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This study analysed renovation measures implemented with ARA renovation subsidy in Finland in multifamily
apartment buildings. Measured energy data was used to calibrate the energy simulation model of the most typical
renovated building from the 1970 s. For the reference building, a comprehensive set of renovation packages were
applied to assess the performance of ARA grants. It was noticed that official energy performance certificates
(EPC) overestimated before the renovation energy use as well as energy saving by a factor of almost 2. It was
notable that in calculated EPCs, after renovation, EP-value was higher than before renovation, EP-value based on
measured energy use. The main reasons for faulty energy calculations were strong overestimations in the
building leakage rate and ventilation airflow rate. Renovation packages reduced EP-value by 8 % to 27 %,
including lighting and appliances. Those using district heat resulted in a small increase in electricity with a flat
duration curve, but the combined ground source and exhaust air heat pump showed the highest peak electricity
power increase by factor 6. Exhaust air heat pump, window replacement and photovoltaic were the most cost-
effective options, while packages with additional insulation faced considerably higher costs than the sum of
ARA support and monthly savings could cover bank loans; thus, ARA support was clearly too small to support
deep renovation. The need to improve the accuracy of EPCs in assessing energy performance to facilitate more
effective financial support was a finding that can be important for any support scheme to secure the necessary
funding for renovation.

1. Introduction renovations, only 0.2 % are renovated deeply annually, resulting in at

least a 60 % reduction in energy usage [1]. The European Commission

1.1. The EU building energy renovation policies

Buildings account for 40 % of the EU’s overall energy use and 36 % of
its energy-related greenhouse gas emissions [1]. According to the
Europe Renovation Wave, 85 % of the existing building stock in the EU
was constructed before 2001, and 85-95 % of these structures will still
be operating in 2050 [1]. While just 1 % of buildings currently undergo

categorised the renovation depths as 1. Light renovation (<30 % pri-
mary energy use), 2. Medium renovation (30-60 % primary energy use),
and 3. Deep renovation (>60 % primary energy use) [2]. Deep reno-
vation projects have the potential to reduce greenhouse gas emissions
and energy consumption dramatically and increase the utilisation of
renewable resources [3]. The energy renovation of residential buildings
in hot and temperate Mediterranean zones of the EU can result in almost
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zero-energy buildings, with the correct insulation thicknesses being a
critical element [4]. In the EU’s cold climate regions like Finland,
heating energy is dominating, and achieving nearly zero-energy build-
ings need more measures [5-7]. Energy consumption can be greatly
reduced, and indoor temperature conditions can be enhanced by using
optimum thermal insulation, enhanced energy-efficient windows and
doors, and balanced ventilation with heat recovery systems [5,8]. In
these regions, renovating external walls and building facades with
energy-efficient systems that are multifunctional is a key approach to
energy-efficient renovation [7]. Nevertheless, there are important issues
that must be resolved, such as the delayed heating transition due to a
fragmented market, the requirement for greater supply-side coordina-
tion, and the need for customers to have their renovation processes
simplified [9].

The Member States’ integrated National Energy and Climate Plans
(NECPs) to include promoting the decarbonisation of the current
building stock by 2050 [2]. Moreover, The EU Commission proposed the
EU Green Deal in 2019, intending to reach net zero emissions by 2050
and tighten the earlier 2030 reduction target from 40 % to 55 %,
compared to 1990 levels [2]. The European Commission put up Fit for
55, a set of legislative measures in 2021 that would ensure that the 2030
target of a 55 % reduction in emissions was reachable [10]. The Euro-
pean Commission implores the EU Parliament and EU Member States to
ponder further improvements for the Fit for 55 packages presently being
negotiated, and several of these suggested changes are specifically
relevant to the construction industry [11]. Therefore, as part of the Fit
for 55 packages, the European Commission has proposed a revised En-
ergy Performance of Buildings Directive (EPBD) [12]. These objectives
are currently part of the European Climate Law, which became effective
in 2021 [2]. EPBD mandated that all Member States develop a Long-
Term Renovation Strategy (LTRS) in 2018 [2]. Furthermore, the Euro-
pean Commission revised the EPBD in 2023, aiming to reduce the
average primary energy use of residential buildings by 16 % by 2030 and
20-22 % by 2035 [13]. Also from the climate change perspective,
building energy renovations must proceed quickly [14]. The primary
concern is that if the planet’s ongoing heating pushes Earth systems
(ocean currents, ice sheets, rainforests, and permafrost) above their
supposedly tipping thresholds, this is expected to trigger a sequence of
rapid changes and could cause the climate to warm much more quickly
[15,16].

1.2. Long-Term renovation strategies (LTRS)

Renovations that save energy can have numerous positive outcomes
and lower emissions. In the best scenarios, renovation can reduce
emissions and energy costs, enhance indoor comfort, raise property
values, generate green jobs, and increase state tax revenue. Numerous
studies have looked into the additional benefits of energy renovations
for residential apartment buildings [17-19]. According to Rose et al., the
achieved co-benefits, including a better indoor environment, are
frequently the most appreciated renovation results for apartment oc-
cupants [18]. In fact, it would appear that energy saving is a “side effect”
or a “co-benefit” from a generally advantageous building renovation
project if all the co-benefits were systematically examined [18].

According to the EPBD 2018 recast, the national Long-Term Reno-
vation Strategies were to be submitted by 10.3.2020 [20]. By analysing
14 LTRSs, Staniaszek et al. (2020) concluded that only Spain’s strategy
fully complies with the EPBD standards [21]. Finland was one of the
member states that submitted its LTRS within the deadline [22]. The
Commission and BPIE gave the Finnish LTRS favourable evaluations; in
the BPIE comparison, Finland and Belgium-Flanders tied for the second
position after Spain [21]. Finland was called out for providing a thor-
ough decarbonisation roadmap, a clear building stock assessment
[15,23] and precise progress criteria [24]. According to Staniaszek et al.
(2020), BPIE observes that the Finnish strategy only gives initiatives
encouraging affordable deep renovations a very cursory look [21].
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The Finnish LTRS claims that the most profitable times to renovate
residential apartment buildings are when other renovations or repairs
are planned [22]. Installing an exhaust air heat pump (EAHP), replacing
outdated windows, balancing the heating system, and adding own solar
PV capacity are among the found cost-optimal remodelling measures for
a district-heated residential apartment building [22]. The building en-
velope can be made more energy-efficient by adding thermal insulation,
but only if repairs are already planned [22]. As both the European
Commission and BPIE have emphasised, the Finnish LTRS does not
reflect the energy savings feasible with the planned renovation actions.

A renovation that increases a building’s energy efficiency by less
than 30 % is considered a light renovation by the European Commission
[2]. Since the Finnish LTRS is criticised for not supporting extensive
renovations (energy savings > 60 %), it appears that even medium
renovations (energy savings 30-60 %) may not be profitable in the
perspective of the Finnish LTRS. However, as the Finnish LTRS also used
other sources for cost-optimization purposes, it is impossible to draw a
firm conclusion from this.

It’s possible that the cost-effective renovation measures outlined in
the Finnish LTRS will lead to light or medium renovations, but it appears
doubtful that they would result in deep energy renovations. Specifically,
converting the district heating into a ground-source heat pump is not
particularly stated as one of the cost-effective renovation measures. This
stands in direct contrast to numerous recent studies from Finland, where
it was determined that replacing district heating with a GSHP system
was the most affordable option for older residential apartment build-
ings. In fact, the LTRS is primarily focused on this older building stock.
Nevertheless, Finland’s LTRS indicators and interim target settings
implicitly take into account the growing shift away from district heating
and toward heat pump systems. As a result, the renovations that could be
truly “deep”—reducing energy demand by greater than 60 %—are
included in the Finnish LTRS, albeit in a less explicit manner and with
less importance.

