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Abstract 13 

The paper presents cost-optimal energy performance improving measures conducted in deep renovations of typical 14 

Finnish (cold climate) brick apartment buildings, built in the 1960’s. The study discusses the effects of different renova-15 

tion measures on the energy performance and economic viability in a selected building. Energy performance is studied 16 

from the primary energy consumption’s perspective and cost-effective renovation measures to meet higher energy per-17 

formance criteria are also studied. The cost-optimal renovation concepts to meet different energy performance criteria 18 

were determined from over 2 billion potential renovation measure combinations by using sophisticated simulation-19 

based multi-objective optimisation (SBMOO) analysis, utilising the advanced Pareto-Archive NSGA-II genetic algo-20 

rithm, as the main research method. The SBMOO analysis was used to minimise the primary energy consumption and 21 

the net present value of life-cycle cost over a 25-year discount period simultaneously. The results indicate that the cost 22 

optimum renovation solutions of the brick apartment building stock provide the same energy performance criteria as 23 

the current national minimum energy performance requirements of new apartment buildings. According to the study, 24 

the investments should be focused on high performance renewable energy production systems, which deliver the best 25 

return on investment. External financial support mechanisms are also required to encourage apartment building own-26 

ers to conduct deep renovations towards nearly zero-energy apartment buildings. 27 



Keywords – cost-optimal renovation; cost-effectiveness; optimisation; energy efficiency; heat pump system; energy 28 

simulation 29 

1. Introduction 30 

Several studies regarding the energy performance renovations and energy saving potential of cold climate brick 31 

apartment buildings have been carried out during the last decade [1-6]. The results of these studies indicate that there are 32 

many measures that can be applied to brick apartment buildings in deep renovations, depending on the type and the ener-33 

gy performance target level of the renovation [1,4,6]. Typically, individual measures are applied at the moment, but re-34 

cent studies indicate that larger renovation packages, including a few measures, are also economically feasible, when they 35 

are correctly selected and dimensioned and when they are combined with the mandatory large-scale maintenance renova-36 

tions [1,7,8]. However, the main problem of these studies is that they mainly focus on individual and more conventional 37 

energy efficiency improving measures. In addition, the previous studies have been carried out by using a more conven-38 

tional research method, where different measures and their effect on the overall energy performance of the studied build-39 

ings have been studied by means of a limited number of predefined cases. This creates a problem in larger and more 40 

detailed studies, because the conventional research method limits both the total number of studied measures that can be 41 

selected and also the accuracy and reliability of the results, when several measures and their economic feasibilities are 42 

studied simultaneously. The conventional research method cannot guarantee the global cost-optimal solution of several 43 

simultaneous measures, because there can easily be thousands or even millions of different solution combinations, de-44 

pending on the case. 45 

Earlier studies have indicated that the heat pump systems are a cost-effective measure to improve the energy perfor-46 

mance of a building and also to utilise renewable energy production [9,10]. According to previous studies, modern heat 47 

pump technologies provide considerable improvements in energy performance cost-effectively, they utilise renewable 48 

energy, and they are reasonable heating system alternatives, especially in both new and existing residential buildings 49 

[10]. However, the cost-effectiveness and energy performance of modern heat pump systems and solar-based thermal and 50 

PV-production systems, combined with the typical and more conventional renovation measures, have not been extensive-51 

ly studied in previous apartment building renovation studies. Furthermore, previously carried out studies have not come 52 

up with solid solutions, and they have been limited to study only a few more popular renovation measures. 53 

Cost-effectiveness, energy efficiency and environmental impact of residential buildings located in warmer climate 54 

conditions have also been studied by Atmaca (2015-2016) [11-14]. The results of these studies indicate that the operation 55 

phase of buildings is dominant in both urban and rural residential buildings located in warmer climate, when primary 56 

energy, CO2-emissions and environmental impact over the life-cycle of a residential building are discussed, contributing 57 



up to 75…85 % of the total PE consumption and up to 60…85 % of the overall CO2-emissions over a 50-year life-cycle 58 

period [11-14]. However, the cost-optimum solutions to minimise the environmental impact and to maximise the energy 59 

performance of residential buildings are different in buildings located in different climates, as the climate conditions have 60 

a significant impact on the overall optimum energy efficiency measures, such as optimum thermal insulation thickness of 61 

the building envelope or technical performance features of the building services systems. Several recent studies have 62 

been conducted to determine the energy saving and environmental impact reduction potential of existing apartment build-63 

ings located in cold climate conditions [15-20]. The studies have concluded that an essential aspect of economically via-64 

ble renovation solutions is to combine the energy performance improving measures with the mandatory maintenance 65 

repairs. In addition, the studies have also concluded that innovative motivation mechanisms are needed to encourage the 66 

apartment building owners to conduct deep renovations, where the energy performance of apartment buildings is im-67 

proved further than the cost-optimum level, possibly towards nearly zero-energy apartment buildings [15-20]. The con-68 

