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Abstract: This article presents a field test of how deep renovation affects indoor climate quality.
The studied apartment building was built in 1968 and is located in Finland, within the Nordic climate
zone. The deep renovation included façade repair with extra insulation, new windows with trickle
vents, new balcony glass and doors, and the installation of an exhaust air heat pump into the existing
mechanical exhaust air ventilation. The indoor climate conditions and building envelope tightness
were measured before and after the renovation. As a result of these energy renovation measures,
the building envelope tightness improved by nearly 40% and the uncontrolled supply of air (draughts)
decreased by approximately 24%. The overall energy consumption of the building decreased by 45%.
Above all, the long testing period gives credibility to the study. The field test brought up the challenge
of supplying an adequate amount of fresh air. This article highlights the fact that windows are part
of a mechanical ventilation system if fresh air is not controlled by being led through inlet ducts.
The supply air flow and volume must be ensured by correctly dimensioned valves, and therefore we
stress the importance of the technical cooperation of technical designers.

Keywords: deep renovation; housing; indoor air quality; trickle vent; heat recovery system; exhaust
air heat pump; supply air window; field test

1. Introduction

Buildings and building construction account for almost one third of global final energy
consumption, as well as for nearly 40% of total direct and indirect greenhouse gas (carbon dioxide
(CO2)) emissions [1].

Similarly, in the European Union, buildings are responsible for the largest proportion of energy
consumption and associated CO2 emissions [2], and residential buildings account for 23% of total
energy consumption in the European Union [3]. Also, two thirds of the buildings in the European Union
were built when energy efficiency requirements were limited, and the majority of these buildings will
still exist in 2050 [4,5]. As space heating represents a 60–80% proportion of total energy consumption in
buildings in a cold climate [6] and as renovation can substantially decrease the demand for space heating,
buildings play a key role in achieving long-term climate and energy targets; that is, buildings can play a
key role by implementing basic renovations. Renovation not only impacts on the energy consumption of
buildings, it also considerably influences the indoor climate conditions. This has been recognised by the
European Union [7–9], which—besides emphasising the low energy consumption, reductions in CO2

emissions and improved energy efficiency in the building sector [10]—emphasises the indirect benefits
achieved by renovations. One of the factors highlighted by the Energy Performance of Buildings
Directive (EPBD) [7], is indoor climate conditions, such as indoor air temperature, air humidity, the CO2

level and the sound environment. To achieve this essential factor of the EPBD, a building should meet
the energy requirements and should have proper heating and ventilation systems.
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Although indoor climate can refer to the thermal, chemical (air quality), actinic, acoustic or
mechanical climate, this study concentrates on thermal climate and air quality, for which the World
Health Organization (WHO) has given recommendations [11]. Thermal (climate) comfort studies have a
long history [12]. Wu et al., described thermal comfort as the thermal experience, air temperature change
rate and temperature ramp direction in all conditions [13]. In many studies, thermal comfort has been
widely demonstrated to be an important factor for human preferences [14–19]. Berglund and Cain [18],
studied the perception of air quality and the thermal environment, concluding that physical properties
(such as temperature and humidity) and chemical properties (such as contaminants) together determine
the level of comfort. However, in their experimental study, Wang and Liu [19], discovered that different
emotional states impact on people’s thermal comfort. The results indicated that whether sitting or
standing, emotional states significantly impact thermal comfort and physiological parameters [19].
It is also widely acknowledged that females have around a 1.5 ◦C higher comfort temperature than
males [20,21].

Several studies have demonstrated the great potential for energy saving by installing ventilation
heat recovery systems [16,22–27] and improving the thermal quality of the climate envelope
(i.e., insulating attics, walls and foundations, as well as installing double or triple glazing) [16,22–32].
More than half of these studies reported on deep renovation projects in similar climatic conditions
to those of this study [22–27,30]. Liu et al. [23], studied multi-family buildings in Sweden in order
to identify the most cost-effective retrofitting measures and to realise energy and CO2 reductions
of 50% and 75% respectively by 2050 [33]. The study showed that at current energy prices and
renovation costs, an approximately 7–27% reduction in energy consumption is still possible. Similarly,
the study by Fleur et al. [24], investigated life cycle costing (LCC) and optimal energy measures by
using an optimisation approach as part of the renovation of a multi-family building in Sweden.
The study demonstrated that it is not cost-effective from an LCC perspective to invest in major
energy-efficiency measures to reduce the space heating demand. Considering the 40-year life cycle and
given framework conditions, the improvement in the thermal performance of the building envelope or
the implementation of heat recovery ventilation measures taken to reduce the space heating demand
are not regarded as cost-effective measures. However, with a 40% saving target, a balanced mechanical
ventilation system with heat recovery has been verified as being cost-effective. Nevertheless, the lowest
LCC was achieved when modern windows were installed that had better U-values and a longer
technical lifetime than the original windows [24]. In addition to that, the study of La Fleur et al. [24],
highlighted that thermal comfort is usually better in a building that has undergone a major energy
renovation than it is in a building with poor thermal performance.

