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Abstract The residential sector is responsible for a
considerable share of global greenhouse-gas emis-
sions. In cold climates, space heating and energy-
efficiency improvements are critical. Solutions can
be off-the-shelf technologies, user modifications to
adapt such technologies to local needs or behav-
ioural measures. This paper conducts carbon foot-
print and profitability analyses of 20 such mea-
sures, including conventional technical measures,
user modifications and behavioural changes in
Finland. The study focuses on detached houses
that have the most common heating system in
the Finnish context—direct electricity, which is
particularly problematic because it limits the op-
tions for improvement. The results show that the
largest energy and emission savings resulted from
heat pump installations and adding insulation to
the roof. The most profitable measures were relat-
ed to heat pumps. Some of the user modifications
appeared promising in both respects.

Keywords Greenhouse-gas emission . Cost . Energy
efficiency.Measure . Residential house . User
modification

Introduction

The search for energy-efficient and low-emission space
heating solutions is relevant in many parts of the world.
The residential sector uses a large amount of energy
worldwide (Saidur et al. 2007), and furthermore, resi-
dential heating is responsible for a considerable part of
household greenhouse-gas emissions (Huppes et al.
2006). The most striking need for new solutions is in
countries with a cold climate. For example, in Finland,
energy use in residential buildings for space heating and
electric devices was 64 TWh in 2009 (Nissinen et al.
2012). This use was responsible for 11.6 million metric
tons (Mt) of greenhouse-gas emissions (GHGE), which
accounts for roughly 18 % of Finland’s total GHGE of
66 Mt in 2009 (Statistics Finland 2014a).

Energy efficiency and conservation options in the
buildings sector have been widely studied (for a review,
see Harvey 2009). Because of the cold climate, the
Nordic and Baltic countries have relatively long heating
periods; hence, we focus on previous research in these
particular contexts, which are comparable to the Finnish
one. Previous studies have discussed the implications of
typical energy conservation measures. There is literature
focusing on economic assessment (e.g. Nikolaidis et al.
2009; Tommerup and Svendsen 2006), but some studies
also include environmental aspects, typically carbon
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dioxide (CO2) emissions (e.g. Rolfsman 2002; Chan
and Yeung 2005; Balaras et al. 2007; Nemry et al.
2010; Ristimäki et al. 2013; Paiho et al. 2014; Droutsa
et al. 2014). Kuusk et al. (2014) studied the implications
of renovation measures in apartment buildings in a cold
climate; they concluded that as a single measure, the
insulation of external walls has the greatest effect on
energy consumption. These studies focus mostly on
technical improvements in the property, and the life
cycle approach has not been fully employed in the
environmental impact assessment of the measures. In
other words, the upstream processes and related emis-
sions have been excluded from the calculation: for in-
stance, the full life cycle of the insulationmaterials is not
considered. A more general analysis of several con-
sumption categories, including housing, by Girod et al.
(2014) found that good insulation and the use of renew-
able power in the home were significant options for
climate change mitigation.

When looking at commonly proposed measures for
decreasing residential energy use and the related
GHGEs, three main approaches can be distinguished
as follows: (1) change of habits, for instance, reducing
indoor temperatures and using electrical appliances less
and more efficiently, (2) replacement of old appliances
with new energy-efficient appliances, and (3) invest-
ments in energy renovation of the property (thermal
insulation). The monetary and emission savings of these
types measures have been wide ly s tud ied
(Kopsakangas-Savolainen and Juutinen 2013; de
Almeida et al. 2008; Abrahamse et al. 2005). Recently,
two additional approaches have risen to decrease the
GHGEs of households: (4) shifting electricity use to
such hours when the emissions of electricity production
are the lowest and (5) installation of new types of
(preferably innovative) heating systems that use renew-
able energy in the property. All of these approaches
evidently have relevance in a country like Finland with
a cold climate and relatively high GHGEs from electric-
ity production, but it is not clear which approaches have
the largest potential for decreasing residential energy
use and the related GHGEs.

Following the introduction of smart metering, there
are increasing opportunities to reduce greenhouse-gas
emissions by shifting the time of use of electricity in
households to avoid peak loads (Darby et al. 2013;
Moura et al. 2013). Hourly based electricity pricing is
already available for households in Finland, and the
emission-based steering of electricity consumption is

being studied (Kopsakangas-Savolainen et al. 2014).
However, there is still limited research on the concrete
implications of hourly based pricing on a household
level, in particular in comparison to other options for
greenhouse gas and cost reductions.

We add to the discussion a novel category of solu-
tions—user modifications of standard technologies.
Suchmodifications can serve to adapt standard technical
assemblies (like heat pumps or other innovative heating
systems) to local conditions and needs, or they can
reduce the cost and improve the accessibility of solu-
tions that are also available commercially. Such modifi-
cations have gained increasing attention in research on
the role of users in the development of energy technol-
ogy (Arnold and Barth 2012). In Austria, end users have
led the market development for solar heat collectors and
pellet burners (Ornetzeder and Rohracher 2006), and
community energy projects have gathered momentum
more generally (Seyfang et al. 2013). Users have made
next to 200 modifications to heat pump and wood pellet
burning systems in Finland, and user engagement has
been shown to speed up the diffusion of renewable
energy technologies (Hyysalo et al. 2013a, b; Jalas
et al. 2014).

The GHGEs of the building stock can be reduced
with a number of different, already existing solutions.
The purpose of this paper is to study the significance of a
few prominent existing solutions (e.g. better insulation),
behavioural changes (e.g. lowering the indoor tempera-
ture), and a few emerging user modifications, for in-
stance, modified air-to-air heat pumps and do-it-yourself
solar heat collectors. The paper aims to quantify the
costs and savings of the measures for the residents in a
hypothetical ‘average’ detached house in Finnish con-
ditions (cold climate). We limit our analysis to measures
applied in houses heated with electric resistance heating
(radiators) because the lack of hydronic heat distribution
system (i.e. central heating hereafter) presents particular
problems for deploying renewable energy. In addition to
comparing the economic and GHGE savings, the other
costs are briefly discussed in terms of impacts on time
use and convenience of carrying out the required behav-
ioural changes or modifications and operating them
during the course of daily life. Obviously, such other
costs and conditions of adoption cannot be expressed in
quantitative terms as easily as the financial costs.

For assessing the order of magnitude of the savings, it
was found important to analyse both the ‘old measures’
and the new innovative ways to decrease energy use and
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the related GHGEs in the same case study context. The
existing literature rarely uses a life cycle approach to
examine both technical and behavioral changes on a
building level, and this is the research gap that we
address. The effects of possible combinations of the
studied measures, however, are beyond the scope of this
article because it would require a deeper analysis of the
preferences and financial constraints of the household,
among other things. Our scope also excludes possible
effects of the changes in energy expenditure or behav-
iour on energy consumption in other areas (e.g. mobil-
ity) or expenditure and behaviour in other consumption
categories (e.g. food). While such rebound effects are
considered to be relevant in the existing literature (e.g.
Nässén and Holmberg 2009; Chitnis et al. 2013;
Binswanger 2001; Murray 2013), they are difficult to
estimate comprehensively.