clusions of the studies indicate that the energy production systems of residential buildings located in cold climate have a 69 

significant impact on the environmental impact reduction potential and also on the overall energy efficiency of the exist-70 

ing residential building stock [15-20]. However, the literature review indicates that various cost-effective main heating 71 

system alternatives, such as applicable modern heat pump systems, have not been extensively studied previously and 72 

further research is needed to determine and compare the economic viability of different main heating system concepts to 73 

the more conventional individual renovation measures regarding the energy performance of the building envelope, which 74 

have been studied in detail in several recent studies [15-20]. 75 

The essential conclusions and key findings of the aforementioned recent studies regarding the significance of energy 76 

improvement of the existing building stock highlight the importance of the topic of this study. To determine economical-77 

ly viable renovation measures and packages for apartment building owners to be carried out in deep renovations is essen-78 

tial to meet the EU 2020 energy saving targets, to support sustainable development and to deliver financial savings for 79 

building owners. Due to the fact that the energy, cost and environmental saving potential of the existing residential build-80 

ing stock is significant and modern technologies, e.g. different heat pump systems and solar-based renewable energy 81 

production systems, are applied at an increasing pace, cost-optimal analyses of different renovation alternatives are need-82 

ed to deliver optimum overall solutions and to avoid unnecessary over-investments in extensive and less cost-effective 83 

measures that are not necessary mandatory to be conducted. 84 

This study takes all of the essential renovation measures into account that can be carried out in a brick apartment 85 

building located in cold climate conditions, including different heat pump systems and solar-based thermal and PV-86 

production systems, for the first time. The study also utilises the simulation-based, multi-objective optimisation method 87 



to determine the global optimum solution of renovation measures using the new software MOBO as the optimisation 88 

method [21,22]. The utilisation of the simulation-based optimisation (SBO) method doesn’t limit the total number of 89 

different measures that can be studied, making it possible to study the effect and economic feasibility of all the realisable 90 

renovation measures simultaneously. 91 

The main target of this study is to provide cost-optimum energy performance improving renovation solutions, in-92 

cluding common renewable energy production systems and their economic and technical feasibility, for typical brick 93 

apartment buildings located in cold climate conditions. An essential objective is also to provide cost-effective energy 94 

performance improving solutions to meet higher energy performance target levels than the cost-optimum level. In addi-95 

tion, one key aspect of the research is to study the energy performance improving potential and economic feasibility of 96 

modern heat pump systems and solar-based thermal and PV-production systems. An essential part of the study is to de-97 

termine economically feasible solutions to renovate the brick apartment building stock, to reduce the delivered and pri-98 

mary energy consumption of this building stock and to decrease the environmental impact of the buildings. The results 99 

and conclusions of this study can be generalised to similar climates and techno-economic environments, when deep reno-100 

vations of brick apartment buildings are planned to be carried out.  101 

2. Methods 102 

2.1. Studied building 103 

2.1.1 Selection of the building 104 

This study focuses on the energy performance and cost effectiveness of the typical brick apartment buildings built in 105 

cold climate areas, such as Scandinavia. A brick apartment building located in Finland was selected as a case study build-106 

ing of the research, because it represents a major share of the Finnish residential building stock and also possesses a con-107 

siderable energy performance improvement potential. In addition, it represents a typical cold-climate apartment building 108 

type located in the Scandinavian countries, Estonia and in Russian districts [1-6]. In addition, Finnish brick apartment 109 

building stock requires major renovation measures in the near future, which is the case in many other countries as well. 110 

Fig. 1 presents the total number and floor area of Finnish apartment buildings built in different decades (left) and the 111 

specific heat energy consumptions of residential buildings (right) in the Helsinki area, which are connected to the district 112 

heating network [23,24]. According to Helsingin Energia [24], the Finnish brick apartment buildings built in the 1960’s 113 

have the largest energy-saving potential among the Finnish apartment building stock, and they also represent the second 114 

largest share of the Finnish apartment building stock (see Fig. 1), when the total floor area of the apartment building 115 

stock is discussed. This is the main reason why the brick apartment buildings were selected for the study. 116 



The chosen case study building represents the major share of the Finnish brick apartment buildings built in the first 117 

half of the 1960’s with tile external structures and bookshelf-type frame constructed on-site [25,26]. This is the main 118 

apartment building type before the prefabricated concrete large panel construction began at the end of the decade. The 119 

studied apartment building, its exterior structures and its technical systems are in the original condition, where no major 120 

renovation measures have been carried out. This is the case in many Finnish brick apartment buildings built during the 121 

1960’s. 122 

 123 

2.1.2 Geometry and structures 124 

Fig. 2 presents the main geometry and the main dimensions of the studied building. The main external structures and 125 

the thermal bridges of the studied building are presented in Table 1. All of the features shown in Table 1 represent the 126 

initial situation of the building, where no energy performance improving measures have been carried out. They also rep-127 

resent typical Finnish brick apartment building features of the building stock built during the first half of the 1960’s 128 