It has been widely acknowledged that user behaviour, such as the actions users take or do
not take, is one reason for the differences in the expected, modelled and measured performance of
buildings [34–39]. The study by Dar et al. [34], demonstrated that an approximately 12% deviation
from predicted energy consumption can be affected by user behaviour. However, in Sunikka-Blank
and Galvin’s study [35], they indicated that occupants consume 30% less heating energy than the
calculated evaluation. In old buildings the deviation could be the result of the loss of ventilation
being compensated for by using an exhaust fan or heat recovery, for example. Another reason for
deviation could be fairly low occupancy per floor area, such as is the case in single-family homes.
Additionally, the performance gap could be the result of uncertainties in the planning stage of the
renovation, as De Wilde claimed [39]. The results of the study by La Fleur et al. [30], indicated that the
energy-saving potential and the choice of renovation measures are significantly affected by assumptions
of user behaviour which make the energy renovation planning complex.

On average, people spend around 80–90% of their lives inside buildings [40]. Nevertheless,
relatively few studies have investigated the impact of deep energy renovations on the indoor climate
quality in residential buildings located in a cold climate [26,27,30,41,42]. However, in California,
deep energy renovation, including improved mechanical ventilation systems and air cleaners, resulted
in improved indoor climate conditions [43]. Improved thermal conditions were also reported in New
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Zealand after simply installing standard insulation [44]. Földváry et al. [28], studied the temperature,
relative humidity (RH) and concentration of CO2 in 94 apartments before and after basic energy
renovation in Slovakia. In contrast, the study discovered that the CO2 concentration was significantly
higher in the renovated buildings, resulting in lower occupant satisfaction with indoor air quality
(IAQ). As a result. Földváry et al. [28], pointed out that in energy-renovated residential buildings in
Central and Eastern Europe, the installation of controlled ventilation systems is recommended.

However, at least five similar studies have investigated the effects of energy renovation on the IAQ
in a cold climate. Liu et al. [26], demonstrated the positive effects of energy renovation on the indoor
environmental quality and occupant satisfaction in a mechanically ventilated residential building in
Sweden. The building also achieved a 39% reduction in space heating demand [26]. The Swedish case
study by La Fleur et al. [30,41], demonstrated that thermal comfort improved as a result of the selected
renovation strategies while the use of district energy heating was reduced by 35–44%, including the
domestic hot water (DHW). Another study by Fleur et al. [41], stated that significant improvements to
indoor climate conditions can be achieved by the building’s energy efficiency (e.g., adding thermal
insulation and using a heated supply air system) [41]. Both of the studies [30,41] utilised the simulation
software IDA-ICE [45], to simulate energy consumption, heating loads and the indoor climate.

Thomsen et al. [42], described a Danish apartment complex that had undergone a comprehensive
energy retrofit including a photovoltaic installation on the roof. This case study [42], noted that by
improving the envelope and the air conditioning in the studied building (built in 1968) the indoor climate
improved significantly and there was a 31% reduction in energy consumption. The earlier complications
with insufficient temperature, draughts (a noticeable current of air inside the building) and cold areas
in the apartment were reduced, which improved the temperature conditions during the winter. As a
result, 88% of the residents were satisfied with the indoor climate conditions after the renovation,
while prior to the renovation, only 20% of the residents were satisfied. However, the thermal bridges
created a number of problems for the indoor climate. All the above-mentioned studies describe a major
energy renovation and its results. However, Kuusk et al. [27], presented a case study analysis of the
low-budget renovation of an apartment building in Estonia. The study investigated and measured
energy consumption, indoor climate, CO2 concentration, air leakage rate, the thermal transmittance of
thermal bridges and the thermal transmittance of the building envelope before and after the renovation.
The low-budget renovation reduced the purchased energy by 40% and the heating energy requirement
by 50%. However, the performance of the ventilation systems, thermal bridges in external walls or
window jambs and the economic viability required further investigations as estimations set before the
renovation failed [27]. Besides the four above-mentioned studies, in another study, Kuusk et al. [46],
stated that not enough attention was being paid to energy loss through thermal bridges. As a result,
they stated that designers should use calculations for thermal bridges because building owners could
reduce construction costs [46].