1.3. Cost-optimal energy renovations in Finland

Using precast concrete panels, Niemela et al. (2017) created a model
of a Finnish residential apartment structure typical of the late 1960 s to
mid-1970 s [25]. The authors determined the most cost-effective reno-
vation strategies for these apartment buildings from the perspectives of
both main energy use and CO2 emissions in a simulation-based multi-
objective optimisation study as switching from district heating to a
ground source heat pump system [25]. In terms of cost-effectiveness, the
performance of the Exhaust Air Heat Pump (EAHP) and the Air-to-Water
Heat Pump (AWHP) systems was comparable to that of the GSHP system
[25]. A heat pump system conversion, solar PV installation, and window
replacements were all part of the renovation package that was most cost-
optimal. However, adding thermal insulation to the building envelope
did not seem to be a cost-effective solution [25]. Comparable findings
have been made for Finnish brick apartment buildings from the 1960 s,
which predate the concrete panel apartment structures [26].

Hirvonen et al. (2018) conducted simulation-based optimisation
studies for a number of age cohorts of Finnish residential apartment
buildings [27]. They come to the conclusion that using heat pumps is the
most cost-effective option to cut emissions. Again, GSHP was the most
cost-optimal option, but EAHP may also significantly reduce emissions
while remaining economically viable [27]. The optimal renovation
packages also included solar thermal and solar PV, heat recovery from
sewage water, new windows, and heat pumps [27]. It may be cost-
effective to add additional insulation to the building envelope of the
older apartment buildings, those constructed before 1976 [27].

Hirvonen et al. (2018) analysis demonstrated that significant emis-
sions reductions could be achieved even in a cost-neutral manner when
the 25-year calculation time is taken into account [16]. In pre-1976
buildings that were still connected to the district heating network,
emissions would be a 28 % reduction in emissions at no additional
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expense [27]. Much greater emission reductions would be possible if the
building switched to a heat pump system, including 68 % with an
exhaust air heat pump system and 80 % with a ground source heat pump
[27].

Old residential apartment buildings can be renovated deeply and
cost-effectively, but this approach has certain drawbacks. According to
research by Hirvonen et al. (2019), switching from district heating to
ground source heat pumps results in lower energy demand and CO2
emissions but higher peak power demand [28]. They came to the
conclusion that switching from district heating to a GSHP system could
result in an hourly peak power demand increase of 46 to 153 % [28].
This is especially noticeable in January, the coldest winter month, when
solar energy cannot help reduce the increased demand for electricity
[28].

When taking into account the overall building stock, even if heat
pump systems take the place of conventional heating systems, peak
electricity demand might not necessarily rise since in many detached
houses, due to the transition from direct electric heating to heat pump
systems, it is anticipated that energy renovations will not increase the
total peak power demand [29]. According to research by Hirvonen et al.
(2021) that involved modelling a sizable section of the building stock
and numerous different building types, deep energy renovations can
help reduce peak power demand and energy demand of the building
stock [30]. Additionally, they evaluated the total emission savings from
energy improvements and concluded that frontloading emission reduc-
tion efforts were the best course of action [30]. Deep renovations can
significantly impact cumulative carbon reductions when done early,
contributing to achieving the climate targets [30]. From this aspect, it is
really debatable whether it is a sensible general policy to carry out en-
ergy renovations only when other significant renovations are planned.
Delaying energy renovation by 10-20 years means missing out on the
chance to reduce emissions quickly.

More than the type, age, and condition of the building, there are
other variables that affect how cost-effective renovations can be [31].
Important aspects to consider include typical refurbishment prices, en-
ergy expenses, area climate, and emission issues in ambient energy
grids, which make comparing disparate countries and regions chal-
lenging [31]. Similar findings, such as prioritising heating system ren-
ovations above structural energy efficiency improvements, have been
observed for residential apartment buildings, for example, in
Switzerland [31]. Therefore, the optimal renovation packages may
range significantly in regions with differing climates, energy mixes,
price structures, or typical building problems. This demands additional
research on the most typical buildings in various regions to identify the
most effective energy-saving measures and renovation packages.

1.4. Energy renovation subsidies in Finland

In December 2019, the Finnish government passed a decree on en-
ergy renovation subsidies directed mainly at private building owners
and housing associations. For residential apartment buildings, energy
efficiency must be improved by 20 % more than the building code re-
quires. This translates to an energy efficiency improvement of 32 % or
more when compared with the original Energy Performance value “EP-
value” (primary energy) of the building. Apartment buildings fulfilling
this criterion can receive up to 4000 €/apartment for the approved
renovation actions. If the building energy efficiency is improved to the
regulation level of a new building, the subsidy is up to 6000 €/apart-
ment. ARA, The Housing Finance and Development Centre of Finland,
award the subsidies.

According to the ARA grant regulation, improving the EP-value of a
building by 32 % is enough to receive subsidies. However, this energy
efficiency improvement is placed in the medium renovation wave levels,
which is not ambitious enough. It is important to demonstrate that it is
possible to renovate more deeply by combining renovation measures to
identify the optimum renovation packages that result in a reduction
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closer to 60 % in the EP-value.
1.5. Objectives and outline of the study

As a summary of previous chapters, the following research needs
were identified:

- While even medium renovations (energy savings of 30-60 %) may
not be profitable from the perspective of the Finnish LTRS, there is a
need to find the right renovation measures which are effective and
have wide replication potential.

- As explained in section 1.3, the optimal renovation package varies
across regions characterised by distinct climates, energy mixes, and
energy price structures. Hence, further research is essential to
investigate the most common building types in diverse regions with
the aim of identifying the most economically efficient renovation
package.
According to Finnish ARA grant guidelines, buildings are eligible for
support based on the amount of energy savings they achieve in the
renovation. This eligibility criterion relies on the energy perfor-
mance certificate, more specifically on the calculated EP-value
before and after renovation. Consequently, there is a need to eval-
uate the accuracy of energy performance certificate energy calcula-
tions and to find relevant improvement possibilities.

- Renovation subsidies and other funding schemes would be likely
used for decades to boost renovation according to energy and climate
targets. As these schemes may have remarkable impacts on imple-
mented renovation measures and volumes, there is a need to un-
derstand impacts and outcomes further to develop both their
conditions and energy prediction methods.

The main objective of the study was to determine the energy and
economic efficiency of an extended set of renovation packages,
including the ones most popular in ARA renovation subsidies, applied in
typical Finnish residential buildings from 1970. The specific aims were
to evaluate the correctness of the case study buildings’ EPCs and actual
energy savings achieved that make it possible to assess the effectiveness
of the ARA renovation grants in Finland.

Building renovation policies at the EU level, long-term renovation
strategies, cost-optimal energy renovation, and associated subsidies in
Finland were reviewed to show directions and drivers for renovation.
ARA subsidy statistics and the distribution of renovated buildings were
conducted to identify the most common renovation packages imple-
mented. Subsequently, the data from the selected case study buildings
and the details of the building model simulation, calibration, and vali-
dation process were delineated. Heat pump plant models were con-
structed to be capable for dynamic simulation of renovation packages
with exhaust air, ground source, district heating and heat recovery
ventilation configurations. In the results and analysis section, an eval-
uation of the proposed renovation packages was conducted with regard
to delivered energy, EP-value, electricity peak power, PV generated and
self-used electricity, and other relevant parameters. The findings were
discussed in conjunction with the economic feasibility associated with
each renovation package. Finally, in the conclusion section, a summary
of the key findings was presented.

2. Methods
2.1. Building statistics and distribution

We use ARA renovation subsidy data up until May 2022 [32]; out of
2816 single-family houses and multifamily apartment buildings granted
an acceptable subsidy decision, 644 were multifamily apartment
buildings (23 %). The largest age groups among these residential
apartment buildings were 217 units from the 1960 s (34 %) and 191
units from the 1970 s (30 %). The age distribution of the 644 residential
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apartment buildings that obtained renovation subsidies between
January 2020 and May 2022 is depicted in Fig. 1.