[25,26]. The studied building has a total of 7 floors with 6 apartment floors and a basement floor. The total heated net 129 

floor area of the building is 3 697 m2 and the total heated volume is 10 497 m3. The building is located in the urban envi-130 

ronment of Vantaa, Finland. 131 

 132 

 133 
Fig. 1. The number and net area of apartment buildings (left) and the specific heat energy consumption of residential 134 

buildings (right) connected to the district heating network in the Helsinki area [23,24]. 135 

 136 



 137 

 138 
Fig. 2. The main geometry of the studied brick apartment building (above) and the floor layout of the apartment floors 139 

(below), r = room, k = kitchen. 140 

 141 

Table 1. The main characteristics of the studied brick apartment building. 142 

External structures and air tightness 

External walls, U-value [W/m2K] 0.60 
 

Roof, U-value [W/m2K] 0.34 
 

Base floor (connected to the ground), U-value [W/m2K] 0.40 
 

Windows (2-pane structure), U-value [W/m2K] 2.50 
g-value: 0.76 
ST-value 0.69 

Frame depth: 170 mm 
Integrated window shading 

 
Blinds between panes 

External doors, U-value [W/m2K] 1.41 
 

Air-tightness of the building, the q50-value 6.00 m3/(m2 h) 
 

Thermal bridges of the structures 

External wall/external wall 0.06 W/mK 

External window/external wall 0.04 W/mK 
External door/external wall 0.04 W/mK 
Roof/external wall 0.08 W/mK 
Base floor/external wall 0.24 W/mK 

 143 



2.1.3 HVAC systems 144 

The HVAC systems of the studied building and their main features are presented in Table 2. All of the data presented 145 

in Table 2 represent the initial situation of the building, where no energy performance improving measures have been 146 

carried out. 147 

 148 

Table 2. The HVAC systems of the studied brick apartment building and their main features. 149 

HVAC systems 

Ventilation system Mechanical exhaust ventilation system, 
no heat recovery system 

Operation schedule of the ventilation system Monday-Sunday, 24h/day, ventilation 
system is always on 

Exhaust air flow rate 0.4 dm3/(s, m2), constant air volume 
system 

The specific fan power of the ventilation system 1.50 kW/(m3/s) 
Heat distribution system Water-based radiator heating system 
Dimensioning temperatures of the heat distribution system 80/50 °C 

Room temperature set point for heating 
 

21.0 °C (apartments), 17.0 °C (base-
ment floor and stair cases) 

Space heating control system 
Supply water temperature control 
according to the outdoor temperature 

Domestic hot water consumption 0.5 m3/(m2,a) 

Domestic hot water circulation system 
60/55 °C (designing temperatures) 
0.23 dm3/s (designing water flow) 

 150 

2.1.4 Internal heat gains 151 

The internal heat gains of the studied building and their average usage profiles are presented in Table 3. The present-152 

ed internal heat gains represent the reference heat gains of the NBCF, and they must be used in the energy performance 153 

calculations of the EPC to make the energy performance of different buildings comparable [27]. The NBCF includes 154 

different internal heat gains and their usage profiles for different building types (office buildings, commercial buildings, 155 

detached houses, apartment buildings etc.) [27]. 156 

 157 

Table 3. The internal heat gains of the studied building from occupants, household appliances and lighting. 158 

Internal heat gains 

Occupants 
 
 
Household appliances 
 
Lighting 
 

Average sensible gain 3.0 W/m2, which equals to 1 occupant per 
28 m2 with activity level of 1.2 met, heat gain from occupants 
equals to 15.8 kWh/(m2,a) with an average usage rate of 0.6 
Average gain 4.0 W/m2, heat gain from household appliances 
equals to 21.0 kWh/(m2,a) with an average usage rate of 0.6 
Average gain 11.0 W/m2, heat gain from lighting equals to 9.6 
kWh/(m2,a) with an average usage rate of 0.1 

 159 



2.1.5 Weather data 160 

Köpper-Geiger climate classification classifies Finland to the cold climate zone (D) [28]. In addition, Finland is di-161 

vided into four separate climate zones (I-IV) according to the National Building Code of Finland (NBCF) for energy 162 

performance and heating power demand calculations of buildings [27,29]. In this country-specific classification, Vantaa 163 

is located in zone I, which is the southern-most climate zone in Finland. The NBCF also requires that the primary energy 164 

consumption of the EPC must be calculated by using the updated climate zone I (Helsinki-Vantaa test reference year, 165 

TRY2012) weather data [27]. The TRY2012 weather data includes all the essential energy calculation parameters, such 166 

as hourly ambient temperature, relative humidity, wind direction and velocity and solar radiation. The annual average 167 

temperature of the Helsinki-Vantaa area is +5.4 °C, and the average degree day number (at indoor temperature of 17.0 168 