Context of the study

The study’s focus on Finland is motivated by three facts:
First, Finnish households have diverse heating systems
(Vihola and Heljo 2012; Statistics Finland 2014b)
which, in many cases, can be improved for better energy
efficiency and reduced GHGEs. Second, there are inter-
esting user modifications which adapt generic solutions
to local conditions (Hyysalo et al. 2013a, b). Thirdly,
there are almost 500,000 detached houses in Finland
that are heated by electricity, representing 43 % of
detached houses (Statistics Finland 2014c).

Electricity consumption for space heating increased
in Finnish households in 2006–2011 (Adato Energia
2013). However, both the electricity price and demands
for better energy efficiency, e.g. in the building code, are
rising. Electricity prices for detached houses in Finland
have been rising for the last 10 years by 5.8 % on
average per annum (Statistics Finland 2014d). The con-
cern about climate change and GHGEs has increased
public interest in electricity savings and less carbon-
intensive forms of space heating such as new heating
solutions.

Most of the Finnish detached houses that use elec-
tricity for heating have electric radiators (electric resis-
tance heating), instead of central heating. Previously,
electric radiators were considered convenient and cheap
to install. A shift from merely electricity-based systems
to other heating forms, such as heat pumps and different
forms of wood, including wood pellets/chips and logs is

taking place in detached houses with central heating
(Vihola and Heljo 2012). Electric resistance heating
poses special challenges to decreasing the energy-
related GHGEs because effective renewable-based
heating systems are difficult or costly to implement
without an existing central heating system. The installa-
tion costs for central heating can be about 12,000€ in a
detached house (Mattinen et al. 2014a). Typically, the
most feasible and cost-effective ways to cut GHGEs
remain unclear to homeowners with resistance electric
heating.

Adato Energia (2013) conducts regular surveys to
produce and update models on household electricity
use in Finland. In a typical single-family house of
120 m2 with four inhabitants and electric heating, the
total electricity consumption is 19,600 kWh per year. A
fireplace is used for additional heating, consuming
2000 kWh of energy from wood fuels. Together, space
and water heating consume 67 % of the electricity and
the remaining 6400 kWh is used for appliances.
Lighting and the sauna stove are the two categories with
the highest consumption (1120 and 1000 kWh per year,
respectively). The third group is electronic appliances
(700 kWh per year) followed by cooking (680 kWh per
year), cold appliances (600 kWh per year), laundry
(600 kWh per year), mechanical ventilation
(600 kWh), car engine heating (400 kWh) and miscel-
laneous (700 kWh).

Methodology

Calculations of greenhouse-gas emissions

To assess the complete GHGEs (i.e. carbon footprint) of
technical systems and behavioural changes, the princi-
ples of life cycle thinking and life cycle assessment
(LCA) were employed. This study compares and de-
scribes the relevant physical flows of systems for space
heating, domestic hot water and electricity use using an
attributional LCA approach. The impacts of systemic
changes, which could be assessed with consequential
LCA approach, are beyond the scope of this article. This
paper aims to quantify emissions and cost savings in an
exemplar household within 1 year (year 2011). The poten-
tial savings are calculated by comparing a base case with a
household that has undertaken technical or behavioral
changes. The functional unit is the comfortable living of
a family of four in a detached house for one year. More
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specifically, the following set of functions are to be
performed within the house during 1 year: 160 m2 of
heated and lighted space, 920 kg of clean clothing and
average cooking, showering, bathing and other energy-
consuming activities of the family. The reference flows
necessary to deliver the performance are described in
more detail in ‘Cases and measures analysed’.

The average emission factor for Finnish electricity
(SYKE 2013) was used in the electricity-related calcu-
lations. This emission factor describes the life-cycle
emissions of purchased electricity in Finland, and thus
includes the emissions of upstream processes related to
both electricity production and raw material extraction.

Methods for profitability calculations

Economic calculations for investments were made using
the simple payback method (SPP) and the internal rate
of return (IRR). The simple payback period is calculated
by dividing investment costs by annual savings (no
interest rates were used). The IRR of an investment tells
an economically minded investor whether the invest-
ment is feasible to carry out with a loan, whether the
money should be invested in something else or even be
deposited in a bank account at the current interest rate.
The current interest rates are approximately 0–2 %,
which is even lower than the present inflation. For
example, the 3-month Euribor has been on average
2.4 % for the last 15 years (values on first of January),
and it has been less than 1.5 % for the last 5 years (Bank
of Finland 2014).

The costs of measures to reduce energy use were
calculated by combining the investment cost and mon-
etary savings in purchased energy for the lifetime of the
measure (calculated according to the restricting compo-
nent). The sum was then divided by the saved kilowatt-
hours of the measure over its total lifetime. This renders
a figure which is smaller the better the measure is in
economic terms, and negative for measures that save not
only energy but also money. The same calculation meth-
od was also applied to the cost of decreasing GHGE. No
monetary values were calculated for the resident’s own
work and effort in implementing the measures.

The average electricity price in 2011 was
11.97 c/kWh for an electrically heated detached
house (Statistics Finland 2014d). The price is for
an electr ical ly heated house (consumption
20,000 kWh per annum), and it includes both var-
iable and fixed charges. The fixed charges with

taxes add up to 216€ per annum, as fixed charges
are roughly 15€ and 3€ per month for transmission
and energy, respectively. Thus, the variable cost of
electricity comes down to 10.89 c/kWh. The vari-
able cost includes energy, transmission charges per
kWh and related taxes. Other electricity using
buildings considered in this article are a summer
house and a garage. The garage is usually attached
to same subscriber line as the household, so the
same electricity price was used for the garage.
Because the energy savings do not reduce the fixed
charges and the variable expenses can be the same
in detached houses as in the summer houses, it was
justified to use the same electricity price (10.89
c/kWh) also for the summer house.