Table 1 summarises central statistics on apartment building reno-
vations according to construction year from the 1950 s through the
1980 s. In the 1960 s, sandwich concrete elements were first used in
buildings. Therefore, even though the number of buildings in 1960 is
slightly greater than in the 1970 s, the structure of these two time pe-
riods is fairly comparable. Furthermore, since the U-vale building
regulation was introduced in 1960, buildings from the 1960 s and 1970 s
are grouped together. Table 1 (EP-value before, median) reveals a minor
change between the 1960 s (337) and 1970 s (306). Therefore, we
intended to depict a building representative of this group.

Table 2 outlines the most typical renovation measures on these
buildings, excluding design expenses. In every case, design expenses
were the most often subsidised renovation action that was included in
every renovation subsidy. It should be noted that some categories used
by ARA do not enable to understand which technical solutions were used
explicitly. ‘Heat pump, heat recovery, solar energy’ may apply for any
type of heat pump, but also for heat recovery ventilation and PV. ‘Heat
recovery from exhaust air or water’ more clearly refers to exhaust air
heat pumps, while wastewater heat recovery solutions were not used.
When referring to these categories, we use in our renovation packages
EAHP, GSHP + EAHP and HRV.

2.2. Case study buildings

Table 3 contains the parameters of five case study buildings. Build-
ings 1, 2, and 3, built in the 1970 s, represent the most typical renovation
measures of the studied sample. The data for these buildings were taken
from the EPCs, which include energy calculations before and after
renovation. As there are no measured energy data in EPCs, two other
similar buildings, 4 and 5, not belonging to the studied subsidy sample
but having measured energy data, were selected to make it possible to
calibrate the reference building simulation model. Their similarities in
characteristics (Table 3) led to classifying them in the same category.
There were minimal differences in buildings’ U-values before renova-
tion. Building 1 was the only building where external wall additional
insulation (100 mm) was applied in the renovation. Very high building
leakage rates have been reported in EPC-s, which are unrealistic ac-
cording to model calibration results. To assess building leakage, energy
experts have used national guidance that suggests high values for old
buildings. Moreover, the formula for new buildings was used in the
infiltration airflow rate calculation, which assumes a balanced ventila-
tion system. However, the ventilation system in buildings 1 to 3 was
mechanical exhaust ventilation, effectively reducing exfiltration

3%

m...-1949
1950 - 1959
30 % 1960 - 1969
1970 - 1979
= 1980 - 1989
w1990 - ...

34 %

Fig. 1. The age distribution of the 644 multifamily apartment buildings that
received renovation subsidies from January 2020 to May 2022.
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Table 1
Statistics on subsidised residential apartment building renovations.

Renovations’ statistics Construction year

1950's 1960's 1970's 1980's

Buildings receiving 96 217 191 47
subsidy

Apartments in total 3300 8493 7614 1426

Buildings with one 6 11 9 0
subsidised action

Buildings with several 90 206 182 47
subsidised actions

Actions done in total 242 597 568 136

Actions done in average 2.5 2.8 3 2.9

Total renovation cost 358941/ 512059/ 540420/ 391967/
(€), mean/median 236002 261500 222498 271700

Subsidy received (€), 77454/ 94811/ 95997/ 78846/
mean/median 59237 54171 65535 71075

EP-value before (kWh/ 316/364 331/337 291/306 213/181
m? a), mean/median

EP-value after (kWh/ 169/170 148/143 144/143 123/119

m? a), mean/median

Table 2

Five most common subsidised energy renovation actions for residential apart-
ment buildings from the 1950's to 1980's, excluding the design expenses. The
planning costs were the most common subsidised renovation action in all cases.

1950's

1960's

1970's

1980's

1. Heat pump,
heat recovery,
solar energy

2. Energy control
or building
automation

3. Window and
door
replacement

4. Oil boiler
replacement

5. Heat recovery
from exhaust
air or water

1. Heat pump,
heat recovery,
solar energy

2. Window and
door replacement

3. Energy control
or building
automation

4. Heat recovery
from exhaust air
or water

5. External wall
insulation

1. Heat pump,
heat recovery,
solar energy

2. Energy control
or building
automation

3. Window and
door replacement

4. Water saving
measures

5. Heat recovery
from exhaust air
or water

1. Heat pump,
heat recovery,
solar energy

2. Window and
door replacement

3. Energy control
or building
automation

4. Heat recovery
from exhaust air
or water

5. Improving air
tightness

because of the negative pressure.

We aimed for the reference building model’s specifications to
resemble a 1970 s building, most typically renovated with subsidy.
Therefore, we considered the median values that exist in real buildings
from that time period. The proposed renovation measures were imple-
mented in the reference building model developed and calibrated
against building 5's measured data.

The renovation measures and cost breakdown for ARA subsidy
buildings 1 to 3 are detailed in Table 4. All buildings used a combined
exhaust air heat pump and ground source heat pump system where the
heat is extracted from the brine loop through boreholes and the extract
air heat exchanger. The water-saving taps and shower installation
included in Building 2 a replacement of pipes and complete remodelling
of bathrooms, which resulted in 654 €/m2 cost from which only 24 €/m2
is accounted as energy saving measure cost. In building 3, windows were
renovated in 2016, and exterior doors on the ground level and in the
basement were replaced in 2019, which explains the lower cost. The
renovation grant received was 4000 € per apartment in building 1, but
smaller in buildings 2 and 3 because of less eligible renovation works
conducted.

2.3. Model calibration and construction of the reference building

To assess the energy savings of renovation measures, it is important
to use a calibrated simulation model for realistic predictions. Therefore,
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Table 3

The specifications of buildings.

Reference building model

Building 5

Building 2 Building 3 Building 4

Building 1

Building specifications

After

Before

After

Before

After

Before

renovation renovation renovation renovation renovation

renovation

0.48 4

0.41
0.2
0.3

0.34
0.29
0.29
1.9
1.01
0.8

0.48
0.47
0.47
2.8
2.2

0.41
0.33
0.44
2.8

2.2

0.21

51

0.

External wall U-value, (W/m?” K)

Roof U-value, (W/m?” K)
Floor U-value, (W/m” K)

0.33 ¢

0.31
0.34

2.1

0.44 *

2.10°

1.40
2.10
1.5

6

1.97

Windows U-value, (W/m? K)

2.20°
15*

75

1.

Exterior door U-value, (W/m? K)
System SFP value, (kW/(m">/s)
Ventilation flow rate, (1/s m?)

1.5

1.5
05"

0.9

1.5

0.24°

0.24°

0.29

05"

14.5°

14.71°

14.93°

Air leakage rate (q50), (m°/(h

3405
46

3405
46

4053
52

3182
47

4196
50

7976
96

Total net heated area, (m?)

No. of apartments

1963

1963

1974 1970 1981

1970

Year of construction

=3
=
=}
=
=%

! Estimated value in EPCs. The real values may be lower.

2 The ventilation flowrate varies between 0.2 1/s m? and 0.5 1/s m? depending on the outdoor temperature.

3 Unrealistically high values. Estimated based on the Finnish national guidelines.

4 Median value between buildings 1, 2, and 3 (before renovation) and buildings 4 and 5.

5 Windows are assumed as not to be replaced (Unrealistically high values reported for building 2 and 3).

6 EPC is calculated with U-value = 1.0, but the window replacement is not included in the budget and was not done.
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Table 4
Renovation measures cost breakdown in the case study buildings.
Renovation measures Building Building Building
1 2 3
Design, (€/m?) 4.4 4.8 1.6
Combined EAHP and GSHP, (€/m?) 66.3 88.1 97.4
Water-saving taps and showers, pressure 30.5 654 ' 25.3
reduction, (€/m?)
Additional thermal insulation of the facade, 357 - -
(€/m?)
Automation and temperature control - 7.4 -
equipment, (€/m?)
Windows/exterior doors replacement, 50.2 - 11.5 2
(€/m”)
Total energy-related cost, (€/m?) 508 124 136
Renovation grant, (€/m?) 48 27 29

! 24 €/m? as the energy-related cost was considered in the bathroom and toilet
remodelling.
2 Included only exterior door replacement.

the building 5 simulation model was calibrated against the measured
data. After calibration, building envelope characteristics were slightly
adjusted to represent buildings 1-3. The calibration of the model and the
energy simulations were carried out using the IDA Indoor Climate and
Energy (IDA ICE) [33] simulation tool. The calibrated simulation model,
located in Helsinki, Finland, comprises 4 stories, including 46 apart-
ments, 4 staircases, and 14 facility zones such as recycling room, laundry
room, clubroom, etc. The total number of occupants is 87 persons. The
overall heated area was 3405 mz, and the window-wall ratio was 27.1 %.
The heat transmittance coefficient (U-value) of the simulated building
model elements is shown in Table 3.