°C, S17) is 3952 Kd [27,30]. This updated test reference year weather data used in the energy simulations has been de-169 

fined in detail in a previous study carried out by Kalamees et al. (2012) [30]. 170 

 171 

2.1.6 Optimised decision variables and their cost data 172 

The studied energy performance improving measures are the optimised decision variables in the SBO analysis. The 173 

optimised renovation concepts are presented in Table 4. The analysis includes a combination of typical renovation 174 

measures, which have been studied before as individual renovation measures and heat pump systems and solar-based 175 

thermal and PV-production systems, which have also proved to be cost-effective energy performance improving 176 

measures in recent studies [10,31-33]. The studied concepts are categorised into four separate basic concepts based on the 177 

main heating system of the building. The studied main heating systems are air-to-water heat pump (A2WHP), ground 178 

source heat pump (GSHP), exhaust air heat pump (EAHP) and district heating (DH). By categorising the renovation 179 

measures, cost-effective and recommendable renovation measures can be obtained for different energy performance 180 

criteria for all studied main heating systems. A total of four concepts are optimised using the SBO analysis and all four 181 

concepts include six decision variables. The cost data of the studied measures is presented in Table 5 [34-36]. The cost 182 

data used in the optimisation analysis is presented in more detail in references [34-36]. All prices presented in Table 5 183 

also include the Finnish V.A.T., which is 24 % in 2015. 184 

 185 

 186 

 187 

 188 

 189 



Table 4. Decision variables of the SBO analysis according to the optimised main heating system concept. 190 

District heating system concept, DH concept Minimum value Maximum value Type of the variable 

- Area of solar collectors, m2 
- Area of PV-panels, m2 
- Renovation of the ventilation system, current mechanical 
exhaust air ventilation system is replaced with a mechanical 
supply and exhaust air ventilation system with a heat recov-
ery unit of 72 % temperature efficiency 
- Additional thermal insulation thickness of external walls or 
just the basic refurbishment, mm 
- Additional thermal insulation thickness of roof, mm 
- Replacement of windows, original windows are repaired, 
painted and re-sealed, or new windows are installed with 
the U-value of 1.0 W/(m2 K) or 0.8 W/(m2 K) 

0 
0 
No 
 
 
 
0, basic refur. 
 
0 
Repair, original 

90 
170 
Yes 
 
 
 
200 
 
500 
New, 0.8 W/(m2 K) 

Continuous 
Continuous 
Discrete 
 
 
 
Discrete 
 
Discrete 
Discrete 

Ground source heat pump system concept, GSHP concept Minimum value Maximum value Type of the variable 

- Dimensioning power output of the heat pump system, kW 
- Area of PV-panels, m2 
- Renovation of the ventilation system (see DH concept) 
- Additional thermal insulation thickness of external walls or 
just the basic refurbishment, mm 
- Additional thermal insulation thickness of roof, mm 
- Replacement of windows, original windows are repaired, 
painted and re-sealed, or new windows are installed with 
the U-value of 1.0 W/(m2 K) or 0.8 W/(m2 K) 

39 
0 
No 
0, basic refur. 
 
0 
Repair, original 

156 
170 
Yes 
200 
 
500 
New, 0.8 W/(m2 K) 

Continuous 
Continuous 
Discrete 
Discrete 
 
Discrete 
Discrete 

Air-to-water heat pump system concept, A2WHP concept Minimum value Maximum value Type of the variable 

- Dimensioning power output of the heat pump system, kW 
- Area of PV-panels, m2 
- Renovation of the ventilation system (see DH concept) 
- Additional thermal insulation thickness of external walls or 
just the basic refurbishment, mm 
- Additional thermal insulation thickness of roof, mm 
- Replacement of windows, original windows are repaired, 
painted and re-sealed, or new windows are installed with 
the U-value of 1.0 W/(m2 K) or 0.8 W/(m2 K) 

14 
0 
No 
0, basic refur. 
 
0 
Repair, original 

128 
170 
Yes 
200 
 
500 
New, 0.8 W/(m2 K) 

Continuous 
Continuous 
Discrete 
Discrete 
 
Discrete 
Discrete 

Exhaust air heat pump system concept, EAHP concept Minimum value Maximum value Type of the variable 

- Dimensioning power output of the heat pump system, kW 
- Area of PV-panels, m2 
- Exhaust air restriction temperature of the ventilation sys-
tem, after the evaporator, °C 
- Additional thermal insulation thickness of external walls or 
just the basic refurbishment, mm 
- Additional thermal insulation thickness of roof, mm 
- Replacement of windows, original windows are repaired, 
painted and re-sealed, or new windows are installed with 
the U-value of 1.0 W/(m2 K) or 0.8 W/(m2 K) 

30 
0 
-5.0 
 
0, basic refur. 
 