To give an overview and to compare the results of the projects conducted in this field, Table 1
presents some details of these case studies.
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Table 1. The results of the performed renovation measures in studies that investigate the effects of
energy renovation on IAQ in a cold climate. All the case buildings were connected to district heating and
the renovations included thermal improvements to the building envelope, new windows with better
U-values and the installation of a heat recovery system. DH = district heating, MVHR = mechanical
ventilation with heat recovery, EAHP = mechanical ventilation with an exhaust air heat pump,
DHW = domestic hot water.

Case,
Construction

Year(s),
Location

Building
Envelope

Ventilation
System

Roof
Insulation

Heating
System

New
Windows

PV
System

Energy
Consumption

Reduction
Ref.

Residential
building, late

1970s, Sweden
X MVHR X DH X 39% [26]

Multi-family
building, 1961,

Sweden
X MVHR X DH X 35% (incl.

DHW) [30,41]

Apartment
buildings, 1966,

Estonia
X EAHP X DH X 49% [27]

Apartment
complex, 1969,

Denmark
X MVHR DH X X 31% (incl.

DHW) [42]

Whereas most of the above-mentioned studies have primarily concentrated on measuring the
impact of thermal insulation, new and improved insulated windows and a heat recovery system on
indoor climate conditions, there is a gap in the current knowledge regarding the field testing of indoor
climate conditions affected by supply air windows and exhaust air heat pumps (EAHPs) as a part of a
major energy renovation. In the supply air window, the outdoor air is led through the window frame
(see Figure 1).

Figure 1. The principle of the supply air window in summer position (left) and in winter position (right).

When the air flows through the window structure, the air flow is heated. To meet the purity
requirements of the supply air and to keep the windows cleaner, the outdoor air is usually filtered.
To avoid excessive room temperatures, the better performance of windows should be considered when
calculating heating demand.
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Considering that the energy balance and performance of supply air windows have been presented
in multiple studies [47–55], the lack of experimental results is surprising. However, EAHPs can be
used for space heating [56], a combination of space and DHW heating, or for heating the DHW only.
This study focuses on EAHPs used for space and DHW heating as DHW heat pumps using outdoor
air as a heat source are uncommon in the Nordic countries [57]. To the author’s knowledge, studies
on EAHPs used for space and DHW heating combined with the installation of supply air windows
are scarce.

To fill the knowledge gap described above, this article presents the results of a field test relating to
the indoor climate quality of a typical Finnish apartment building that has undergone a major energy
renovation that included the installation of supply air windows and EAHPs, among other renovation
measures. The combination of supply air windows and an EAHP is a quite new and low-budget way
to renovate old, prefabricated apartment buildings. The market potential is great, and it is important
to ensure the performance of the renovation concept. To date, the emphasis has only been on energy
saving; this study raises the issue of the impact on IAQ alongside it. In particular, the long testing
period gives specificity and credibility to the study.

2. Methods

This section presents how the impact of extra insulation, supply air windows and EAHPs on
indoor climate was studied. First, we introduce the attributes that were measured and the duration of
each measurement, then the measuring equipment and, finally, the case building.

2.1. Measurement Strategy

The four apartments in the studied building were previously measured in 2014 using a thermal
camera (see Figure 2). Based on the thermal images, the poorest parts of the building envelope were the
windows and balcony doors. No significant cold bridges were found in the solid part of the envelope.
The selected measurement points in each apartment were near the balcony door, near the windows of
the living room and bedroom, and in one corner of the living room.

Figure 2. The studied apartments in 2014, measured using a thermal camera.

Firstly, momentary on-site measurements were taken for the six apartments before the renovation
in 2016 that included measuring the tightness of the building envelope, draughts and air flows. At the
same time, the longitudinal measurements of indoor temperatures, humidity and the CO2 concentration
of indoor air were started. This longitudinal measurement continued from January 2016 to April 2020
for five of the apartments as one of the apartments was left unoccupied in 2017.

The deep renovation took place from April 2016 to January 2017. The tightness of the building
envelope, draughts and air flows were measured again after the renovation, in 2017. The measurement
results were analysed and the conclusions about the impact on the indoor climate conditions of the
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extra insulation, the supply air windows and EAHPs as part of the deep renovation were outlined.
See the flow chart in Figure 3.

Figure 3. Renovation and performed momentary and longitudinal studies.