The building leakage rate was estimated to be 4 m3/(h.m2 ext. surf.)
at a 50 Pa pressure difference based on the previous study [34]. Infil-
tration airflow was simulated with pressure coefficients of a semi-
exposed environment according to the Air Infiltration and Ventilation
Centre (AIVC) [35] and wind data from a nearby weather station at the
Finnish Meteorological Institute [36]. Internal heat gain profiles (oc-
cupancy, appliances, and lighting) were specified based on ISO
17772-1:2017 [37]. The appliances’ power was set to 4 W/m2 ac-
cording to the Finnish building code [38].

The airflow rate in building 5 was determined based on exhaust fan
operation in normal and boost mode. Moreover, seasonal changes in the
ventilation identified in the model calibration resulted in the ventilation
airflow rate fluctuating between 0.2 1/s m? and 0.5 1/s m? annually. The
hourly normal and boost airflow rate profiles (2a and 2b) and monthly
fan power (2c) are illustrated in Fig. 2.

Measured data from district heating was utilised during the cali-
bration and validation of the simulated model. To accurately simulate
the fluctuations in domestic hot water (DHW), the DHW profile depicted
in Fig. 3 was created using the method developed based on DHW con-
sumption in Finnish apartment buildings by Ahmed et al. (2016). This
method takes into account DHW consumption (l/person/day) and the
number of occupants [39].

The model incorporated a SH system featuring 600 mm high water
radiators (type 11) with a heat output of 1018 W/m at 70/40/21 °C,
equipped with 2 K dead-band proportional thermostats. During the
calibration process using on-site measured data, a 15 % oversizing
assumption was applied to the radiators at the design outdoor air tem-
perature of —26 °C.

The SH and DHW monthly measured and simulated data are shown
in Table 5. The Root Mean Square Error (RMSE) of 3.88 indicates that
the model was accurately calibrated against the measured data. Fig. 4
depicts the monthly total energy use (SH + DHW) of building 5.

From this calibrated model, the reference building model was con-
structed by replacing the median U-values of envelope elements for five
case study buildings, changing the actual weather data to the TRY2020
weather file, and increasing the number of inhabitants. These
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Fig. 3. The hourly DHW usage profile.

modifications were needed to represent a typical building from the
1970 s and slightly changed space heating, DHW and appliances, as seen
in Table 6, where the energy consumption breakdown and EP-value for
the five case study buildings and the reference building are summarised.
Because in the renovation measures, the ventilation needs to be
improved, the reference building with increased ventilation to 0.4 1/s m?
is also reported in Table 6.

For buildings 1-3, Table 6 reports energy data from EPCs, and for
buildings 4 and 5, measured energy data. After the model calibration,
the official Finnish test reference year TRY2020 weather file has been

Table 5
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Monthly measured and simulated data in SH and DHW of the calibrated model.

Month SH energy, kWh/m? DHW energy, kWh/m?
Measured Simulated Measured Simulated
Jan 14.26 15.66 3.53 3.53
Feb 14.96 16.09 3.19 3.30
Mar 9.84 11.15 3.53 3.53
Apr 6.96 6.23 3.42 3.41
May 2.24 0.48 3.53 3.53
Jun 0.58 0.00 3.42 3.41
Jul 0.00 0.00 3.53 3.53
Aug 0.07 0.00 3.53 3.53
Sep 2.84 0.98 3.42 3.41
Oct 6.94 6.96 3.53 3.53
Nov 8.52 9.28 3.42 3.41
Dec 16.51 18.04 3.53 3.53
Total 83.72 84.86 41.62 41.64
o
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Fig. 4. The measured vs calibrated simulated total energy usage in building 4.

used for renovation measures simulation. To describe normal occu-
pancy, we increased the number of occupants from 75 to 87 in the
reference building since occupant density was lower than average with
respect to the number of apartments in building 5 (46 apartments).
Building 4, with 52 apartments and 104 residents, justifies building 5's
lower appliance and lighting electricity and DHW energy use. For the
exhaust fan, the SFP value of 1.5 was used at the maximum airflow rate.

The DHW energy reported in Table 6 consists of DHW consumption
and DHW distribution and circulation heat losses. The DHW distribution
and circulation heat losses in buildings 1-3 EPCs have been estimated
using Finnish guidelines for calculating energy consumption and heating
power demand [40]. According to these, DHW needs 35 kWh/m? a,
which may be reduced by 15 % in the case of a pressure reduction valve
(after renovation situation). Considering the DHW distribution effi-
ciency of 0.97, this results in 36.1 kWh/m? a. Taking into account the
insulation thickness and possible towel driers in the DHW network; the
DHW circulation heat losses energy is calculated as 70.1 kWh/m? a (40
W/m pipe loss x 0.2 m/m? pipe length x 8.76 = 70.1). Therefore, the
total DHW consumption and DHW distribution and circulation heat
losses result in old buildings 106.2 kWh/m? and, after dividing with a
generation efficiency of 0.97 for district heating, results in 109.5
(building 1 value). Buildings 2 and 3 with higher values include towel
driers. With improved pipe insulation, DHW circulation heat loss will be
decreased to 17.5 kWh/m2 a (10 x 0.2 x 8.76 = 17.5). Considering the
existing towel driers in building 4, the overall DHW consumption and
DHW distribution and circulation heat losses are calculated to be 53.6
kWh/m2 a, which is close to the DHW consumption energy in building 4.
The pressure reduction valve decreases the DHW need to 30.7 kWh/m2
a (35 x 0.85/0.97 = 30.7), resulting in a total DHW consumption and
DHW distribution and circulation heat loss of 48.2 kWh/m2 a. The lower
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Table 6
Energy consumption breakdown and EP-value in buildings.
Buildin ° Reference
Building 1 Building 2 Building 3 4 & Building 5 2 %D building
Energyt . g = | with code
consumptio g g g S 2| ventilation
n and EP- 2 8 2 g 2 8 s Before o )
s = g = 5 5 5 renovation
value z g z % S g s
(Primary | 5 | 5 | & 5| 8| 3 2 1B (3.3 |
o - o - o = @ S8 28| & 8| Simulated
energy) 5 5 5 5 5 5 g 25| 25| =28 d
D = S & 5] & s 151 g E ata
o] < o < R < = n n
Space
heating, 181.34 171.96 189.51 7436 | 8371 | 84.02 | 7749 |  80.99
Heat,
kWh/m? a

DHW, Heat,
(kWh/m? a)

109.48 . 127.53 - 160.98 - 54.28 41.62 | 41.64 | 46.39 46.39

EP-value
(primary 191 121 195 114 396! 124 111 95 93 104 110
energy)
1Primary energy with coal boiler. In the case of district heating, primary energy would be 221.
2Ventilation airflow rate 0.4 1/s m? in the reference building.
occupancy rate (75) justifies the slightly lower value in building 5. In the
reference building with adjusted occupancy (87), the simulated result is T
very close to this code value. o3BT
There are differences between the measured and simulated data for <33
the fans and pumps in building 5 because measured facility electricity E 31 |
may include staircase lighting and other electricity. The EP- values were £ 20 |
calculated with the primary energy factors of 0.5 and 1.2 for district heat g*
and electricity, respectively. For instance, based on the before- 5-: 7
renovation data, the EP- value in building 1 would be calculated as EP ’§ 25
= (181.34 + 109.48) * 0.5 + (9.4 + 28.9) * 1.2 = 191. g 23 +
In Table 6, the measured average ventilation flow rate for the E 21 |
reference building is 0.24 1/s m2. In the EPCs of the first three buildings, 19 , . , , . , . . , .
however, the ventilation flow rate was considered to be the code value °c =2 g g g8 g g & g g s

0.5 1/s m2. To obtain an appropriate reference model, we tried to
implement the code ventilation rate of 0.5 1/s m2 in the reference
building. Nevertheless, the heating system capacity was not enough for
such a high ventilation rate, and the indoor air temperature of the
model’s coldest apartments was compromised. Finally, we selected an
increased ventilation flow rate of 0.4 1/s m2 for the reference building,
which is another option according to the code (in the case of demand-
controlled operation) and is slightly higher than the original design
ventilation rate of about 0.35 1/s m2. Fig. 5 depicts the coldest apart-
ment’s indoor air temperature duration curve in the reference building
model.

