the thermal envelope category (Table 3). However, the size of the house does
not have any significant relation with the investigated EEMs. Post-hoc analysis presented in Table A2
(in Appendix A) shows that the homeowners who recently moved in to their houses (<3 years) are more
likely to be interested in improving attic insulation. After this period, until ten years from their tenancy,
it is less likely that they are interested in adopting this EEM. These results might indicate homeowners’
reluctance to be distracted from their daily routine that might be caused by the adoption process [32,47].
Measures such as window replacement may not cause much disturbances to the everyday life of
occupants. Homeowners may decide to replace their windows anytime, as a piece-meal approach,
when they perceive the windows as old and in poor condition [48]. On the other hand, improving
attic insulation might require more effort to organize, besides the hassle of clean-up and the risk of
respiratory and health distress [46]. Thus, the homeowners might prefer to adopt this EEM in the early
stages when they buy the house, before or during the move-in process.
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Table 3. Influence of “house-related” factors on homeowners’ interest to adopt EEMs.

Probability Value (p)
“House-Related” . -
Factors Replacing Installing Improymg Installing Ventilation Improving
. Attic . Facade
Windows Heat Pump . with Heat Recovery .
Insulation Insulation
Tenancy period 0.31 0.84 0.02 0.67 0.82
Age of house 0.00 0.47 0.05 0.03 0.43
Size of house 0.77 0.98 0.41 0.93 0.06
IEP 0.05 0.31 0.00 0.00 0.00

Significant results of chi-square tests are highlighted when p < 0.05.

In Table 3, the age of houses is shown to have significant relations with several EEMs, including
replacing windows, improving attic insulation, and installing ventilation system with heat recovery.
Window replacement is less likely to be adopted by homeowners in the houses that were built within
25 years (Table Al in Appendix A), which complies with the previous findings [48]. Similar results
are found on homeowners’ interest in improving attic insulation (Table A2 in Appendix A). On the
other hand, homeowners living in houses older than 70 years are unlikely to install ventilation with
heat recovery (Table A3 in Appendix A). The building design in such old houses may cause it to be
technically demanding to adopt the EEMs, which require building modifications.

IEPs are frequently identified as important drivers for the homeowners to implement ER [32,49].
As shown in Table 1, 46% of respondents stated that their house has at least one IEP. Table 3 shows
the associations between the interest to adopt EEMs and IEPs. Several EEMs, except installing heat
pump, are found to have significant associations with the variable IEP. The adoption of heat pump is
seemingly independent of the quality of the indoor environment.

The significant influence of IEPs on the homeowners’ interest to adopt EEMs indicates the
necessity of conducting a detailed analysis of IEPs. The results presented in Table 4 show the majority
of investigated IEPs have significant relations with the homeowners’ interest in adopting one or several
EEMs. IEPs, such as unsuitable temperature and insufficient daylight, may not influence the interest of
homeowners to adopt any of the investigated EEMs.

Table 4. Influence of indoor environmental problems on the interest to adopt EEMs.

Probability Value (p)
Indoor Environmental .
Problems (IEPs) Replacing Improving Attic Ver}:;ls;(:il(i;ngvi th Improving Facade
Windows Insulation Insulation
Heat Recovery

Unsuitable temperature 0.54 0.38 0.18 0.39
Cold surfaces 0.28 0.00 0.00 0.00
Cold air draft 0.01 0.09 0.01 0.01
Stuffiness 0.38 0.16 0.00 0.97
Mold 0.40 0.01 0.01 0.13
Insufficient daylight 0.30 0.50 0.93 0.12
Noise 0.00 0.11 0.54 0.01

Significant results of chi-square tests are highlighted when p < 0.05.