2.2. Standards Used

The most important standard used in this study is the statute of ‘health conditions of the apartment
and other residence spaces’ appointed by the Finnish Ministry of Social Affairs and Health on 23 April
2015 [58]. Finnish requirements are derived from European standards. The statute provides instructions
for measuring ventilation, humidity, temperature and draughts, as well as information about the limit
values. The standard, which demonstrates the detailed field survey instructions [59], has been taken
into consideration even though it is no longer in force. Regarding measurements of air tightness,
standard ‘SFS-EN ISO 9972:2015 Thermal performance of buildings’ [60], which replaces standard
SFS-EN ISO 13829 [61], has been applied. This standard describes the measurement of the resulting air
flow rates over a range of indoor–outdoor static pressure differences. It is intended to measure air
leakage from building envelopes.

2.3. Measurement Conditions, Methods and Devices

During the momentary on-site measurements, the outdoor temperature was between −20 and
−22 ◦C before renovation and −1 ◦C after renovation. Due to seasonal change, the relative outside
humidity ranged from 80 to 90% as the wind speed was weak during both measurements.

The Blower Door Air Tightness system [62] was used in the momentary measurement of the
building envelope tightness both under pressure and without pressure [63]. The blower door meter’s
accuracy is around ±10%.

A SwemaFlow 3000 hot wire anemometer (Farsta, Sweden) with an SWA 3 probe accuracy of
±0.03 m/s and ±0.4 ◦C was used in the draught measurements, which were implemented by applying
the standard SFS 5511 [59]. A SwemaFlow 3000 hot wire anemometer was also used to measure the
air flow rate, but with an SWA 125 hood accuracy of ±10%. In this study the draught was measured
(the speed of the air flow) in the most draughty spots in the room, which were in front of the balcony as
the balcony doors were a poor fit, leading to draughts. The measurements were taken approximately
0.6 m from the balcony door at a height of five centimetres above floor level and lasted for three minutes.
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Before the measurements, smoke was used as a tracer to locate the most draughty spot in the room.
The limiting value for draughts in Finland is generally 0.20 m/s or the draught curve can be used [58].

In a longitudinal study, temperature and RH were measured by using TGP-4500 loggers (Tinytag,
Chichester, United Kingdom) which have an accuracy of <±0.4 ◦C and <±3.0%. The gauge was located
on a bookcase in the living room, 1.1 m above floor level. RH and CO2 concentration were measured
using a Tinytag CO2 gauge with an accuracy of <±50 ppm + 2% of the measured value. The gauge was
placed on a bedside table, 0.5–0.7 m above floor level. However, the impact of the supply air windows
on the ventilation was examined by measuring the exhaust air flows using a Tinytag CO2 gauge.
The purpose of this measurement is to inspect whether the change in pressure loss has an impact.

Structured interviews for residents and their private information (i.e., changes in health) were
not used in this study. However, the measurer discoursed with the residents of the tested apartments
during the measurement visits, three times per year (in January, May and September). The measurer
also discussed issues with the property manager regularly. This was adequate to meet the demands of
the study.

2.4. A Description of the Field Study Building

The studied building was a block of flats which were built in 1968, located along a busy road
in Tampere, Finland. It has a floor space of 3693 m2 and a volume of 12,275 m3. Figure 4 shows the
look of the non-retrofitted building and the retrofitted building. The building comprises six floors
with 78 apartments: 36 studios, 36 one-bedroomed apartments and six two-bedroomed apartments.
From one to three residents lived in each apartment during the project. The field test studied six of these
apartments. They were: one studio and one two-bedroom apartment on the first floor, one studio on the
third floor, two one-bedroom apartments on the fourth floor and one on the fifth floor. The third-floor
studio was vacant in the measurement period, so its data were excluded from the analysis. The climate
in Tampere is characterised by an extreme outdoor temperature of −31 ◦C (in February 2011 and
February 2012) and an average temperature over the last ten years of 5.4 ◦C.

Figure 4. The studied building before and after retrofitting.

Before the retrofit, the studied building had a washed, pre-fabricated concrete façade and 80 mm
mineral wool insulation. Moreover, the building had mechanical exhaust air ventilation as well as an
uncontrolled supply air flow through the structures and windows before the retrofit was completed [63].

During the retrofit, 100 mm of mineral wool insulation and rendering for external walls were
added. Double-glazed windows with a U-value of 2.5 W/(m2 K) were replaced by triple-glazed supply
air windows with a U-value of 1.0 W/(m2 K). Also, the balcony doors were changed. Figure 5 presents
the trickle vent used in this study, and its operational principle is expounded in [64].
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Figure 5. The trickle vent, Biobe ThermoMax A, used in the supply air windows of this study.