0 
Repair, original 

39 
170 
+7.0 
 
200 
 
500 
New, 0.8 W/(m2 K) 

Continuous 
Continuous 
Continuous 
 
Discrete 
 
Discrete 
Discrete 

 191 

Table 5. Cost data of different renovation measures in the studied brick apartment building (all prices include a 24 % 192 

V.A.T.). 193 

Energy performance improving measure 
Investment cost Residual 

value after 
25 years 

Additional thermal insulation of external walls, €/m2 
     Basic refurbishment, 3-layer plastering (no insulation) 
     +50 mm 
     +100 mm 
     +150 mm 
     +200 mm 

 
84 
224 
255 
286 
318 

37.5 % from 
the original 
investment 
price 



Additional thermal insulation of roof, €/m2 
     +50 mm 
     +100 mm 
     +200 mm 
     +300 mm 
     +400 mm 
     +500 mm 

 
4 
8 
14 
20 
26 
32 

37.5 % from 
the original 
investment 
price 

Windows, €/m2 
     Basic refurbishment of the original windows 
     Replacement of new windows, U-value 1.0 W/m2 K 
     Replacement of new windows, U-value 0.8 W/m2 K 

 
213 
488 
565 

37.5 % from 
the original 
investment 
price 

Heat pump systems, €/kW 
     GSHP system 
     A2WHP system 
     EAHP system 
 
 

 
1 060 
890 
90 00 € (initial 
investment) 
+ 2 310 

50 % from 
the original 
investment 
price 

District heating system (new substation and new heating 
control automation, renewal of the original), €/floor-m2 
 
 

 
15 

60 % from 
the original 
investment 
price 

Solar-based renewable energy production systems, €/m2 
     Solar electricity system (PV-panels) 
     Solar thermal system (solar thermal collectors) 
 
 
 

 
263 (1.46 €/Wp) 
675 

 
0 % 
75 % from 
the original 
investment 
price 

HVAC systems, €/floor-m2 
     - New low-temperature radiators and balancing of the 
     new radiator system (with the heat pump systems),  
     radiators are renovated to low-temperature radiators,  
     when a heat pump system is installed (45/35 °C) 
     - Balancing of the original 80/50 °C radiator system  
     (with the district heating system) 
     - Renovation of ventilation system (centralised) 
 
 
 

 
37 
 
 
 
7 
 
110 

 
 
 
 
 
 
 
32.5 % from 
the original 
investment 
price 

Installation of new main electricity connection cable and 
substation (GSHP system), € 
     GSHP dimensioning power output 39-133 kW 
     GSHP dimensioning power output 134-156 kW 

 
 
15 700 
11 000 

 

 194 

Construction costs (Table 5) for different measures were calculated on the basis of recent studies regarding energy 195 

performance renovations of apartment buildings [34-36] and also on the basis of cost estimates of system manufacturers. 196 

In addition, cost estimates and reports from various consultancy companies and research institutes were also used to 197 

obtain as detailed and accurate cost data for the analysis as possible [34-36]. 198 

The original radiator heating system is renovated to a low-temperature system with the heat pump systems to maxim-199 

ise the energy performance of the heat pump systems, and this has also been taken into account in the economic calcula-200 

tions [39]. The compressors, circulation pumps, control valves and a few temperature sensors of the heat pump systems 201 

are also assumed to be renewed after 15 years in the life-cycle cost calculations. The assumed annual maintenance costs 202 

of the following systems are [34-36]: 203 



 1.0 % from the initial investment cost of the system for the heat pump systems 204 

 0.5 % from the initial investment cost of the system for the district heating system 205 

 3.0 % from the initial investment cost of the system for the solar thermal system 206 

 2.0 % from the initial investment cost of the system for the solar electricity (PV) system 207 

 200 €/a for the renovated ventilation system, when the air filters of the air handling unit are replaced twice a 208 

year. The renovated ventilation system is a centralised system with a single air handling unit. 209 

 210 

The assumed renewal costs in the life-cycle cost calculations for different systems are [10,34-36]: 211 

 224 €/kW for the ground source heat pump system 212 

 157 €/kW for the air to water heat pump system 213 

 256 €/kW for the exhaust air heat pump system 214 

 675 €/m2 for the solar thermal system (the system is completely renewed after 20 years) 215 

 it is assumed that other systems can be used for the discount period of 25 years without major renewal 216 

costs. 217 

 218 

The residual values of different measures are determined according to the common technical service life-cycles of 219 

the measures and systems. The technical service life-cycles of different measures and their definitions have been dis-220 

cussed in more detail in several previous studies [10,34-36]. 221 

 222 

2.1.7 Calculation of primary energy consumption and the definition of nZEB and the energy classes of the EPC 223 

To calculate the total primary energy consumption, weighing factors of different energy sources are needed [27]. The 224 

total primary energy consumption takes into account the use of heating energy for space, ventilation and domestic hot 225 

water heating, electricity used by lighting, household appliances and technical systems, including all auxiliary equipment, 226 