Cumulative time, (%)

Fig. 5. The indoor air temperature duration curve of the coldest apartment in
the reference building model.

2.4. Renovation packages

The formulated scenarios for the proposed renovation packages were
derived from the existing ARA renovation measures. These packages can
be broadly categorised into three main groups. The first category in-
volves the integration of EAHP alongside a DH system, with concurrent
consideration for window replacement and the addition of external wall
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insulation. The second category combines a GSHP and EAHP, also
incorporating window replacement and additional external wall insu-
lation. The third category encompasses the utilisation of a balanced heat
recovery ventilation system in conjunction with a DH system, GSHP,
window replacement, and additional external wall insulation.

The IDA Indoor Climate and Energy (IDA ICE) simulation tool [41]
was used to develop a calibrated model using on-site measured data
from a residential building with the same parameters as the case study
buildings. Then, the reference model representing the features of the
typical Finnish residential buildings from 1970 was created as a baseline
model to apply renovation packages. The following represent the spec-
ifications of eight distinct renovation packages, based on the most
popular and some additional renovation measures in ARA subsidies.
They considered with and without photovoltaic (PV) panels.

I. Exhaust Air Heat pump (EAHP) and District Heating (DH)
II. Ground Source Heat Pump (GSHP) and Exhaust Air Heat Pump
(EAHP) with Electrical top-up
III. Exhaust Air Heat Pump (EAHP) and District Heating (DH) with
Window Replacement

Energy & Buildings 307 (2024) 113986

IV. Ground Source Heat Pump (GSHP) and Exhaust Air Heat Pump
(EAHP) with Window Replacement
V. Balanced Heat Recovery Ventilation (HRV) with electric reheat-
ing coil and District Heating (DH) with Window Replacement
VL. Balanced Heat Recovery Ventilation (HRV) with electric reheat-
ing coil and Ground Source Heat Pump (GSHP) with Window
Replacement
VII. Exhaust Air Heat Pump (EAHP) and District Heating (DH) with
Window Replacement and Additional External Wall and Roof
Insulation
VIII. Ground Source Heat Pump (GSHP) and Exhaust Air Heat Pump
(EAHP) with Window Replacement and Additional External Wall
and Roof Insulation

Renovation package simulation with a calibrated baseline model and
a detailed heat pump plant model show real achievable savings
compared with calculated savings in ARA subsidies. The cost-
effectiveness of popular renovation packages is analysed to identify
the optimal renovation packages and those that satisfy the deep reno-
vation requirement to reduce energy consumption by more than 60 %.
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Fig. 6. The EAHP-GSHP schematic diagram (a) and its configuration in the IDAICE plant model (b).
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Fig. 6. (continued).

Fig. 6(a) depicts the general configuration of a combined EAHP-
GSHP system to provide space heating and domestic hot water. The
EAHP, which recovers heat from extracted air, is comprised of an air
handling unit on the roof with a heat exchanger, exhaust fan, and filter, a
heat pump unit, and a hot water storage tank in the basement. The GSHP
consists of boreholes loaded with thermal grout and pipes filled with
brine to extract heat from the ground. The GSHP comprises a heat pump
that provides heat to the building’s heating system. The EAHP and GSHP
systems are designed to operate with a single heat pump and a shared
loop from the EAHP air handling unit to the GSHP borehole system.

The standalone EAHP-GSHP model in IDA ICE is illustrated in Fig. 6

Table 7
Configuration and heating load information in renovation packages.

(b). The calibrated model provided the following extracted data to the
EAHP-GSHP model: 1. climate file, 2. DHW volume flow, 3. extracted air
mass flow, temperature, and humidity, and 4. Space heating supply and
return temperature, flow rate, and power. The model was designed with
a DHW priority, meaning that the tank temperature determined the
switch between DHW mode and SH mode. The tank temperature was
maintained within a range of 44-50 °C, and if it dropped below 44 °C,
the HP automatically switched to DHW mode until the temperature
reached 50 °C. In addition, the EAHP utilised the exhaust air tempera-
ture, and the exhaust air fan raised its temperature by 1 °C.

Table 7 reports the configuration and heating load of each

Renovation U- value, (W/m” K) HRV temperature Space Heating Space Heating Heating curve supply Heat pump COP at rating
package External Roof  Window ratio, % load, (W/m?) ::Irlze)rgy need, (kWh/  and return temp., (°C)  sizing, (%) conditions
wall

EAHP + DH' 0.48 0.33 2.1 0 39 81 65/35 40 % 4.53

GSHP + EAHP? 0.48 0.33 2.1 0 39 81 65/35 75 % 4.53

EAHP + DH + 0.48 0.33 1.0 0 33 64 60/30 46 % 4.53
W.’a‘

GSHP + EAHP 0.48 0.33 1.0 0 33 64 60/30 80 % 4.53
+w*

HRV + DH + W° 0.48 0.33 1.0 80 21 30 55/30 - -

HRV + GSHP + 0.48 0.33 1.0 80 21 30 55/30 95 % 4.53
W()

EAHP + DH + 0.23 0.20 1.0 0 29 54 55/30 52% 4.53
W+ T

GSHP + EAHP 0.23 0.20 1.0 0 29 54 55/30 84 % 4.53
+ W+ I8

1 Exhaust Air Heat pump (EAHP) + District Heating (DH).

2 Ground Source Heat Pump (GSHP) + Exhaust Air Heat Pump (EAHP) + Electrical top-up.

3 Exhaust Air Heat Pump (EAHP) + District Heating (DH) + Window Replacement (W).

4 Ground Source Heat Pump (GSHP) + Exhaust Air Heat Pump (EAHP) + Window Replacement (W).

5 Balanced Heat Recovery Ventilation (HRV) with electric reheating coil + District Heating (DH) + Window Replacement (W).

6 Balanced Heat Recovery Ventilation (HRV) with electric reheating coil + Ground Source Heat Pump (GSHP) + Window Replacement (W).

7 Exhaust Air Heat Pump (EAHP) + District Heating (DH) + Window Replacement (W) + Additional External Wall and Roof Insulation (I).

8

Ground Source Heat Pump (GSHP) + Exhaust Air Heat Pump (EAHP) + Window Replacement (W) + Additional External Wall and Roof Insulation (I).
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renovation package. For additional insulation, 100 mm was used in the
external walls and in the roof, resulting in U-values of 0.23 W/m?K and
0.20 W/m2K, respectively. The heat recovery ventilation system with
rotary heat exchanger had a temperature ratio of 80 % and a minimum
exhaust air temperature of —5°C. The table illustrates the impact of the
window replacement and the enhancement of external wall insulation
on reducing the heating load. As the building envelope becomes more
thermally efficient due to improved insulation and reduced heat loss
through windows, the amount of energy required to maintain indoor
comfort decreases. Therefore, the required heating curve supply and
return temperatures at design outdoor air temperature also decrease.
This relationship is expected, as a lower heating load necessitates less
energy to be supplied by the heat pump. The heat pump sizing is the
ratio of heat pump power to the space heating load at the design outdoor
temperature. This ratio varies from 40 % in the EAHP + DH package,
which operates with a limited heat source of exhaust air, to 95 % in the
HRV + GSHP + W package, where the heating load is the lowest. In the
case of EAHP + DH, 40 % represents the maximum amount of heat
possible to extract from exhaust air. Notably, the window replacement
and the improvement of the external wall insulation led to a higher
contribution of the heat pump and a decrease in the heating curve by
5 °C in the renovation packages employing EAHP. A similar pattern
emerges within renovation packages that employed both EAHP and
GSHP, wherein the heat pump power ratio demonstrates an increase
coinciding with a reduction in the supply and return temperature of the
heating curve. EAHP and GSHP are brine to water heat pumps for which
a product model with COP = 4.53 was used. This applies at rating
conditions: brine in (ethanol) at 0 °C and brine out at —3 °C, and hot
water flow at 35 °C and return at 30 °C. COP values in the operation are
reported in section 3.1.