Cases and measures analysed

Overview of cases and measures

The climate impacts of households are considerable, as
has been shown in the previous literature (Nissinen et al.
2014; Hertwich and Peters 2009). Themain contributors
to the impacts within the housing sector are space
heating, domestic hot water and the electricity
consumption of the various appliances. Nissinen et al.
(2014) have estimated that a policy instrument package
targeted at housing would result in about 20 % (2-Mt
reduction) in the housing-related GHGEs by 2020 in
Finland. This reduction consists of replacing or improv-
ing the heating system (0.92-Mt reduction), more energy
efficient user behaviour (0.36-Mt reduction), more en-
ergy efficient household appliances (0.34-Mt) and ener-
gy renovations of building envelopes and technical sys-
tems (0.4-Mt reduction). Because of the supposed re-
duction potential in emissions and the lack of climate
impact assessments of user modifications and other
innovative solutions, this study considers 20 measures.
The measures focus on the main emission contributors
of a household and can be further divided in five groups:
measures related to renovation, behavioural changes
(habits), replacement of appliances, timing of electricity
consumption and innovative measures, including user
modifications. An overview of the base case and all
measures analysed is presented in Table 1. The expected
benefits from the measures are mostly from reduced
electricity consumption—only one measure (timing of
the appliance use) keeps the consumption equal. All
measures, with the exception of one innovative measure
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are modelled in the exemplar house (one measure fo-
cuses on heating non-lived spaces).

The innovative measures include technical solutions
for domestic hot water and space heating. Two user-
generated heat pump inventions, previously identified
and analysed by Hyysalo et al. (2013a, b), are studied: a
commercialised user design and a user modification,
both applied to a common air-source heat pump. The
analysed inventions are culminations of more than 100
modifications and innovations by users of heat pump
technologies in Finland (Hyysalo et al. 2013a, b). The
commercialised user design is a new type of a ground-
source heat pump originally invented by a user and
subsequently taken into commercial production on a
small scale. This solution caters to buildings that lack a
central heating system and cannot thus use conventional
(boiler-connected) ground source heat pump designs. It
combines a ground-heat exchanger and a refrigerant-to-
air-type heat pump. This type of a heat pump can be
used for space heating even in low outdoor temperatures
(temperatures below −15 °C), when a typical air-to-air
heat pump fails to operate efficiently; hence, it is rele-
vant for Finnish conditions.

The other invention, the user modification, allows the
user to have a low maintenance temperature in a semi-
heated or non-lived space (e.g. a summer house or a
garage). This is accomplished by installing a supple-
mentary resistor into a simple air-to-air heat pump. This
kind of modified heat pump operation can be useful
when the user needs a maintenance temperature above
0 °C in order to avoid freezing problems with water
piping in non-lived spaces. Heat pumps can cut this
maintenance energy use, and the latest off-the-shelf
air-to-air heat pumps support this type of functionality,
but at a higher price than modified cheap models.

Base case (case B)

The exemplar house studied in this paper is a 160-m2

detached house with four residents (Table 2), which
corresponds to the average living space per person of
39.4 m2 in Finnish households in 2011 (Statistics
Finland 2014e). The year of construction is set to the
1980s because this is the most typical age for Finnish
detached houses (16 % were built in that decade). The
property is located in the southern part of Finland (the
mildest climate zone I, Ministry of Environment 2012).
The electricity consumption for space heating (exclud-
ing water heating) was estimated with the aid of a

modelling approach described in Mattinen et al.
(2014b). It was assumed that the house has natural
ventilation (no mechanical ventilation or other air con-
ditioning device) because mechanical ventilation only
started to mainstream later in the 1980s. Domestic hot
water is heated in a boiler with a heating coil and a
control unit to an estimated temperature of 55 °C from
an initial temperature of 5 °C, resulting in electricity
consumption of 58.3 kWh/m3. Electricity consumption
for appliances in the exemplar house represents a typical
Finnish household of four persons living in a detached
house (Adato Energia 2013). For clarity in the energy
calculation, it was assumed that the building has a
simplified one-room layout, and possible losses in do-
mestic hot water heating were excluded.

Measure: renovations (R)

The renovations considered here are technical changes in
the building envelope of the base case property. Two types
of changes are considered as follows: changing the win-
dows and supplementary insulation of outer walls and
roof. This measure requires some understanding of energy
efficiency (of the insulation materials, window types) at
the moment of purchase. The renovation itself requires
either time and some skills or time for finding a decent
contractor for the job. All in all, the renovation takes about
4 weeks (160 h of work), but after that no control or
concern is required from the resident. There is, however,
a risk of rebound, if the room temperature is increased.

The impacts of the changes on the space heating were
calculated by using the modelling approach described
by Mattinen et al. (2014b). It was assumed that the
renovated house fulfils the Finnish building code
(Ministry of the Environment 2012); in other words,
the thermal transmittances of windows, walls and roof
were set to correspond to the norms in the calculation.
For the roof insulation, it was assumed that about 25 cm
of wood fibre insulation is added. In the outer walls, it
was assumed that 13 cm of rock wool insulation was
added. The technical details and life-cycle emissions of
insulation materials correspond to the Ecoinvent (2010,
2013) processes available.

For the windows, the thermal transmittance is as-
sumed to be reduced by replacing the current windows
by three-glass-selective ones with a gas fill. It was
assumed that the windows have metal-wood frames.
Because the windows have to be replaced in any case
and the emissions related to the final disposal of a
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double or triple glazing were assumed to be equal, only
the difference in the production-related emissions of the
new and old windows was taken into account in the
calculation. The GHGEs of the production of the win-
dows are based on the Ecoinvent database (2010, 2013).

The expected lifetime of the insulation materials and
windows was assumed to be 30 years. After the lifetime of
the insulation material, it was assumed that the rock wool
and cellulose fibrewill be used in the future refurbishments
of the property, and thus, end-of-life emissions were as-
sumed to be non-existent. The effect on the energy demand
in each renovationmeasurewas calculated one by one, and
the total effect was simply aggregated because the cumu-
lative effect was assumed to be additive.

Measure: changed habits (H)

Changes in habits do not require any replacement of
existing devices or investments. In the European

context, households could cut 48 % of their electricity
consumption for appliances and lighting by using best
available technology and best practice behaviour (de
Almeida et al. 2008). Realisation of the saving potential,
however, is affected by human, contextual and econom-
ic factors and constraints (see e.g. Abrahamse et al.
2005; Barr et al. 2005; Lillemo 2014). Residents need
to be aware of their own routines and the need for
change and capable of changing their behaviour on a
permanent basis (Fischer 2008). In the beginning, the
change requires some explicit attention, but over time,
the new routine becomes part of the everyday practices.