Post-hoc analyses of chi-square results are conducted to reveal more details of the relations between
the interest to adopt different EEMs and the IEPs in the houses. The EEM, installing heat pump is
excluded from Table 4 as it does not have any significant relation with the variable IEP. The homeowners
who stated to have IEPs in their houses are more likely to adopt at least one thermal envelope measure.
The IEPs, which have significant relations with the adoption of thermal envelope measures, are cold
surfaces, cold air draft, noise from outside, and mold. The interest to replace windows is found
to be related to cold air draft and noise from outside. A similar analysis for improvement of attic
insulation shows the homeowners’ interest is significantly related to the problems of mold and cold
surfaces. The interest in improving facade insulation was significantly related to the problems of
cold surface, cold air draft, and noise from outside. In addition to the thermal envelope measures,
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installing ventilation with heat recovery, which is an HVAC measure, is found to have significant
relations with several IEPs, including mold, cold surfaces, cold air draft, and stuffiness. Several IEPs
are found to have significant associations with the adoption of multiple EEMs. Accordingly, IEPs could
be important drivers for energy efficiency improvement as they provide the opportunity to bundle
several EEMs together to enhance the energy-saving effect of ER.

The statistical tests on mold have less reliability since only a small group of homeowners reported
this problem. Nevertheless, all homeowners in our sample who had this problem expressed interest in
improving attic insulation and to install ventilation with heat recovery, which suggests this IEP can
trigger the adoption of those EEMs.

5. General Remarks and Policy Implications

Energy decisions in the residential sector are complex and diverse, as they are influenced by a
wide range of psychological and contextual factors [50]. The energy reduction potential of ER depends
on the type and number of EEMs incorporated in a renovation. EEMs can be adopted individually or
collectively based on different contexts that facilitate their adoption. The results of this study show that
individual EEMs are influenced differently by a diverse set of “personal” and “house-related” factors.
Accordingly, viewing ER without considering the factors that influence the adoptions of various EEMs
may be inadequate to facilitate significant energy reduction. To increase the energy savings, policy
efforts should facilitate bundling as many EEMs as possible when homeowners decide on ER.

Homeowners’ perceptions and attitudes on energy use and their knowledge of renovation are
more likely to be significant for adopting EEMs compared to demographic factors. The demographic
factors are found to play a role in improving attic insulation, which has a more demanding adoption
process in terms of time, hassles, and disruptions to everyday-life [46,47]. This indicates the specific
need to utilize psychological and behavioral approaches to understand the underlying barriers towards
adopting this EEM.

The analysis shows similar influential factors for several EEMs, such as those in the thermal
envelope category. For example, the perceived importance of heat use reduction and IEPs can influence
the adoption of all three thermal envelope EEMs. This has implications for improving facade insulation,
which is an EEM that homeowners are less likely to adopt (Figure 2). For example, the contexts
conducive to replacing windows can also be leveraged to improve fagade insulation.

Comparing the two investigated EEMs in the category of HVAC measures shows the contexts that
influence the interest in their adoption are different, which may indicate their differences, such as in
functions and applications. Installing heat pump has significant associations with “personal” factors,
while installingventilation system with heat recovery has significant relations with house-related
factors. Increasing the adoption rate of these measures, together within an ER package, may require
special attention on devising tailored policies and marketing strategies.