Renovation packages were calculated without and with the instal-
lation of photovoltaic panels, for which all available roof space was
used. In compliance with recommended guidelines, it is advisable for PV
installations to cover no more than 30 % of the available roof area to
mitigate shading effects and uphold the structural integrity of the
building. The reference building is located in Helsinki, Finland, with a
total roof area of 3405.3 m2 According to these guidelines, the
permissible roof area for installing PV panels would be approximately
1021.6 m2. For the purpose of this analysis, we utilised 400 W solar
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panels with a module efficiency of 20.2 % [42]. There were 6 rows, each
containing 20 solar panels oriented to the south with a tilt angle of 25°,
which is conducive to optimising energy generation. The PV panel sys-
tem was characterised by its PV cell efficiency, rated at 19 %, and each
individual PV panel had a rated power output of 400 W, with a total
peak power of the system of 43.2 kW. It is essential to underscore that
only the self-used PV-panel-generated electricity was considered when
calculating the EP-value.

3. Results and analysis
3.1. Renovation packages’ simulation results

The delivered energy breakdown in the reference building and
renovation packages in kWh/m? is shown in Fig. 7. In the renovation
packages with EAHP or GSHP, the SH and DHW electricity consumption
of the heat pump is calculated individually. The same row reports a
balanced heat recovery (HRV) unit supply air electric heating in two
HRV cases. Thus, the delivered energy is split to DH, HP electricity or
supply air electricity, electric top-up in cases without DH, fans and
pumps and appliances and lighting. Essentially, there are three reno-
vation groups. The first group involves using DH and implementing
EAHP. The second one utilised the EAHP and GSHP and compensated for
the remaining energy demand via electrical top-up (disconnected from
DH). The third category consists of HRV + GSHP and HRV + DH com-
binations. In the first two categories, the energy demand is compared
while windows are replaced, and the external wall’s insulation thickness
is increased. It is apparent that Space Heating DH and Space Heating
electrical top-up account for the majority of energy consumption in
renovation packages that use DH. However, the HRV + DH + W and
EAHP + DH + W + I packages use the least amount of DH energy for
space heating. Expectedly, the combination of EAHP and GSHP con-
sumes the most space heating HP and supply air electricity. In the HRV
-+ GSHP + W scenario, the Space-hating electrical top-up is minimal,
while the Space-heating HP and supply air electricity are both signifi-
cant. Obviously, the energy demand is reduced by window replacement
and increased external wall insulation thickness. All renovation pack-
ages’ simulation models used DHW priority control for the heat pump.
Therefore, with the exception of the HRV + DH + W package, the DHW
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Fig. 7. The delivered energy use in different renovation packages.
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DH and DHW electrical top-ups are modest in all renovation packages.
The DHW heat pump electricity share is almost close between renova-
tion packages from 10.1 to 13.1 kWh/m2. Overall, the graph illustrates
that the choice of renovation package has a significant impact on energy
consumption, particularly in Space Heating, DHW, and Supply Air
Electricity. Additionally, it highlights the effectiveness of measures like
window replacement and external wall insulation improvement in
reducing overall energy demand.

Fig. 8 presents the calculated EP-values for various renovation
packages. The chart also includes the reference building EP-value in the
form of a red dashed line, facilitating a direct comparison with the
renovation outcomes. Except for the GAHP + EAHP package (EP-value
= 101), all other renovation packages have EP-values of 94 or below.
This suggests that most renovation packages have significantly
improved energy efficiency compared to the reference building model.
The chart highlights that the renovation packages HRV -+ GSHP + W and
EAHP + DH + W + I have the lowest EP-values, indicating that these
packages have achieved the highest level of energy efficiency among the
options presented. The influence of two building fabric renovation
measures, namely the replacement of windows and the improvement of
external wall insulation thickness, is clearly observable in the chart.
Packages employing EAHP and the combination of EAHP and GSHP
show the most significant improvements in EP-values, demonstrating
the effectiveness of these measures. Additionally, the chart shows that
using GSHP in the HRV package has resulted in a substantial decrease in
EP-values, signifying a notable improvement in energy efficiency. In
conclusion, Fig. 8 highlights the success of various renovation strategies
in improving energy efficiency, particularly the impact of heat pumps,
window replacement, insulation enhancements, and the use of HRV.

The capacity, part load ratio, and control mode of the heat pump
system all affect its performance [43]. Table 8 tabulates the SH and
DHW Seasonal Coefficient of Performance (SCOP) and total (SH + DHW)
Seasonal Performance Factor (SPF), where top-up electricity is also
included for all renovation packages. The SH SCOP values in Table 8
vary between 3.2 and 4.5, and DHW SCOP values range from 2.7 to 3.6.
Notably, in all renovation packages, the SCOP values for SH are
consistently higher than those for DHW. The table suggests that
employing a lower heating curve in the renovation packages has
contributed to better SH SCOP values so that the effect of window
replacement and additional insulation is clearly visible. In the case of the
EAHP renovation packages, the higher source (extract) air temperature
has resulted in higher SCOP values both for SH and DHW. The lowest
SCOP values are in the case of GSHP only, representing the effect of a
colder heat source. The total (DH + DHW) SPF values range from 2.3 to
3.9. There is a considerable drop in SPF value in renovation packages
without DH (GSHP + EAHP, GSHP + EAHP + W, HRV + GSHP + W, and
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Fig. 8. The EP-value of renovation packages.
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Table 8
The SH and DHW Seasonal Performance Factor (SPF) in different renovation
packages.

Renovation package Seasonal Seasonal Performance Factor (SPF)
Coefficient of
Performance
(scop)
SH DHW SH + DHW
EAHP + DH 3.8 3.5 3.7
GSHP + EAHP 35 31 2.6
EAHP + DH + W 41 36 3.8
GSHP + EAHP + W 4.0 3.1 2.6
HRV + GSHP + W 32 27 2.3
EAHP + DH + W +1 45 35 3.9
GSHP + EAHP + W + 1 4.3 3.1 2.6

GSHP + EAHP + W + D). The total (SH + DHW) SPF varies from 2.3 to
3.9. A substantial decline in SPF is evident when considering renovation
packages that exclude DH, i.e., GSHP + EAHP, GSHP + EAHP + W, HRV
+ GSHP + W, and GSHP + EAHP + W + 1. This arises from the fact that
the top-up electricity to support thermal comfort was considered in the
SPF values calculation. In summary, Table 8 highlights the superior
energy efficiency of space heating over hot water generation, the impact
of the heating curve on SCOP values, and the influence of higher source
air temperatures on EAHP renovation packages.

Fig. 9 displays the COP values for SH and DHW within the EAHP +
DH renovation package. The graph consists of two separate “clouds”
representing SH COP and DHW COP, respectively. It’s important to note
that the COP values provided in this figure are derived from hourly data
using IDA ICE software, which may result in a mixing of SH and DHW
COP values and may not accurately represent each component’s COP.
The graph clearly illustrates a relationship between outdoor tempera-
ture and both SH COP and DHW COP. As outdoor temperatures rise,
both COP values tend to increase. The SH COP demonstrates a distinc-
tive behaviour with respect to the outdoor temperature. It experiences a
rapid increase in COP when the outdoor temperature is within the range
of —10 °C to 7.5 °C. In contrast to the sharp rise in SH COP, the DHW
COP exhibits a more gradual increase as outdoor temperatures increase.
This indicates that the COP for Domestic Hot Water generation becomes
more favourable with rising outdoor temperatures but at a less steep rate
compared to SH.