Measures considered here include lowering the in-
door temperature during the heating season and taking
electricity saving measures in three appliance catego-
ries, based on changes in use patterns in the base case
household. The heating electricity consumption is as-
sumed to decrease by 4.7 % compared to the base case
(exemplar household) when the indoor temperature is

Table 2 Technical details of the studied exemplar household using direct electricity for space heating. The house is built in the 1980s and
has four residents

Value Unit of measurement Source/basis for calculation

General characteristics of
the property

Floor area 160 Floor-m2 Statistics Finland (2014e)

Thermal transmittances of
the building structures
(U values)

Outer walls 0.28 W/m2K Model presented in Mattinen
et al. (2014b)Roof 0.21 W/m2K

Floor 0.3 W/m2K

Frames, doors 1.0 W/m2K

Windows 1.7 W/m2K

Water consumption of the
household

Totala 226 m3/year Motiva (2014)
Hot waterb 66 m3/year

Electricity consumption of
the household

Electricity for space heating
(excl. water heating)

13,654 kWh/year Calculations based on Mattinen
et al. (2014b)

Electricity for heating domestic
hot water

3850 kWh/year Temperature of cold water (5 °C)
raised to 55 °C

Lighting 1150 kWh/year Adato Energia (2013)
Electronic appliances 770 kWh/year

Cooking and dishwashing 680 kWh/year

Fridge and freezer 600 kWh/year

Laundry (washing and drying) 600 kWh/year

Electric sauna stove 1000 kWh/year

Car engine heating 300 kWh/year

Other appliances 700 kWh/year

Total 23,304 kWh/year

floor-m2 floor square metre, m3 cubic metre, W/m2K watt per square metre Kelvin, kWh kilowatt hour.
a Corresponds to daily consumption of 155 l per person
b Corresponds to daily consumption of 45 l per person
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lowered by 1 °C (Mattinen et al. 2014b). The electricity
consumption for the three appliance categories (a sauna
stove, electronic appliances and laundry) is presented in
Table 2. Together, these categories account for 50 % of
the household electricity consumption for appliances.
The categories were chosen because of their high or
increasing share in the electricity consumption in
Finnish households (Adato Energia 2013).

The lighting and the electric sauna stove consume the
most electricity in the base case (Table 2). Heating a
sauna stove (output 6 kW) to provide required temper-
atures for bathing (70…80 °C) consumes 4.5 kWh.
Maintaining the temperature during use requires an
additional 4 kWh of electricity per hour (Work
Efficiency Institute 2014). In the base case, the sauna
was assumed to be used 125 times per year—this is
roughly in line with the assumption that Finns bathe in
the sauna twice a week on average. Furthermore, it was
assumed that every fourth time, the stove is used only
for half an hour and in other times for 1 h. After the
changed behaviour, the sauna was assumed to be used
65 times per year, 40 times for 1 h and 25 times for half
an hour.

Electronic appliances were chosen as a second con-
sumption category, because the number of appliances is
increasing, and the electricity consumption of appli-
ances has more than doubled since 1993 in Finnish
households (Adato Energia 2013). The base case con-
sumption of the electronic appliances (770 kWh) was
allocated to the following set of devices and their typical
use times: two liquid crystal display (LCD) televisions
and digital converters, one laptop computer, one desktop
computer, one set of stereos, a router for wireless fidelity
(wifi) and a video game console (Playstation, Wii or
similar). The assumed use times per device ranged be-
tween 1 and 8 h per day on average. Altogether, 30Wof
standby power for 20 h per day was also included in the
appliances’ electricity use. Calculated savings are based
on reductions of use times and the elimination of the
standby power. Conveniently located switches reduce
the required effort to cut standby power. Yet standby
power cannot always be eliminated, e.g. if a digital
receiver is recording during the night. There are differ-
ences between households in the types of devices used
and the user requirements. This affects the potential to
cut down standby power. To simplify the case, an as-
sumption of zero standby power was made.

Laundry is the third category included. A family of
four washes 920 kg of laundry per year, the size of an

average washing load being 2.9 kg (Aalto 2003). On
average, Finnish families with children do the laundry
six times per week (Aalto 2003). Therefore, savings can
be gained by washing full loads, but fewer times. In
addition, decreasing the number of loads dried in a
tumble drier (drying outside on a clothes line instead)
reduces the electricity consumption for laundry.

The base case electricity consumption of laundry
(600 kWh) was estimated to encompass 210 loads
washed at 40 °C, and 107 loads at 60 °C cycle. The
electricity consumptions of these cycles were 0.6 kWh
and 0.95 kWh, respectively (Work Efficiency Institute
2014). In addition, 178 tumble drying cycles (2.1 kWh
per cycle) are included in the base line consumption. If
the same amount of laundry is washed in full 5 kg loads,
and the number of drying cycles is reduced to 80, the
electricity consumption for laundry can be halved.

Measure: energy-efficient new appliances (A)

Appliance and heating electricity consumption can be
reduced by replacing existing devices withmore energy-
efficient ones. Here, savings for the fridge and freezer,
lighting and water saving taps and showers are present-
ed. Considering the effort required to implement this
measure, the acquisition of the appliances requires some
understanding of energy efficiency, but the actual instal-
lation is easy and quick.

The calculated savings are based on the direct energy
consumption during the use phase. The GHGE of other
lifecycle phases (materials, manufacturing, distribution
and the end of life) are excluded due to missing data on
differences between new (energy efficient) and old ap-
pliances. However, the relevance of other phases com-
pared to the use phase is estimated for each device
category. The appliances and light bulbs need to be
replaced in any case over a certain period of time. In
the literature, 14 or 15 years has been the life time of a
refrigerator (Faberi 2007; Monfared et al. 2014). The
operating lifetimes of an incandescent life bulb, compact
fluorescent light bulbs (CFL) and light emitting diode
(LED)-lighting are 1000, 8500 and 25,000 h, respec-
tively (Scholand and Dillon 2012). In domestic use, the
life time of a tap is 16, and of a shower 10 years (Kaps
and Wolf 2013).

The base case consumption for one fridge and one
freezer is calculated according to Adato Energia (2013).
The old devices are replaced with the most energy-
efficient fridge (volume 300 l) and freezer (volume
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220 l) available in the Finnish market (Topten Suomi
2013), with consumption levels as reported by the man-
ufacturers. The use phase of refrigerators accounts for
more than 80 % of the life cycle wide GHGE (Faberi
2007). One should note that the GHGEs of the use phase
depend heavily on the energy mix used in the electricity
production (Monfared et al. 2014).

The lighting in the base case is a combination of
incandescent light bulbs, lighting tubes and CFLs, alto-
gether 23 lamps (power consumption 450 W), and sav-
ings are a result of replacing them with LED lighting
(power consumption 181 Waltogether). On average, all
lights are used daily for 7 h. The total electricity con-
sumption for lighting is according to Adato Energia
(2013). When the old lights are replaced by LEDs and
the use time is kept constant, the electricity consumption
is reduced by 60 %. The use phase causes 90 % of the
GHGEs of LED lighting (Scholand and Dillon 2012).

Domestic hot water savings and the related reductions
in the heating energy are based on a case study (Tenhunen
et al. 2012). When the old taps and showerheads are
replaced with new water saving models, hot water con-
sumption is assumed to be cut by 14 % compared to the
base line. The manufacturing phase of taps and showers
is excluded because the use phase accounts for more than
99 % of the total GHGEs (Kaps and Wolf 2013). Water
savings can be also achieved without installation of new
taps and shower heads by installing aerators instead.