such as pumps and fans, and also the energy, cooling and/or electricity, used by the cooling systems of the building. In 227 

addition, the efficiencies of the energy production systems are taken into account when the total primary energy con-228 

sumption is calculated. The total primary energy consumption of a building according to the NBCF D3 (2012) can be 229 

calculated by Eq. (1) 230 

𝐸𝑝𝑟𝑖𝑚𝑎𝑟𝑦,𝐷3(2012) =
∑ (𝐸𝑖∙𝑓𝑖)𝑖

𝐴𝑛𝑒𝑡
      (1) 231 

 232 



where: Ei is the annual delivered energy i (district heating, electricity, fuels used for energy production of the building 233 

and district cooling), kWh/a; fi is the primary energy weighing factor of energy source i, -; Anet is the heated net floor 234 

area of the building, m2 [27]. The primary energy weighing factors for different energy carrier are in Finland: 235 

 electricity 1.7 236 

 district heating 0.7 237 

 district cooling 0.4 238 

 fossil fuels 1.0 239 

 renewable fuels 0.5 [27]. 240 

 241 

In Finland, improving energy performance in deep renovations is mandatory, and it is also regulated by the authori-242 

ties [37]. The decree on improving energy performance in renovations (2013/4) presents three alternative methods to 243 

improve energy efficiency in renovations, which are [37]: 244 

1. improving the energy efficiency of the envelope of the building by installing additional thermal insulation 245 

to external walls and roof and by replacing the original windows with new windows, 246 

2. decreasing the calculated delivered energy consumption of the building in standard use without energy car-247 

rier specific primary energy factors below a required reference level, 248 

3. and decreasing the total primary energy consumption of the building below a required, building type-249 

specific level. 250 

 251 

The third method is selected as the minimum energy performance requirement level of the renovation measures. Ac-252 

cording to the Decree [37], the minimum requirement level for existing apartment buildings is 0.85 x the initial total 253 

primary energy consumption of the building, when no energy performance improving measures have been carried out. 254 

For the studied brick apartment building, the minimum requirement level of the Decree is 0.85 x 165 kWh/(m2,a) = 140 255 

kWh/(m2,a). 256 

The buildings are categorised to different energy performance classes according to their primary energy consump-257 

tion. Table 6 presents the different energy performance classes of different building types used in Finland [38]. 258 

 259 

 260 

 261 

 262 



Table 6. The energy performance classes of different building types according to the total primary energy consumption. 263 

Building type Energy efficiency rating and primary energy consumption [kWhE/m2,a] 

A B C D E F G 

Detached houses Energy efficiency ratings are based on the heated net area of the house. 

Row and linked houses ≤ 80 81-110 111-150 151-210 211-340 341-410 411 ≤ 

Apartment buildings ≤ 75 76-100 101-130 131-160 161-190 191-240 241 ≤ 

Office buildings ≤ 80 81-120 121-170 171-200 201-240 241-300 301 ≤ 

Commercial buildings ≤ 90 91-170 171-240 241-280 281-340 341-390 391 ≤ 

Boarding houses ≤ 90 91-170 171-240 241-280 281-340 341-450 451 ≤ 

Educational buildings and kindergartens ≤ 90 91-130 131-170 171-230 231-300 301-360 361 ≤ 

Sport facilities (1 ≤ 90 91-130 131-170 171-190 191-240 241-280 281 ≤ 

Hospitals ≤ 150 151-350 351-450 451-550 551-650 651-800 801 ≤ 

(1 swimming and ice hockey arenas not included) 264 

 265 

The Finnish nearly zero-energy building requirements for new buildings have been defined by the FInZEB project, 266 

which was completed in February 2015 [39]. As a result of the FInZEB project, a proposal was made for a cost-effective 267 

and reasonable nZEB level for different building types. The nZEB definition of different building types was defined by 268 

the total primary energy consumption of the building type. The total primary energy consumption requirement level is 269 

116 kWhE/(m2,a) or less for new apartment buildings [39]. 270 

Even though the results of the FInZEB project only concern new buildings, and they will come into force in 2020 ac-271 

cording to the current information [39,40], the same energy performance target levels are applied to existing buildings as 272 

well, if the objective of a deep renovation is to renovate an existing building to a nearly zero-energy building. 273 

 274 

2.2. Simulation and optimisation 275 

2.2.1 Simulation method 276 

Dynamic energy simulations were carried out by using IDA Indoor Climate and Energy (IDA ICE), version 4.6.1, 277 

simulation software. IDA ICE’s performance, accuracy and reliability as a dynamic simulation tool has been validated 278 

and proved in numerous studies before, such as tests against measurements and several independent inter-model compari-279 

sons [41-47]. Furthermore, the implementation of the ESBO Plant model in IDA ICE makes the modelling of renewable 280 

energy production systems, such as the heat pump systems, micro-CHP plants and solar-based energy production sys-281 

tems, as a part of the dynamic energy simulation of buildings possible. 282 

 283 

2.2.2 Optimisation method 284 

The optimisation method used in the SBO analysis was MOBO (Multi-Objective Building Performance Optimisa-285 

tion), version 0.3b. MOBO is a new software developed by Aalto University and VTT Technical Research Centre of 286 