Renovation measures incorporating heat pump systems pose the
potential risk of elevating peak power demand during heating periods.
Therefore, it is imperative to conduct a comprehensive analysis of the
fluctuations in electrical power demand concerning various renovation
strategies. Fig. 10 presents an hourly duration graph that elucidates the
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Fig. 9. The Coefficient of Performance (COP) as a function of outdoor tem-
perature in the EAHP renovation package.
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Fig. 10. The electricity power specific consumption duration curve in renovation packages.

variations in electrical power of the reference building and other reno-
vation packages over time in W/m?. Notably, the combined GSHP and
EAHP renovation packages have the highest electricity usage, with re-
ductions attributed to window replacement and improvements in
external wall insulation layer thickness. The GSHP + EAHP, GSHP +
EAHP + W, and GSHP + EAHP + W + I renovation packages display
peak specific electricity consumption values of 41.2 W/m?2, 35.8 W/m?,
and 31.9 W/m?, respectively. While the heated area is 3405 m?, 41.2 W/
m? corresponds to the absolute value of 140 kW. The HRV + GSHP + W
renovation package exhibits a lower peak electricity usage, amounting
to 26.9 W/m?. The EAHP + DH, EAHP + DH + W, and EAHP + DH + W
+ I renovation packages yield peak electricity consumption values of
10.7 W/m?, 10.6 W/m?, and 10.5 W/m?, respectively. Following this,
the HRV + DH + W renovation package demonstrates lower electricity
usage compared to the other renovation packages, with a value of 7.4
W/m?. As expected, the reference building exhibits the lowest electricity
power consumption, with a peak value of 6.9 W/m?. Thus, GSHP +
EAHP, with the highest peak power, has resulted in the peak power
increase by factor 6 compared to the reference building. Renovation
packages that use DH have resulted in a relatively small increase by a
factor of 1.5 and a flat duration curve. Therefore, EAHP + DH shows, by
factor 3.9, a lower peak power compared to GSHP + EAHP. It should be

noted that the PV system does not change the peak power values,
because there is no electricity generation at the maximum heating need.

PV self-used electricity, shown in Fig. 11, represents the proportion
of electricity consumed within a building that is generated by PV panels.
The self-used electricity is derived through a calculation involving the
subtraction of exported electricity from the total electricity production,
with the result then divided by the total electricity production. The
electricity that is sold to the grid is referred to as exported electricity and
is not accounted in the EP-value calculation. Fig. 11 presents the self-
used electricity generated by the PV system and calculated EP-value,
including the PV self-used generation across various renovation pack-
ages. The chart further incorporates the EP-value of the reference
building represented by a red dashed line, allowing for a direct com-
parison with the renovation results. Notably, the HRV + GSHP + W
renovation package stands out by utilising 52 % of the PV production,
whereas the remaining packages fall within a range of 38 % to 44 %
utilisation. Specifically, the GSHP + EAHP renovation package utilises
44 % of the PV generation, while the GSHP + EAHP + W and GSHP +
EAHP + W + I packages both make use of 43 %. The HRV + DH + W
package employs 41 % of the PV production, whereas the EAHP + DH
and EAHP + DH + W + I packages each utilise 39 %. Lastly, the EAHP +
DH + W package employs 38 % of the PV production. Upon comparing
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Fig. 11. The PV self-used electricity and calculated EP-value considering PV elec. production between different renovation packages.
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the EP-values associated with self-used PV production against the EP-
values presented in Fig. 8, it is evident that the EP-value exhibits a
corresponding reduction. The most significant decline in EP-value,
amounting to a 10 % reduction, is observed in the HRV + GSHP + W
package, while other packages show a reduction of 7-8 %. In summary,
self-used PV generation leads to an enhancement of the EP-value that
keeps all renovation packages’ EP-values below 90 (new building EP-
value requirement in Finland) except the GSHP + EAHP renovation
package.

Fig. 12 represents the duration curve of exported and delivered
electricity between renovation packages considering the PV production
electricity, measured in W/m2 “Delivered electricity” denotes the
electricity purchased from the grid, while “exported electricity” repre-
sents the electricity that is sold back to the grid. Across all renovation
packages considered, the average exported electricity accounts for
approximately 8.8 % of the total electricity. The HRV + DH + W and
HRV + GSHP + W packages illustrate the highest and lowest exported
electricity at 11.9 % and 8.0 %, respectively. In terms of delivered
electricity, the graph demonstrates that the duration curve for GSHP +
EAHP rises rapidly, indicating higher electricity demand at high heating
needs. Conversely, the HRV + DH + W package consumes the least
electricity from the grid, but this still occurs 88.1 % of the time.

3.2. Economic feasibility

To assess the energy-saving cost within each renovation package, the
energy cost associated with the reference building was contrasted to the
costs incurred in the renovation packages. Electricity distribution tariffs,
DH water flow rate charges, and the DH energy pricing structure during
distinct time periods, as shown in Table 9, were taken into account.
These cost parameters were derived from the pricing data provided by
an energy service provider in Helsinki [44].

Fig. 13 presents the annual energy consumption and the corre-
sponding energy-saving costs for a reference building and all renovation
packages in €/year/m>. The chart highlights the range of energy-saving
prices, with the lowest energy-saving price attributed to the EAHP + DH
renovation package and the highest to the HRV + GSHP + W renovation
package. The impact of replacing windows and enhancing the external
wall insulation layers on the energy-saving price is clearly evident. The
renovation packages that employ a combination of EAHP + GSHP
generally exhibit higher energy savings. However, while both the EAHP
+ DH + W + I and EAHP + GSHP + W + I renovation packages exhibit
highly reduced energy usage, the former demonstrates superior energy-
saving cost-efficiency. This is attributed to higher electricity usage for
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Table 9
The energy price list for (a) electricity, (b) DH water flow rate, and (c) the DH
energy.

(@

Electrical distribution tariff Electricity Electricity
tax
Distribution, (¢/ Basic charge, Price, (¢/ Basic price, Price, (¢/
kWh) (€/month) kWh) (€/month) kwWh)
4.07 5.51 10.09 3.54 2.794
)
Water flow contract, m®/h Price, (€/month)
1 336.95
1.1 368.42
1.2 399.9
1.3 431.37
(©)
Period Months Price including VAT (€/MWh)
Summer period 2022  01.05.2022—30.09.2022 45.77
Autumn period 2022 01.10.2022—-31.12.2022 107.45
Winter period 2023 01.01.2023—28.02.2023  113.53
Spring period 2024 01.03.2023—30.04.2023  119.87

the heat pump in the latter package, which offsets some of the energy
savings.