The cool basement was removed due to the low utilisation rate, and all traditional bulbs were
replaced by LED lightning with presence control. The building was connected to a district heating
system both before and after the retrofit. The ventilation system was upgraded from mechanical
exhaust air ventilation to a 40 kW EAHP system. Basic data from the building before and after the
retrofit are presented in Table 2.

Table 2. Properties affecting energy consumption and values before the retrofit and after the retrofit.

Property Before After

Total floor area 3693 m2 3693 m2

U-value of windows 2.5 W/m2 K 1.0 W/m2 K
U-value of building envelope 0.4 W/m2 K 0.29 W/m2 K

U-value of roof 0.4 W/m2 K 0.4 W/m2 K
U-value of basement 0.4 W/m2 K 0.4 W/m2 K

Ventilation heat recovery efficiency – 70%
Heating District heating District heating

The total renovation budget including VAT (24%) was 375 euros per square metre. The share
of extra energy improvements was 25% (€75/m2). The rest of the budget (€300/m2) was spent on
measures that did not affect energy efficiency. The payback time of energy-related investment and its
financing is about ten years when the energy saving is annually about 75 kWh/m2 and the energy price
is 10 cents/kWh. During 25 years, a housing company will save €185/m2.

3. Results

Several measures were observed in this study by using the described methods (see Section 2).
This section presents the impact of the implemented renovation actions on the energy consumption of
the building as well as on the envelope tightness, draughts, temperatures and CO2 emissions.

3.1. Energy Consumption

Smart meters registered the district heat and electricity consumption of the case building.
The measured district heat consumption includes both space heating and tap water heating.
The measured electricity consumption includes the lighting of common spaces, heating of the
shared saunas and the operating energy of the lifts, ventilation and heating system but not household
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electricity consumption. The renovation measures have reduced the consumption of district heating by
around 55%. In contrast, total electricity consumption has increased. The renovation project included a
number of measures, such as presence-controlled LED lighting for staircases, which reduced electricity
consumption. This was a minor improvement compared with the increased electricity consumption
of the EAHP. The total electricity consumption of the building (excluding apartment lighting and
equipment) increased by 93%. Overall, the ultimate outcome was positive, and the total energy
consumption decreased by 45%.

Figure 6 shows the development of specific energy consumption in the period 2010–2019.
The renovation project started in April 2016 and was completed at the beginning of 2017.

Figure 6. Annual specific district heat and electricity consumption. The renovation was done from
March 2016 to January 2017.

Figure 7 compares monthly district heating consumption in 2015 and 2018, where the effect of
the long and cold winter in Finland is explicitly visible. During the heating season in the winter,
the use of the EAHP saved approximately 50% of district heating, but during the summer only 25%
was saved. Ensuring the desired temperature of hot water requires the use of district heating when the
temperature of heat harvested from an EAHP is too low.

Figure 7. Specific monthly district heating consumption.
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Figure 8 compares monthly electricity consumption for 2015 and 2018. As we can see, electricity
consumption decreased slightly in July and August. During the heating season, the increase in
consumption was around 170%.

Figure 8. Specific monthly electricity consumption.

3.2. Building Envelope Tightness

In this study the tightness of the building envelope is described by the air permeability factor q50,
which defines the air leakage rate over one hour calculated at 50 Pa air pressure. The smaller the air
permeability factor, the greater the tightness of the building envelope. The envelope tightness of the
studied building was good, considering it was built when element construction was first introduced
(see Table 3). However, following these renovation measures, the tightness of the apartments improved
by almost 40%.

Table 3. The measurements of the building envelope tightness before and after the renovation.

Building Envelope
Tightness n50 (1/h) q50 (m3/h per m2)

Dwelling Before Renovation After Renovation Before Renovation After Renovation

A 1.6 1.2 1.3 1.0
B 1.9 1.1 1.4 0.9
C 2.3 1.1 1.8 0.9
D 1.8 Not measured 1.4 Not measured
E 2.1 1.4 1.6 1.0
F 2.2 1.3 1.7 1.0

In Table 3, n50 is calculated by dividing the mean air leakage rate at 50 Pa by the internal volume
of the apartment, and q50 is calculated by dividing the mean air leakage rate at 50 Pa by the envelope
area of the apartment.