The results have implications for the design and modification of policies facilitating the adoption
of EEMs for renovations of single-family houses. IEPs provide a context that may facilitate the adoption
of several EEMs. A large percentage of respondents (46%) stated to have at least one IEP in their
houses, and 70% in that group were interested in adopting the minimum of one EEM. Improving
occupants’ comfort and well-being should be given more attention in policy-making, as research
suggests that energy cost savings may not be the driving force for homeowners to implement ER [32].
Similarly, the positive influence of environmental awareness on the implementation of ER is disputed
by some research studies [18]. Information campaigns introducing EEMs as solution for IEPs to
improve comfort and health may facilitate the adoption of EEMs by households experiencing IEPs.
Moreover, Energy Performance Certificate (EPC), mandated by EPBD in Europe [6], can be utilized to
provide information on a building’s comfort level besides the primary purpose of presenting energy
performance. EPC could become a long-term road map for adoption of EEMs by merging various
adoption motives, including improvement in the energy performance and comfort level of a house, to
enable more EEMs being bundled together in ER implementation.
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The homeowners with higher perceived knowledge on renovation showed more interest in
adopting heat pumps. Though heat pump is a mature technology and the products are widely available
in the Swedish market, the homeowners might envision it as complex and technically demanding to
adopt. Providing reliable information on the potential energy saving of different EEMs could be one
way to create interest in such measures among homeowners. A study in Germany underlined the
importance of unbiased information sources as they found low trust and acceptance of advice from
professionals in the commercial sector [18]. Publicly funded online tools that can provide tailored
calculations on cost-saving potentials could stimulate interest in these EEMs. Such initiatives are
consistent with the European legislation by EED, which demands that member states “ ... promote
suitable information, awareness-raising and training initiatives to inform citizens of the benefits and practicalities
of taking energy efficiency improvement measures” [5]. However, it might be challenging to provide detailed
and tailored technical information by online tools which at the same time need to be user-friendly.
Further, marketing strategies may be required to resolve the perceived complexity for the adoption
and operation of EEMs, such as heat pumps. The findings can be utilized by actors such as installers
and material suppliers who have a notable influence on Swedish homeowners” adoption decisions [51].
Such actors can use the findings to devise targeted marketing strategies promoting the EEMs to the
potential group of adopters by considering their contexts.

6. Conclusions

This empirical study examines a set of factors that may influence homeowners’ interest in adopting
EEMs. Our study shows that EEMs are influenced differently by the context of adoption. It is important
to include several EEMs within renovation packages to increase their energy-saving effect. The policies
should facilitate the simultaneous adoption of several EEMs when homeowners intend to implement
renovation. The comparative analysis evaluates the contexts for adopting individual EEMs and
differentiate the factors between EEMs. This approach could enable identifying the interlinkages such
as (in)compatibilities and shared opportunities, thereby suggesting which EEMs can better fit together
when homeowners plan to implement ER. The results can serve as a basis to formulate suitable policies
for each of the EEMs or a combination of EEMs in a renovation package. Moreover, this approach can
contribute to the explanation of the reasons for the relatively higher adoption rate of specific EEMs.

The EEMs are investigated regardless of their benefits or barriers perceived by the homeowners.
Instead, the underlying “personal” and “house-related” factors that might shape the homeowners
perceptions of the benefits and barriers of adopting EEMs are considered for the analysis. This strategy
is useful to highlight the contexts, leading to an increase in the adoption rate of different EEMs.
However, a comparative analysis cannot replace the in-depth analysis required for individual EEM to
understand more specific contexts, drivers, and barriers.

This study is limited to the most frequently-used factors and energy efficiency measures found in
the literature. Future studies may include more EEMs and influential factors to establish a profound
understanding of the relations between the adoption of different EEMs that may be incorporated in an
ER package. IEPs are considered building characteristics in the analysis, while their extensive influence
on EEMs’ adoption decisions indicates homeowners’” motives to improve their comfort. However,

7

without examining the perceived benefits and barriers driving the homeowners’ decisions, the results
might have limited implications for causal relations of contexts and homeowners” adoption decisions.
Further studies should examine the intermediary influence of perceived benefits and barriers to better
understand the causal relations of the influential factors and the adoption of EEMs. Such studies
may take into account the energy effectiveness of ER when various EEMs are bundled together in a
renovation package.
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Appendix A. Post-Hoc Analysis of Significant Chi-Square Results

Table Al. Post-hoc analyses of influential factors on homeowners’ interest to replace windows.

Adjusted Residuals; Replacing Windows

Influential Factors

Not interested/
Neither-Nor Interested
Not important 2.5 =25
Importance of reducing electricity use Neither nor -2 2
Important -04 0.4
Not important 2.8 -2.8
Importance of reducing heat use Neither nor -2.3 2.3
Important -04 0.4
<25 35 -3.5
26-40 -14 1.4
Age of house 41-55 -18 18
(years)
56-70 0.8 -0.8
70< 04 -04
Yes -1.97 1.97
TEP No 197 ~1.97
. Yes -2.5 2.5
Cold air draft No 25 o5
. . Yes —-4.4 4.4
Noise from outside No 44 44

Adjusted residuals higher than 1.96 and lower than —1.96 are significant with p < 0.05. Adjusted residuals higher
than 1.96 highlighted with blue show significant likelihood and those lower than —1.96 highlighted with orange
show significant unlikelihood.