In the profitability calculation, the LED light invest-
ments amount to 345€, and the savings are 688 kWh/a,
resulting in 75€/a. The lifetime of LED lightbulbs and
tubes is estimated to be 10 years, so lifetime savings in
energy are 6880 kWh and monetary savings are 750€.

Measure: cost-based timing of electricity use (T)

The effects of timing the use of common household
appliances (a washing machine and a dishwasher) were
considered. The mix of electricity production technolo-
gies (and the related emissions) can vary hour by hour,
depending on the demand and supply conditions
(Kopsakangas-Savolainen et al. 2014). The aim of this
analysis of timing was to identify whether households
can reduce GHGEs and save money by avoiding appli-
ance use during peak load periods, when electricity is
more expensive. This measure presumes that the resi-
dents use some time (5 min) to check the prices and plan
their actions accordingly. Of course, this practice some-
what restricts the freedom of choice of the residents and

can potentially decrease the quality of life, especially if
the timing results in more complicated planning and
timing of everyday chores.

For clarity, the use and timing of other appliances
than the dishwasher and washing machine were exclud-
ed from the analysis. In the base case, the household was
assumed to do the laundry and wash dishes at fixed
times during the week (17:00–19:00 for the washing
machine and 19:00–20:30 for the dishwasher), while
in the ‘cost-based timing case’ the household uses the
information of the spot price for electricity (Nord Pool
Spot 2014) and times the washing to minimise the costs.
At present, the hourly prices for the following day are
typically announced at 12:42 CET via Nord Pool Spot
web-page. Thus, households can use the day-ahead
price information to plan their energy-intensive actions
for the next day. One should also note that most of the
new appliances allow the user to set the start time of a
washing programme.

In the cost-based timing case, the total electricity con-
sumption does not change vis-a-vis the base case. The
assumed hourly electricity consumptions (kWh/h) for the
washing machine and dishwasher were 0.475 and 1.12,
respectively (Work Efficiency Institute 2014; Helen 2013).
The minimisation was run one day at a time—this corre-
sponds to the assumption that the hourly prices are known
1 day ahead. In other words, the total electricity consump-
tion, as well as the durations of each action, was matched
to equal the user’s behaviour in the base case. The actual
start time of each action, however, was allowed to vary in
the optimisation. The optimised use of the appliances was
constrained so that each day, the consumption equals the
consumption of the regular user. The minimisation prob-
lem was solved by using the generalised reduced gradient
code of solver add-in in MS Excel. The corresponding
hourly emissions of electricity consumption were calculat-
ed by making use of the determined technology and fuel
combination on which the hourly production is based,
following the approach presented in Kopsakangas-
Savolainen et al. (2014). In order to seek the maximum
theoretical saving potential, the optimisation was run with
the week price and emission data of January 17–23, 2011,
which expected to be the peak consumption week.

Measure: installation of an air-to-air heat pump (AHP)

Here, the installation of a standard air-to-air heat pump
(abbreviated as ASHP hereafter) as a retrofit in the
exemplar house was studied. The life-cycle impacts of
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the studied ASHP and the performance of the heat pump
were taken into account in a similar manner as in
Mattinen et al. (2014a). It was assumed that the refrig-
erants are handled in a proper way because a qualified
person does the installation work. For the resident, it
takes about 8 h of work to have an ASHP system in
operation.

In the profitability calculations, the cost of a common
ASHP as a turnkey solution was assumed to be 1400€.

Measure: self-made solar heat collector (Ih)

The first user innovation considered here is a do-it-
yourself (DIY) solar thermal collector. A solar thermal
collector uses the sun’s radiation energy to heat water,
which can be either used for domestic hot water or space
heating, or both. Here, only domestic hot water was
considered because the exemplar property lacks a cen-
tral heating system. The necessary know-how for build-
ing the collector can be acquired in a self-build course,
which also provides the materials. All in all, the resident
needs about 40 h of work to gain a functioning system.
Jalas et al. (2014) have shown that people engage in
self-building in Finland because it offers an opportunity
to learn about solar heating and its use while engaging in
enjoyable collective work, while obtaining a solar heater
at reasonable cost.

The thermal collector consists of an absorbing col-
lector, a water tank, a pump unit, piping, a heat exchang-
er and a control unit. The sun’s radiation is converted to
heat in the absorbing collector that includes an absorb-
ing plate and a frame. The absorbing plate consists of
tempered glass that allows the sun’s radiation to light on
to an insulating polyurethane plate, which is coated with
a thin aluminium sheet. The heat is then transferred to a
heat carrier liquid (mixture of water and antifreeze)
circulating in the piping. After this, the collected heat
is transferred to the water by a liquid-to-water heat
exchanger, and the hot water is distributed further to
be used for heating or for domestic hot water. The
cooled heat carrier liquid is then circulated back to the
collector unit with the aid of an electric pump. The
electric pump works automatically within the given
temperature rates: It starts circulating the heat carrier
liquid when the collector reaches 60 °C and shuts down
when temperature lowers to 55 °C.

In this study, an absorbing collector with a net surface
of 8 m2 was considered. The annual thermal energy
output of the collector system was estimated to be

300 kWh/m2 because it was assumed to be well-built
(i.e. properly insulated and including a commercial ab-
sorber) and correspond almost to a commercial collec-
tor. A typical commercial collector can reach up to
providing 500 kWh/m2 per annum in Finland when
installed at a 20–60° horizontal angle and pointing to-
wards South East–South West. Also, piping from the
collector to accumulator was assumed to be well insu-
lated, so possible losses of the heat transfer from collec-
tor to accumulator were excluded. The monthly distri-
bution of the annual production is based on the Finnish
guidebook (Heimonen 2011) and expert knowledge of
the authors.

It was assumed that the hot water boiler itself and the
related heating coil and control unit were existing in the
property and the solar collector is installed as a retrofit.
In the analysis, only the manufacturing, transport and
waste handling of the absorbing collector and electric
motor were included. The piping was excluded, because
it was assumed to be a minor contributor in the system’s
life cycle. The impacts of two types of collector frames
were studied as follows: an aluminium and a wooden
frame. The detailed bill-of-materials (BOM) of the sys-
tems is presented in Table 3, and it corresponds to the
materials used in DIY solar thermal collector building
course (Eurajoki 2014) as well as an estimate of wood as
the alternative frame material. The assumed lifetime of
an aluminium system was 30 years, and of a wooden
one, 15 years. The electric motor responsible for
pumping the water was assumed to have a lifetime of
15 years, whereas the other components have longer
lifetimes.