3.3. Draughts, Temperatures and CO2 Emissions

In most of the apartments the floor-level temperatures increased and the draughts decreased
(see Table 4). The temperature value and air flow speed were taken at the same measurement points.
The measuring points were 0.05 m above floor level and measurement lasted one to three minutes.
The draughts’ velocity decreased by approximately 24% after renovation. However, the velocity,
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wind direction and outdoor temperature influenced the results of the measurements. The different
outdoor conditions before and after renovation cause uncertainty about the results.

Table 4. Momentary measurements of the draughts in the rooms before and after the renovation
(averages of all apartments).

Room and Measurement Point
Draught (m/s) Temperature (◦C)

Before After Before After

Living room, balcony door 0.25 0.13 18.0 20.6
Living room, window 0.10 0.05 20.5 21.1
Living room, corner 0.07 0.05 18.9 20.7
Bedroom, window 0.08 0.07 20.3 21.4

Five dwellings received temperature, humidity and CO2 concentration measuring devices in
January 2016. The renovation work started in April 2016 and ended in January 2017. The measurements
continued until April 2020. These measurements were taken every hour, resulting in more than
37,000 observations being collected for each feature from each dwelling.

The temperature observations after renovation (from February 2018 to April 2020; total: 136,449)
are summarised and classified as heating season or summer season. In Tampere the heating season
starts at the beginning of October and lasts until the end of April. The distributions of the observations
from the heating season and summer season are presented separately in Figure 9 and averages, as well
as standard deviations, are presented in Table 5.

Figure 9. The distribution of indoor temperature observations in five dwellings from February 2017 to
April 2020 (after-renovation values).

Table 5. Average temperatures and temperatures within the boundaries.

Heating Season: From October to April; Average Outdoor Temperature: 0 ± 6 Degrees

Observations Average indoor temperature 18–26 ◦C 20–22 ◦C

81,364 22.7 ± 1.5 ◦C 99% 37%

Summer season: From May to September; average outdoor temperature: 15 ± 5 Degrees
Observations Average indoor temperature 18–32 ◦C 20–22 ◦C

55,085 24.8 ± 1.8 ◦C 100% 4%

In Finland the Ministry of Social Affairs and Health has issued legal boundaries for living room
temperatures [58]. They have to be between 18–26 ◦C in the heating season and 18–32 ◦C in the summer.
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These are extreme upper and lower limits. If these limits are exceeded, the property owner is obliged
to take corrective measures. The Finnish Society of Indoor Air Quality and Climate [65], recommends a
temperature of 20–22 ◦C. This is the so-called comfort temperature area.

We note that during the heating season, 99% of indoor temperature observations are within the
extreme limits, but only 37% are within the comfort area. During the summer season, the indoor
temperature is allowed to be higher, 32 ◦C. All observations fit within the boundaries, but only 4% are
within the comfort temperature area (see Table 5). We also note (see Figure 9) that there are only a few
observations in which the indoor temperature is below 18 ◦C (190) and above 32 ◦C (7). In each of
the measured apartments the inside temperature briefly increased above 30 ◦C, which is a result of
the valves not being in the summer position as they should be in warm weather. Also, closed balcony
windows cause extremely hot air to enter through the trickle vents during the summer. When the
outdoor temperature is below or close to zero, the indoor temperature is 20–22 degrees, as recommended
(Figure 10).

Figure 10. The distribution of indoor temperatures at different outdoor temperatures after renovation.

Even with the outdoor temperatures ranges, the average indoor temperature is quite stable,
ranging from 22.3 to 23.8 degrees (see Table 6).

Table 6. The average indoor temperatures connection to ranging outdoor temperature during the
heating season after renovation.

Temperature Interdependence Below −15 ◦C −15 to −5 ◦C −5 to 5 ◦C 5 to 15 ◦C

Observations 1215 11,478 55,984 39,322

Average outdoor temperature −18.2 ± 2.0 −8.4 ± 2.6 0.7 ± 2.4 10.1 ± 2.9

Average indoor temperature 22.3 ± 1.4 22.3 ± 1.4 22.6 ± 1.5 23.8 ± 1.5

The Ministry of Social Affairs and Health [58], states that the humidity of living room air over
an extended period must not be so high that it poses a risk of microbial growth in the structures,
equipment or their surfaces. Finnish regulations and statutes do not provide target values for the
RH. However, suggested values are given by several organisations. According to the Finnish Society
of Indoor Air Quality and Climate [65], and the WHO [66], RH above 45% promotes the growth of
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dust mites, at 70%, humidity conditions become favourable for the growth of mould and prolonged
humidity above 90% can cause rot damage. The Finnish Organisation for Respiratory Health [67],
recommends 30–45% humidity for the heating season.