Table 10 summarises renovation package costs and the available
financial support options. The table lists the estimated renovation costs
for each renovation package based on actual cost data of implemented
measures, as presented in Table 4. The table also evaluates the feasibility
of financial support options for these renovation packages by consid-
ering two sources of financial support: ARA renovation subsidies and
bank loans available in Finland. According to ARA grant regulations,
achieving a 32 % or more improvement in the EP-value results in
receiving a 4000 €/apartment grant. However, if the building’s EP-value
is improved to the regulation level of a new building, which is EP-value
90, the subsidy is up to 6000 €/apartment. It is noteworthy that none of
the simulated renovation packages meets the 32 % EP-value improve-
ment requirement, as the highest EP-value improvement achieved is 27
% in EAHP + DH + W + L. This result is based on measured energy use
and a calibrated simulation model that conflicts with data reported in
EPCs, achieving about 40 % savings, Table 6. Therefore, the subsidy
scheme has been based on faulty energy calculations, which highly
overestimate before and after renovation energy use. It is notable that in
Buildings 1 to 3, the EP-value reported in EPC after renovation is higher
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Fig. 12. The exported/delivered electricity unit load in different renovation packages considering PV production electricity.
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Table 10
Feasible financial support to retrofit the building between different renovation cases.
Renovation Renovation cost,  ARA renovation grant Bank loan EP- EP-value
2 .
package (e/m?) 4000 €/apartment 6000 €/apartment Bank loan payment, = Monthly Bank loan value improvement, %
case, (€/m?) case, (€/m?) (€/month/m?) saving, (€/m?)  period, (Year)
EAHP + DH 26.5 - - 0.43 0.42 6 94 15 %
GSHP + EAHP 88.5 - - 0.50 0.49 26 101 8 %
EAHP + DH+ W 76.7 - 81.05 - - - 86 22%
GSHP + EAHP 138.7 - - 0.73 0.58 30 94 15 %
+ W
HRV + DH + W - - - - - - 88 20 %
HRV + GSHP + - - - - - - 81 26 %
w
EAHP + DH + 433.4 - 81.05 1.86 0.64 30 81 27 %
W+1
GSHP + EAHP 495.4 - 81.05 2.19 0.64 30 89 19 %
+W+1

than the measured energy use EP-value before renovation.

However, for the EAHP + DH + W, HRV + DH + W, HRV + GSHP +
W, EAHP + DH + W + I, and GSHP + EAHP + W + I renovation
packages, EP-value remains below 90 that provides 6000 € per apart-
ment renovation support. Given the ineligibility for ARA grants in cases
where the EP-value exceeds 90 and fails to meet the 32 % improvement
threshold, the table underscores that bank loans emerge as the primary
means of financial support for these renovation packages. An interest
rate of 4.75 % for bank loans is used [45].

For the EAHP + DH and GSHP + EAHP renovation packages, the
remaining monthly savings are closely aligned with the monthly bank
loan payment, resulting in bank loan durations of 6 and 26 years,
respectively, indicating that these packages actually do not need reno-
vation support. In the case of the EAHP + DH + W renovation package,
the received ARA grant slightly surpasses the necessary renovation cost,
obviating the need for a bank loan. Considering the maximum allowable
bank loan period of 30 years, for renovation packages where costs
exceed the sum of energy savings and potential ARA grants, such as
GSHP + EAHP + W, EAHP + DH + W + I, and GSHP + EAHP + W + I
packages, the renovation support has been clearly too small to fund
these renovations.

For HRV systems, the cost calculation is not conducted because of the
not available cost data. The same applies to PV systems, as they were not
installed in any building, there was no cost data available and packages
in Table 10 are calculated without PV; however, PV systems are
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generally expected to be cost-effective.

In summary, Table 10 shows that present subsidies are not enough to
have sustainable funding for deep renovation projects, including
building fabric insulation measures. Furthermore, the table highlights
the disparity between calculated energy savings in EPCs and real energy
savings, suggesting a need for improved accuracy in initial EP-value
assessments.

4. Conclusion

This study analysed renovation measures implemented with ARA
renovation subsidies in Finland in multifamily apartment buildings. A
typical 1970 s renovated building was identified from the ARA subsidy
sample, and the reference building simulation model was calibrated
using metered energy and water data from another similar building. For
the reference building, a comprehensive set of renovation packages were
applied to assess the performance of ARA grants. Energy analyses,
electric peak power and economic analyses were conducted, allowing us
to draw the following conclusions.

o The reference building simulation model calibration based on
metered heating, electricity and water data showed main challenges
in the assessment of the ventilation rate, modelling correct infiltra-
tion rate, using the correct setpoint for indoor air temperature and
assessing DHW circulation losses. All these components were
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considerably different compared to the simulation of a new building
and explain failures in EPC calculations.

The current energy calculation system, of calculated EPCs before and
after renovation highly overestimated energy use and energy sav-
ings. Before the renovation, there was an overestimation of EP-value
by almost a factor of 2. It was notable that in calculated EPCs, after
renovation EP-value was higher than before renovation EP-value
based on measured energy use. The main reasons for faulty energy
calculations were strong overestimations in the building leakage rate
and ventilation airflow rate. These overestimations resulted in en-
ergy savings close to 40 %, which were almost by factor 2 higher than
real energy savings.

To fix the energy calculation methodology, it can be recommended
to use realistic building leakage rate qso values that apply with
exhaust ventilation, instead of using an equation developed for
infiltration with balanced ventilation that highly overestimated
infiltration airflow rates. Similarly, before renovation, ventilation
rates are only about half of the code ventilation used in EPC calcu-
lation, and a more realistic value should be implemented for reno-
vation. Our analyses recommend using a 0.4 1/s m? ventilation rate
after renovation instead of the 0.5 1/s m? that has been used for new
buildings.

The renovation packages analysed included exhaust air heat pumps
working in parallel with district heating, ground source heat pump
combined with exhaust air heat pump, heat recovery ventilation,
replacing windows and additional insulation. These demonstrated
improvements in the EP-value, ranging from 8 % to 27 % when
calculated with lighting and appliances included in the EP-value.
With a photovoltaic electricity generation system, EP-value
improvement ranged from 14 % to 34 %. A cost-effective renova-
tion with exhaust air heat pump, window replacement and district
heating reduced before renovation EP-value of 110 to 86 and with
photovoltaic system even to 80, which both are less than nearly zero
energy requirement of 90 to new buildings. Packages with ground
source heat pump and heat recovery ventilation also showed similar
savings. It should be noted that additional insulation is not cost-
effective because of reasonably good initial insulation, i.e., U-
values of 0.4-0.5 before renovation.

The detailed heat pump model showed the dependency of seasonal
performance factor on the heating curve and heat source tempera-
ture levels. Space heating SCOP varied between 3.2 and 4.5 and
DHW SCOP 2.7 and 3.5, while the seasonal performance factor of the
heating system with top-up electricity varied between 2.6 and 3.9 for
renovation packages studied.

Electricity consumption patterns showcased significant variations
among renovation packages. The combined ground source and
exhaust air heat pump showed the highest peak power of 41 W/m2,
resulting in the peak power increase by factor 6 compared to the
reference building. Renovation packages that used district heat
resulted in a relatively small increase by a factor of 1.5 and a flat
duration curve. Therefore, the exhaust heat pump and district
heating showed a factor of 3.9 lower peak power compared to the
combined heat pumps. Photovoltaic system did not change the peak
power values, because there is no electricity generation at the
maximum heating need.

Self-used electricity of photovoltaic generation brought all renova-
tion packages below the EP-value of 90, with the exception of the
combined ground source and exhaust heat pump package, which
reached an EP-value of 94. From total photovoltaic generation, 38 %
to 52 % were used in the building, depending on the renovation
package.

ARA grant eligibility condition of 32 % improvement in EP-value to
receive 4000 €/apartment was not met by any renovation packages
studied. This was because of faults in energy calculation guidance as
five packages did qualify for the more demanding 6,000 €/apartment
grant, as their EP-values remained below 90. The economic
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feasibility of renovation packages varied, with the exhaust heat
pump and window replacement package emerging as the most cost-
effective option, while packages with additional insulation faced
considerably higher costs than the sum of ARA support and monthly
savings could cover bank loans; thus, ARA support was clearly too
small to support the deep renovation.

To summarise, this study shows cost-effective renovation potential
on multifamily apartment buildings by heat pumps, window replace-
ment and photovoltaic, but at the same time, considerable renovation
support is needed for more deep renovation where additional insulation
would be applied. The need to improve the accuracy of EPCs in assessing
energy performance to facilitate more effective financial support for
building renovations was a finding that can be important for any support
scheme. As enhancing energy performance remains a critical step in the
green transition, accurate EPCs play a vital role in evaluating energy use
and securing the necessary funding for such renovations. Future
research in this area should continue to investigate the reliability of EPC
calculations to advance the effectiveness of energy-efficient building
renovations.
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