Table 3 Bill of materials of the solar thermal collectors: of an
aluminium and of a wooden

Material/part Aluminium
collector,
mass [kg]

Wooden
collector,
mass [kg]

Aluminium 71.2 34.4

Copper 25.8 25.8

Wood 0 59.3

Polyurethane 5.0 5.0

Tempered glass 80.0 80.0

Flexible aluminium duct 1.0 1.0

Steel 5.0 5.0

Electric motor 2.0 2

Total mass 190.1 212.6
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The inventory results of Ecoinvent (2010) were used
for materials and electric motor. The motor (power of
10 W) was assumed to be used, on average, for 8 h
during 6 months. For aluminium, the production mix
including primary and secondary aluminium was used.
The components were assumed to be shipped and
transported by truck from Europe to Finland. In the
end-of-life phase, it was assumed that the metal, wood
and glass parts of the collector are sorted and handled/
recycled separately, and the other parts and materials are
landfilled. The end-of-life emissions for materials cal-
culated from values by Dahlbo et al. (2011a, 2011b),
using the overall sum of the emissions (i.e. produced
emissions minus avoided emissions). The carbon stor-
age calculation of the wooden frame is not reported
separately here, because the assumed life time of the
collector is less than 100 years. The assumed hot water
consumption of the household with four residents was
180 l per day, and thus, the annual energy demand for
hot water was about 3800 kWh.

In the profitability calculations, the costs correspond
to those of a real, representative self-building course
(Eurajoki 2014): The course itself costs 255€, and the
materials for an 8 m2 collector, 1775€.

Measure: ground-source air heat pump (Ig)

The first heat pump invention considered is a
commercialised user design: A ground-source air heat
pump (GSAHP) comprises a vertical heat collector (also
termed a ground heat exchanger, GHE) placed in the
ground, a heat pump unit and a fan. The heat pump unit
consists of an evaporator, a compressor and a condenser.
The operational principle is analogous to a conventional
air-source heat pump; further details and the life-cycle-
greenhouse-gas emissions of the system have been de-
scribed and determined previously (Mattinen et al.
2014a). Information for purchasing a GSAHP is readily
available in the market and in the public sphere; hence,
no expert services are needed. However, for the instal-
lation, a qualified person is needed. Furthermore, the
system requires a borehole that makes the installation a
little more complex than of a conventional air-to-air heat
pump, resulting in about 36 h of work to have GSAHP
system in operation.

The approach described by Mattinen et al. (2014b)
was used to calculate the related life-cycle GHGE dur-
ing 1 year use in the exemplar house. The heat pump
was assumed to be installed as retrofit, and no

refrigerant leakage happens in the end-of-life of the heat
pump. The emissions of a GSAHP are compared to
baseline situation that uses solely direct electricity for
space heating. The system needs a 120-m deep borehole
because every kilowatt of generated heat from a heat
pump needs 20 m of borehole in bedrock (Finnish
Borehole 2014) and 10–20 m extra (Juvonen and
Lapinlampi 2013). The cost of drilling was assumed to
be 30€/m (Finnish ground-source-heat-pump forum
2014), and the heat pump itself costs 3500€ (Salmela
2012). The installation work was assumed to consist the
work of two professionals for 1 day (salary of 50€/h).
Altogether, a GSAHP costs as a turnkey solution around
7900€.

Measure: modified air-to-air heat pump (Ia)

The second type of user innovation considered here is a
simple modification for a conventional ASHP identified
by Hyysalo et al. (2013b). The simple idea of the mod-
ification is to fool the indoor temperature sensors of the
ASHP in order to achieve lower indoor temperatures
than those provided by standard models. The modifica-
tion involves the installation of a supplementary resistor
that allows the user to achieve a lowered preheat main-
tenance temperature for a space. The implementation of
the modification requires acquaintance with the avail-
able online documentation and skills and competence to
use specific tools for installing the resistor. The time
needed for the modification depends on the residents’
skills, but about 12 h of work is needed to buy a simple
air-to-air heat pump and make the modification.

Typically, the lowest temperature a cheap air-to-air
heat pump maintains in a space is about +16 °C, but
with the resistor modification, the maintained tempera-
ture can be lowered to +8 °C, for instance. For the
modification, a negative temperature coefficient (NTC)
thermistor is connected in parallel in the temperature
probe of the heat pump’s indoor unit. An NTC thermis-
tor is a resistor that lowers its resistance with increasing
temperature, and it is easy to install afterwards by an
ordinary user. This do-it-yourself user modification has
been successfully implemented and documented in the
main user-run heat-pump Internet forum in Finland
(www.lampopumppufoorumi.net).

A 20-m2 garage and a 40-m2 summer house that use the
heat pump for the maintenance heating were considered.
The thermal properties of both buildings correspond to
semi-heated spaces in the Finnish building code
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(Ministry of the Environment 2010), with the following
thermal transmittances: the floor and the roof 0.14W/m2K,
the outer walls 0.26 W/m2K and the windows and doors
1.4 W/m2K. The GHGEs and costs are calculated and
compared for 1 year. As the reference cases, the buildings
are heated by using solely electric radiators that are already
in place. The other life-cycle phases (i.e. construction or
maintenance) of the studied properties are omitted, because
they remain the same as in the base case. The life-cycle
impacts of the studied ASHP, energy performance and
energy demand of the buildings were calculated as in
Mattinen et al. (2014a). The energy performance model-
ling corresponds to the mildest climate zone conditions in
Finland (average outdoor temperature approximately +
5 °C). The indoor temperature, however, was set to be +
8 °C. In the calculation, the passive gains, such as thermal
gains from the sun, people and use of appliances were not
taken into account, because the premises are not used for
continuous living. Energy for space heating generated by a
heat pump and the pump’s electricity consumption were
calculated with the aid of the technical properties of the
heat pump. It was assumed that the heat pump did not have
a limiting temperature for operation. The coefficient of
performance (COP) and the input power (Pin) of the mod-
ified heat pump were modelled linearly, by using the
values given in the internet thread: COP=2.5, Pin=0.66,
at the outdoor temperature of −15.7 °C, and COP=3.2,
Pin=0.77, at the outdoor temperature of −3 °C
(Lampopumput 2009).

In the profitability calculations, the cost for the
ASHP was similar as in the conventional ASHP case,
and the modification is practically free (the cost of an
NTC thermistor is about 1€).

Results

Table 4 collates the energy use, emissions and costs for
the base case and the renovated house. In Fig. 1, the
effects of measures (except the summer house and ga-
rage related) are presented relative to the base case. Only

differences in the energy use and emissions are present-
ed because the saving in costs equals the relative saving
in energy use. The life cycle approach can be seen in the
renovation case, as well as in the innovative cases re-
sults, for instance, the relative savings of the heat pumps
differ a little compared to the saving in energy. The
details of the implications of all studied measures are
collated in Table 5.