When the outdoor temperature is cold in the heating season, the indoor humidity is too dry rather
than too moist. Only 28% of the observations are within the recommended humidity range. In the case
of the dwellings, there were virtually no indications of too low or too high humidity. In warm weather,
the situation was little better when 49% of the observations were in the good range (see Table 7).

Table 7. Average RH observations and the observations within the boundaries.

Heating Season: From October to April

Observations Average humidity Between 30–45% Between
45–100%

Between
70–100%

Between
90–100%

78,004 26 ± 7% 28% 1% 0% 0%

Summer season: from May to September

Observations Average humidity Between 30–45% Between
45–100%

Between
70–100%

Between
90–100%

55,985 39 ± 10% 49% 35% 0% 0%

According to the Ministry of Social Affairs and Health [58], the action limit value for the
concentration of CO2 in indoor air is exceeded if the concentration is 1150 ppm (2100 mg/m3) higher
than the concentration of CO2 in the ambient air. In Tampere the ambient air concentration is around
350 ppm. The action limit is then 1500 ppm. From the observations, only 1% of measurements in the
heating season and the summer season exceeded the limit (see Table 8).

Table 8. Average CO2 concentration and the proportion of observations that exceeded the action limit
after renovation.

Heating Season: From October to April

Observations Average >1500 ppm

75,481 711 ± 197 ppm 1%

Summer season: From May to September
Observations Average >1500 ppm

51,935 629 ± 158 ppm 1%

4. Discussion

Housing cooperatives need basic, cost-effective solutions in order to save energy without
compromising indoor climate quality. If the building has mechanical extract air ventilation, installing
an EAHP and supply air windows is a viable option. This study examines the impact of these measures
on the indoor air climate.

Five different measuring methods were used to study the indoor climate of a residential building
before and after a retrofit. By combining a blower door, SwemaFlow 3000, and a Tinytag TGP-4500
logger, the indoor environment was studied for human comfort. The measured features comprise
temperature, humidity, CO2 concentration, draughts, air flow rates and the tightness of the building
envelope. Energy consumption and outdoor conditions were subject to real-time monitoring.

As a result of the energy-technical measures of the renovation, the energy consumption of the
studied building decreased by 45%. The results of this field study are similar to a Danish study by
Thomsen et al. [42], as well as a Swedish study by La Fleur et al. [30,41], and Liu et al. [26]. In all of
these field studies, significant savings in energy consumption were achieved. Thomsen et al. reported
a 31% energy consumption reduction (in both heat and DHW energy consumption) and significant
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improvements in the indoor climate, while La Fleur et al., demonstrated a 34.7% reduction in district
heating and DHW demand (a 44% reduction without DHW) due to the increase in the indoor air
temperature after the renovation. Similarly, the study by Liu et al. resulted in a 39% reduction in space
heating demand. In addition to this, the indoor climate similarly improved in all of the above-mentioned
studies, mostly as an indirect effect of the improvement in energy efficiency. However, in this field
study the savings in energy consumption were mainly attributable to the EAHP, although the indoor
climate was considerably improved by the renovation of the building envelope and the ventilation.
The tightness of the building envelope improved by approximately 40%, the draughts (air flow)
decreased by 24% and the floor-level temperatures increased. These results are approximations as the
outdoor temperature, and wind speed and direction were not identical at different measurement times.
Using the same improvements but adding thermal insulation and using a heated supply air system,
Fleur et al. [41], had similar kinds of results for draughts, but instead of field study measurements,
a questionnaire and IDA-ICE simulation were used. In this study, the air flow remained at the same
level as with the mechanical exhaust ventilation after installation of the EAHP. The measured air flows
were low and the indoor temperatures of the apartments were high for part of the heating season.
Thus, the heating system was balanced again after the renovation during the heating season in 2018
and the room temperatures decreased to a comfortable level. Studies like [30,42], had similar results
regarding the higher and more comfortable indoor temperature. However, the temperature rise was
not as significant as in this study. One solution for excessive room temperature could be dynamic
control of the heating system in order to keep the room temperature at a comfortable level during
the heating season. According to Ala-Kotila et al. [68], it would also be possible to achieve further
energy savings.