Finland for building performance optimisation [21]. MOBO can be combined with many different simulation platforms, 287 



and it can solve one- and multi-dimensional optimisation problems [21,22]. MOBO includes multiple types of optimisa-288 

tion algorithms to be used in various optimisation problems [21]. The optimisation algorithm used in the simulation-289 

based optimisation analyses of the study was the Pareto-Archive NSGA-II genetic algorithm, which is an advanced and 290 

highly efficient algorithm to be used in multi-objective optimisation analyses [21,22]. A graphical user interface is used 291 

to feed the input data to MOBO. It is also possible to carry out parallel simulation with MOBO to increase the effective-292 

ness and reduce the simulation time of the SBO analysis [21]. Recent studies indicate that the SBO analysis is an effec-293 

tive method to determine the optimal solutions in multi-objective building performance analyses [22]. Nguyen et al. 294 

states that “On the building optimisation point of view, the free tool MOBO shows promising capabilities and may be-295 

come the major optimisation engine in coming years.” [22] 296 

 297 

2.2.3 Operation of simulation-based optimisation 298 

Fig. 3 presents the main components and their relationships for the SBO analysis. The operation of the simulation-299 

based optimisation analysis, with the simulation and optimisation methods used in the study, is presented in Fig. 4. 300 

 301 

 302 
Fig. 3. The main components and their relationships in the simulation-based optimisation analysis of the study. 303 

 304 



 305 
Fig. 4. Operation of the simulation-based optimisation analysis. 306 

 307 

2.3. Calibration of heat pump models 308 

In IDA ICE, the energy performance of different heat pump systems can be simulated with the ESBO Plant model. 309 

However, the default heat pump models of the ESBO Plant should be calibrated to match the performance of real heat 310 

pump systems before the energy simulations. After the heat pump models are calibrated to correspond to the performance 311 

of real heat pump systems, they can be used as a part of the dynamic energy simulation. This makes the whole simulation 312 

process more reliable, because the dynamic simulation of energy production systems is integrated to the dynamic energy 313 

simulation of the building. All of the heat pump models used in this study were modified and calibrated by the first au-314 

thor. No default heat pump models of the ESBO Plant were used in the energy simulations. The exhaust air heat pump 315 

model used in the study was designed and constructed by the first author. 316 

Table 7 presents the performance of real heat pump systems and the performance of the simulated heat pump models 317 

used in this study. According to Table 7, the accuracy and performance of the calibrated heat pump models are very close 318 

to the performance of the real heat pump systems. This means that the results of the analysis are reliable and accurate and 319 

correspond to the real energy performance and differences of the studied heat pump systems. According to a recent study, 320 

the heat pump models of the ESBO Plant can be calibrated to correspond to any real heat pump system on the market 321 

[48]. When accurate COP-values of the heat pump systems in different operating points are used, accurate and realistic 322 

SPF-values are obtained, making the simulation of the heat pump systems more reliable. 323 

 324 



Table 7. Energy performance of real heat pump systems and the calibrated heat pump models used in the energy simula-325 

tions. 326 

A2WHP system  

Operating point (inlet ambient 
air temperature/outlet water 
temperature to the heating 
system), according to EN 14511 

Measured COP of the real 
system (NIBE F2300), 
measured according to the 
EN 14511 by manufacturer 

COP of the calibrated 
heat pump model 

Error margin between the measured 
COP according to the EN 14511 standard 
and the calibrated heat pump model 

-15/55 °C 1.93 1.93 ±0 % 
-15/45 °C 2.18 2.06 -5.4 % 
-15/35 °C 2.50 2.29 -8.2 % 
-7/45 °C 2.62 2.46 -6.1 % 
-7/35 °C 3.05 2.81 -8.0 % 
2/55 °C 2.67 3.00 +12.3 % 
2/45 °C 3.15 3.29 +4.3 % 
2/35 °C 3.68 3.70 +0.5 % 
7/55 °C 3.07 3.27 +6.4 % 
7/45 °C 3.52 3.65 +3.8 % 
7/35 °C 4.14 4.19 +1.2 % 
10/35 °C 4.75 4.53 -4.6 % 
15/35 °C 4.97 5.05 +1.6 % 
Average error margin of all 
operating points   

 
-0.2 % 

GSHP system  

Operating point (inlet brine 
temperature/outlet water 
temperature to the heating 
system), according to EN 14511 

Measured COP of the real 
system (NIBE F1345), 
measured according to the 
EN 14511 by manufacturer 

COP of the calibrated 
heat pump model 

Error margin between the measured 
COP according to the EN 14511 standard 
and the calibrated heat pump model 