The cost of decrease in energy use and the cost of
decrease in GHG emissions are also presented in
Table 5. For example, in the LED light bulb case (B-
A, lighting), when the investment cost and monetary
savings are combined, the lifetime cost of the invest-
ment is −404€, so the investment saves money over its
lifetime. This sum divided by lifetime energy savings
(6880 kWh) gives the cost for decrease in energy use
(−0.05970€/kWh); in other words, every saved
kilowatt-hour also saves money (0.059€).

In the innovative measures, both types of the thermal
collector systems have about 650 kg CO2eq lower emis-
sions per annum compared to the reference system. The
aluminium frame has higher emissions because the
manufacturing phase, namely, the production of alumin-
ium is more carbon intensive compared to wood.
Simply calculated, the CO2eq saving per year would
‘repay’ the emissions occurred during the manufactur-
ing and transport phase after two summers.

The results of the profitability calculations are collat-
ed in Table 6. The higher the IRR and, on the other hand,
the lower the SPP, the better the investment is. SPP tells
how many years of savings are required to match the
original investment. On the other hand, IRR tells the
highest feasible interest rate that can be paid for a loan to
make the investment. The calculated IRR values can be
compared also to the investment objects that people
usually have in Finland: the 3-month Euribor interest
for a deposit (average for the last 15 years) or the annual
mean return from Helsinki stock exchange or bonds
(Nyberg 2009), given also in Table 6. For example, if
a loan is tied to the 3-month Euribor and the borrowed
money is used for LED light bulbs (IRR 17.3 %, see

Table 4 Energy use, GHG emissions and costs for the base case (B) and the renovated house (R)

Case Electricity use [kWh/a] GHG emissions [kg CO2eq/a] Energy-related costs [€/a]

B 23,304 6991 2752

R 18,501 5616 2230

GHG greenhouse gas, kWh kilowatt hour, kg CO2eq kilograms carbon dioxide equivalent
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Table 6), the light bulbs will pay the interest and more.
Taps and showerheads (IRR −0.5 %), on the other hand,
are not profitable investments. Because of the high IRR
value of the air heat pump measure (B-AHP), the ASHP
seems a better investment than stocks on average. In the
renovations category, only adding extra insulation to the
roof seems worth doing with a loan because the IRR is
higher than the Euribor interest rate. From a greenhouse-
gas perspective, almost all of the studied methods are
economically justifiable. In the EU emission trading
scheme, the price for CO2 has been lately roughly 5€/
t. Only renovating the windows and walls, replacing the
fridge and freezer, and taps and showerheads seem to
result in a higher price for decreasing GHG emissions
than 5€/t. The rest of the studied measures are actually
also saving money while decreasing GHG emissions.

One should note that in reality, the borehole required
for the GSAHP system is usable with very little main-
tenance even after the heat pump should be replaced, so
the residual value after 15 years is at least 3000€ and
would raise the IRR to 12 %. Moreover, the high IRR
for the conventional ASHP (measure B-AHP) can be
explained by simplifications made in the calculations
that assume that the property has a simple one-room
layout. In real life, the living space is divided with walls
and has furniture, and these elements restrict the air
flow, and thus reduce the effect of the heat pump.

Discussion

In the example house, the three most effective measures
in terms of the calculated energy and greenhouse-gas
savings are the following (see Tab. 5): installation of an
innovative modified ground-source heat pump, installa-
tion of a conventional air-source heat pump and refur-
bishment of the building envelope (adding extra insula-
tion and changing the windows for high-performance
ones). The estimated energy saving potential of changed
habits is in the same order of magnitude as the effect of
more efficient appliances and the installation of a ther-
mal solar collector. In the terms of GHGE, the savings
gained through behavioural changes are comparable
with the ones gained with the solar thermal collector.
The costs of reducing energy and GHG emissions in
Table 5 and the simple payback periods in Table 6 show
that most of the measures also save money during the
expected lifetime. Only the renovation measures and the
replacement of the fridge and freezer and changing taps
and showerheads do not save money in their lifetime.
Monetary savings of cold appliances could be improved
if the assumption of choosing the best available products
on the market would be compromised and new appli-
ances from a lower energy class were chosen. In the case
of taps and shower heads, aerators installed in existing
taps and showerheads could provide water savings with

Fig. 1 Differences applicable for the base case in electricity use and greenhouse-gas emissions (GHGE) due to measures. The base case (B)
corresponds to value 1, and the effect of the measures are presented relatively to this. Short names of the measures as in Table 1
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lower investment costs. In monetary terms, the most
attractive investment seems to be investing in LED light
bulbs and ASHPs. These investments seem to give an
even better return on invested money than stocks in
Helsinki (Finland) on average. Most of the studied
investments give a higher return on investment than
the current margin and interest rate for the 3-month
Euribor. All of these investments would be feasible to
carry out even with a loan. Unfortunately, every house-
hold is not eligible for a bank loan, so they are in a
situation where they do not have enough money to save
more money. However, the LED lighting measure can
be taken even without a loan. Naturally, the extent of the
savings achieved via particular measures depends on the
study context: our analysis pertains to a particular typi-
cal Finnish building and its residents, and more general
conclusions are indicative rather than definitive.

There are some simplifications in our calculations;
for instance, the layout of the building is assumed to be
very simple, and assumptions were made regarding the
materials, among other things, in the analysis of the life

cycle phases of the devices. The assumed simple layout
of the building may exaggerate the benefits of the air
heat pumps somewhat because it allows the heat to
spread more evenly than it would in real life, depending
on the actual room layout, amount of furniture etc. Other
examinedmeasures do not benefit from this assumption.
Despite the simplifications, the calculations indicate that
there is a clear saving potential in the studied measures,
which is in line with previous findings pertaining to
energy-efficiency investments (e.g. Kuusk et al. 2014)
and behavioural changes (Abrahamse et al. 2005).
Compared to previous research, our analysis offers three
novel perspectives: Both technical and behavioural
changes were considered from a life-cycle perspective;
the assessment included the energy, greenhouse-gas
emissions and cost impacts of these measures, and the
alternative measures analysed in parallel with conven-
tional ones included innovative and rather new energy
conserving measures.