Besides the energy savings, the efficient tightness of the building envelope has other benefits.
It avoids the condensation of water in the structures, preventing impurities from flowing into the
indoor air from non-compact spaces and avoids the draughts caused by air leaks. The draughts
can be also compensated for by increasing the room temperature and adjusting the air conditioning.
By reducing the draughts, a convenient indoor air temperature and better energy efficiency of the
building can be achieved. The efficient tightness of the building also improves the soundproofing and
acoustics, which is desirable in an urban environment. Liu et al. [26], demonstrated reduced noise
levels from outside in their study, and this study indicated similar results, even though the building is
located along a busy main road. However, this study received feedback from the residents through
conversations, while Liu et al. used a structured questionnaire with the response rate of 53%, of which
11 answers came from residents in the retrofitted building and the remaining 31 answers came from
other buildings in the area. Conversely, Thomsen et al. [42], did not achieve a similar change for
apartment noise compared with the change found in these studies.

In this study the energy consumption of the building decreased by 45% (the annual energy saving
is about 75 kWh/m2) with the mentioned measures [63]. La Fleur et al. [24], similarly stated that a
40% saving target is verified to be cost-effective when a balanced mechanical ventilation system with
heat recovery has been taken into operation. In this study both of the above-mentioned measures
were implemented and the payback time for the energy-related investment and its financing is about
ten years, after which it becomes profitable. This study, as well as the study of La Fleur et al. [24],
demonstrates that by implementing simple renovation measures, it is possible to accomplish both
profitability and thermal comfort.

Many studies have demonstrated that user behaviour is one reason for the differences in the
performance of buildings [34–39]. Likewise, in this study, a further consideration is that residents
should be well instructed about the seasonal supply air window adjustment. In this field study, many
apartments had the winter settings switched on during the summer, which caused a heated air flow
into the apartments through the window air valves. Property managers, housing committees or
maintenance services should be responsible for issuing reminders as well as changing the filters of the
window air valves. Overall, the residents of the studied apartments were satisfied with the renovation
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process, outcome and were particularly satisfied with the attractive appearance of the façade. As an
additional benefit of the renovation, the residents communicated a reduction in incoming traffic noise.
However, some dissatisfaction was expressed about draughts entering through the vents of the supply
air windows.

Although the study included a small number of housing units, the exceptionally long testing
period with the extensive number of samples is the existent strength of the study. As an observation,
the running period of several years and adjustment of the technical systems were essential for achieving
all the benefits. In future studies, the measuring period before the renovation should be 12 months
instead of the 4–5 months that was used in order to cover all the seasons.

As this study exposed the challenge of stabilising the indoor temperature in order to avoid the
excessive room temperatures, further studies should concentrate on the profitable dynamic control
system’s [68], suitability for reducing the power peaks in cases like this. In addition to the better
indoor temperature, the building owners who pay the energy bill can gain financial benefits if power
peaks are reduced. Also, physically shading windows to achieve lower indoor temperatures should
be considered. It is also apparent that any future energy retrofitting studies that include supply air
windows, ensuring adequate fresh air by having large enough trickle vents is the most notable technical
challenge and must be thoroughly investigated.

5. Conclusions

Finland, as well as the rest of the European Union, is confronting the challenge of renovating
an aging building stock. This study offers a field test approach to understanding the effect of deep
renovation on the indoor climate quality and its profitability in an apartment building in Finland.
The deep renovation included façade repair with extra insulation, new windows with trickle vents,
new balcony glass and doors, and the installation of an EAHP into the existing mechanical exhaust
air ventilation.

By combining the measurements and occasional occupant conversations, the study has investigated
how the building’s energy use and indoor environment have been reformed by comparing the retrofitted
and non-retrofitted building.

The retrofit has shown positive effects on energy performance in the building as well as provided
a better indoor environment in the building where residents spend a significant amount of their time.
However, the study revealed the challenge of excessive room temperatures. In order to avoid that
challenge in deep renovations in general, one option could be to reduce the heating power accurately.
Instead of a traditional static heating control system, dynamic control that takes into account real-time
room temperature could be a solution, avoiding excess temperatures as well as achieving additional
energy savings. Another noteworthy outcome of the study was that in order to achieve all the benefits,
there needs to be a running period of several years, as well as adjustment of the technical systems.

This study demonstrates that, in addition to energy reduction in the building sector overall,
deep renovation also has a role in providing a better indoor environment in residential buildings.

In conclusion, by deep renovation, considerable savings can be achieved compared to the actual
investment. Regardless of the challenges that were faced, the residents of the apartments were satisfied
with the improved indoor climate. The results of this study can be generalised to those countries where
similar prefabricated apartment buildings with mechanical exhaust ventilation are common.
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