Table A2. Post-hoc analyses of influential factors on homeowners’ interest to improve attic insulation.

Adjusted Residuals; Improving Attic Insulation

Influential Factors Not Interested/

Neither-Nor Interested

Female 22 -22
Gender Male -22 2.2
. Yes 22 =22
Children below 18 years old No Y 20
Not important 0.8 -0.8
Importance of reducing heat use ~ Neither-nor 2.8 -2.8
Important -3.2 3.2
1-3 =27 2.7
4-10 2 —2
. 11-20 -1.2 1.2

Te d
enancy period (years) 21-30 04 _04
31-40 -0.2 0.2

>40 1.5 -1.5
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Table A2. Cont.

Influential Factors

Adjusted Residuals; Improving Attic Insulation

Not Interested/

Neither-Nor Interested
<25 3.1 -3.1
25-40 -0.3 0.3
Age of h
(yiir(;) ouse 41-55 —0.4 0.4
56-70 -0.4 0.4
70< -0.8 0.8
Yes -3.2 3.2
IEP No 32 32
Yes 2.7 2.7
Mold No 27 27
Yes -3 3
Cold surfaces No 3 3

Adjusted residuals higher than 1.96 and lower than —1.96 are significant with p < 0.05. Adjusted residuals higher
than 1.96 highlighted with blue show significant likelihood and those lower than —1.96 highlighted with orange

show significant unlikelihood.

Table A3. Post-hoc analyses of influential factors on homeowners’ interest to install ventilation with heat recovery.

Influential Factors Adjusted Residuals; Installing Ventilation with Heat Recovery

Not Interested/Neither-Nor Interested
<25 1.7 -1.7
2540 -1.8 1.8
A f h
(yizr(;) ouse 41-55 ~05 0.5
56-70 -1 1
>70 2.3 -23
Yes -5.2 5.2
IEP No 5.2 52
Yes 2.7 2.7
Mold No 27 27
Yes -2.9 29
Cold surfaces No 29 29
. Yes -2.7 2.7
Cold air draft No 27 o7
. Yes -6.5 6.5
Stuffiness No 6.5 —65

Adjusted residuals higher than 1.96 and lower than —1.96 are significant with p < 0.05. Adjusted residuals higher
than 1.96 highlighted with blue show significant likelihood and those lower than —1.96 highlighted with orange
show significant unlikelihood.
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Table A4. Post-hoc analyses of influential factors on homeowners’ interest to improve facade insulation.

Adjusted Residuals; Improving Facade Insulation

Influential Factors

Not Interested/
Neither-Nor Interested

. Not important 2.7 -2.7

Importance of educing Neither.nor 17 17
Y Important -3.7 8.7

Not important 1.9 -1.9

Importance of reducing heat use  Neither-nor 3.2 -3.2
Important —44 44
Yes =83 3.3

IEP No 33 33
Yes —4.8 4.8

Cold surfaces No 48 _48

Adjusted residuals higher than 1.96 and lower than —1.96 are significant with p < 0.05. Adjusted residuals higher
than 1.96 highlighted with blue show significant likelihood and those lower than —1.96 highlighted with orange
show significant unlikelihood.

Table A5. Post-hoc analyses of influential factors on homeowners’ interest to install heat pump.

Adjusted Residuals; Installing Heat Pump

Influential Factors

Not Interested/
Neither-Nor Interested

L 0.8 —0.8
Perceived knowledge of A?I:;age s 0
renovation High o 2
Importance of reducing Not important 1.3 -13
electricity use Neither-nor 17 -1.7

Important -26 26

Adjusted residuals higher than 1.96 and lower than —1.96 are significant with p < 0.05. Adjusted residuals higher
than 1.96 highlighted with blue show significant likelihood and those lower than —1.96 highlighted with orange
show significant unlikelihood.
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