The comparison of technical and behavioural mea-
sures indicates that both offer potential and that some

Table 6 Results of economic as-
sessment. Abbreviations as in
Table 1

SPP simple payback period, IRR
internal rate of return, na not
applicable

Type of measure Details Investment costs (€) SPP (years) IRR (%)

B-R Windows 7000 53.1 −3.3
Walls 6402 33.5 −0.7
Roof 2400 12.0 7.3

Total 15,802 30.2 0.0

B-H Space heating 0 0.0 na

Sauna 0 0.0 na

Electronic appliances 0 0.0 na

Laundry 0 0.0 na

Total 0 0.0 na

B-A* Lighting 345 4.6 17.3

Fridge and freezer 1794 41.9 −12.1
Taps and showerheads 618 10.3 −0.5
Total 2757 15.5 −5.3

B-T Washing machines 0 na na

B-AHP A-heat pump 1400 1.7 58.1

I B-Ih (Al frame) 1775 7.3 10.7

B-Ih (Wooden frame) 1775 7.3 10.2

B-Ig 7900 7.4 10.4

G-Ia (garage) 1400 3.9 21.8

SH-Ia *(summer house) 1400 3.7 24.2

Reference Euribor na na 2.4

Stocks na na 18.7

Bonds na na 7.8
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behavioural changes are on par in terms of savings
potential to technical measures like the replacement of
household appliances with more energy-efficient ones.
Energy saving through behavioural changes and retro-
fits are not fully comparable with each other, however. If
LED lights are installed, energy saving requires no
further action. Changing the existing habits and routines
requires attention and effort especially in the beginning.
If the new practice turns into a routine, behavioural
changes create savings on an ongoing basis. The instru-
ments to support behaviour change (i.e. information
campaigns, financial instruments etc.) are outside the
scope of this article. Consulting the vast literature on
empirical research on behavioural change potential,
however, provides an overall understanding of the mag-
nitude of behaviour change potential. Empirical results
can be compared with modelled results presented in this
paper to assess how realistic the estimated potential is.
Previous studies show that behavioural interventions in
residential energy use, e.g. tailored feedback, render
savings between 2 and 10 % (Abrahamse et al. 2005,
2007; see also Delmas et al. 2013). Although the results
presented here are not fully comparable, we find the
order of magnitude is about the same. The development
of feedback mechanisms and implementation of new
pricing models can further support the necessary behav-
iour change. These mechanisms and models include
breakdown of total electricity use to individual appli-
ances (Karjalainen 2011), smart metering, in-house dis-
plays (Buchanan et al. 2014) and time-of-use tariffs
(Carroll et al. 2014; Paetz et al. 2012). More empirical
studies are needed to reveal the potential and the most
effective interventions to realise the energy savings pre-
sented in this paper.

The life cycle approach also shows that the savings
gained from energy-efficient and renewable investments
clearly outweigh any additional emissions from the
production stage. In this paper, the renovations were
assumed to be conducted and appliances replaced at
the end of their technical life span. It is possible that
earlier replacement and the resulting energy savings
could out weight the additional GHGE from
manufacturing. The optimal time for replacement de-
pends on the GHGEs in manufacturing, transport and
recycling, as well as on the greenhouse-gas intensity of
electricity in the use phase. For instance, the optimal
lifespans of cold appliances seems to vary (Bakker et al.
2014; Tasaki et al. 2013; Rüdenauer and Fischer 2011;
Kim et al. 2006). Defining an optimal time for

renovations and appliance replacements in the Finnish
context is outside the scope of this article.

Another further point for analysis would be the re-
bound effects (Nässén and Holmberg 2009), i.e. the
question of how the changes in energy expenditure or
behavioral change affect energy consumption in other
areas or expenditure and behaviour in other consump-
tion categories. For instance, if the energy performance
of the house is increased, will the indoor temperature be
increased? What is done with the money saved on the
electricity bill? Is it saved, invested or consumed for
other purposes, and what are the (environmental) im-
pacts of these actions? Yet, if rebound effects are con-
sidered, the positive spillover effects should also be
analysed (Hertwich 2005). In particular, some of the
user innovations studied for this paper are linked to
positive spillover effects like environmental activism
(Jalas et al. 2014), and it is likely that behaviour changes
could also entail such effects. Whether this actually is
the case in the study context remains a task for further
research.

Our analysis suggests that user innovations or mod-
ifications of standard technologies to local context offer
potential for energy and cost savings and reductions of
greenhouse-gas emissions. The particular innovations
analysed for the present study address the specific chal-
lenges present in the Finnish context. The number of
households using direct electricity for space heating
without a central heating system is roughly 400,000.
Instead of installing an air-source heat pump (as is
increasingly the case today), the households could ben-
efit more from a ground-source air-heat pump that
operates in lower temperatures than a conventional air-
to-air heat pump. The installation of GSAHP requires
digging or drilling (depending on the installation site
and type), but otherwise, the use is easy and does not
require expertise. In Finland, there are next to half a
million summer houses, which most typically use elec-
tricity or wood for space heating. Even though the
majority of the summer houses are used between May
and September, in some houses, there is a need for
maintenance heating so that the plumbing does not
freeze. Modifying a cheap conventional air-to-air heat
pump for this heating purpose can be a feasible and easy
way to cut the electricity costs. The modification re-
quires some skills, but the modification is rather simple
and well documented (in Finnish) in a popular online
user forum. In other countries and types of buildings, the
particular challenges are likely to be different. However,
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our analysis suggests that further research might benefit
from exploring other local user modifications of stan-
dard technical solutions.

Conclusions

User innovations and the involvement of residents in
energy issues have received increasing interest. The
order of magnitude of a set of energy-related measures
in a residential building was quantified in this study in
the context of an example household in a cold climate,
including both standard technical measures, local user
innovations and behavioural changes. Both the econom-
ic and emission perspective were considered using a life
cycle approach. This analysis yielded a first estimate of
some novel ways available for the residents of detached
houses to pursue emission reductions related to their
housing. The solutions studied differ both in the terms
of their scope of emission reduction and the feasibility
of their adoption. Our results indicate that the three most
effective ways to reduce energy use and greenhouse-gas
emissions were as follows: introduction of either a con-
ventional air-to-air heat pump or an innovative ground-
source air-heat pump, or adding extra insulation to the
roof. On the other hand, the three most profitable mea-
sures were as follows: installation of an air-to-air heat
pump (IRR 58 %), use of a modified heat pump in a
summer house or a garage (IRR≈22 %) and LED light-
ing (IRR≈17 %). These measures are all rather easy to
adopt and maintain in the households. It is worth men-
tioning the habit changes too because they require no
investments, yet render negative costs per kilowatt-hour
(−0.109). The extra insulation and air-to-air heat pump
installation in the property are effective ways to reduce
the greenhouse-gas emissions related to housing, where-
as the modified heat pump in the non-inhabited space
has only a minor effect on climate impact mitigation.
The studied measures are mostly viable for Finns living
in detached houses; only the timing of the dish washing
and laundry are not likely to be feasible on a large scale,
because the practicality and the ease are likely to be
more relevant than the marginal cost saving in a house-
hold. The feasibility of the timing, however, could
change with the aid of a smart control system that would
optimise the use of devices and use the price information
available online. In general, we conclude that technical
improvements should not be analysed merely in their
standard format and for their direct effects, but also in

terms of how they influence user behaviour and how
they might be modified to address local constraints.
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