0/35 °C 4.30 4.27 -0.7 % 
0/45 °C 3.52 3.60 +2.4 % 
10/35 °C 5.08 5.04 -0.9 % 
10/45 °C 4.15 3.81 -8.3 % 
Average error margin of all 
operating points   

 
-1.9 % 

 327 

The IDA ICE ESBO Plant doesn’t include an EAHP model by default. To simulate the EAHP system, a functional 328 

EAHP model has to be constructed manually in the ESBO Plant. A GSHP or an A2WHP system model can be used in 329 

the simulation of the EAHP system. The GSHP implementation is the more commonly used method to utilise the EAHP 330 

system in real renovation projects carried out in existing apartment buildings. The easiest way to model the GSHP im-331 

plementation is to use the default A2WHP unit as a base system and to construct the actual heat pump system using the 332 

A2WHP unit and a few correction factors in the heat pump model. The EAHP model was developed and extensively 333 

tested in the study by the first author. Numerous test simulations carried out in the study indicated that the energy per-334 

formance of the simulated EAHP model was very close to the energy performance of a real operating EAHP system (see 335 

Table 7, calibration results of the A2WHP and GSHP systems, which were used to simulate the EAHP system). 336 

 337 

2.4. Economic calculations 338 

The minimum life-cycle cost was used to assess the cost effectiveness of different renovation measures. The mainte-339 

nance repairs were also taken into account to prevent decay of the building and also to prevent the increase of renovation 340 



debt. The discount period of the calculations was 25 years, which is one of the typical discount periods used in the eco-341 

nomic calculations of apartment building renovations in Finland [10,33,35]. The global life-cycle cost was calculated by 342 

Eq. (2). 343 

 344 
𝐿𝐶𝐶25𝑎 = ∑ 𝐼0,𝑡𝑜𝑡 + ∑𝑀𝑡𝑜𝑡 + ∑𝑅𝑡𝑜𝑡 +∑𝐸𝑡𝑜𝑡 −∑𝑅𝑒𝑠𝑡𝑜𝑡    (2) 345 

 346 

where: LCC25a is the present value of the life-cycle cost of the building during the 25-year discount period, €; ΣI0,tot is the 347 

total investment cost of the energy performance renovation measures, €; ΣMtot is the total maintenance cost of the energy 348 

performance renovation measures, €; ΣRtot is the total renewal cost of the energy performance renovation measures, €; 349 

ΣEtot is the total energy cost, €; ΣRestot is the total residual value of the energy performance renovation measures, €. 350 

 351 

The total maintenance cost of the renovation measures was calculated by Eq. (3)    352 

 353 

∑𝑀𝑡𝑜𝑡 =
1−(1+𝑟)−𝑛

𝑟
×𝑀𝑎      (3) 354 

 355 

where: r is the real interest rate; n is the discount period of the LCC calculation, a; Ma is the annual maintenance cost of 356 

the renovation measures, €/a. 357 

 358 

The total energy cost of the renovation measures was calculated by Eq. (4)    359 

 360 

∑𝐸𝑡𝑜𝑡 =
1−(1+𝑟𝑒)

−𝑛

𝑟𝑒
× 𝐸𝑎      (4) 361 

 362 

where: re is the escalated real interest rate; n is the discount period of the LCC calculation, a; Ea is the annual energy cost, 363 

€/a. 364 

 365 

The total renewal cost of the renovation measures was calculated by Eq. (5)    366 

 367 

∑𝑅𝑡𝑜𝑡 =
1

(1+𝑟)𝑘𝑖
× 𝑅𝑀      (5) 368 

 369 

where: r is the real interest rate; ki is the year from the start, when the renewal is carried out; RM is the renewal cost of the 370 

renovation measure, €. ΣRtot consists of the sum of individual renewal costs of different renovation measures. 371 

 372 



The total residual value is the sum of residual values of individual renovation measures and the total investment cost 373 

is the sum of individual investment costs of different renovation measures. The energy prices used in the economic calcu-374 

lations were 101.6 €/MWh for electricity and 61.1 €/MWh for district heating [49,50]. The basic fee of the district heat-375 

ing system was 8 870 €/a in the initial “as built” condition [49]. The basic fee was reduced according to the energy saving 376 

potential of different renovation measures to correspond to the real situation [49]. The presented energy prices also in-377 

clude all taxes, such as the Finnish V.A.T., which is 24 % in 2015. 378 

The real interest rate used in the calculations was 3.0 %, which is a typical interest rate used in economic calculations 379 

regarding both new and existing residential apartment buildings [1,35,36,39]. The escalation rate of the energy prices was 380 

2.0 % in the calculations for both electricity and district heating [1,35,36,39]. An additional sensitivity analysis was also 381 

carried out by using a real interest rate of 7.0 %. Furthermore, the effect of the escalation rate of energy prices was also 382 

analysed and discussed after the original optimisation analysis. 383 

 384 

3. Results 385 

The results presented in this chapter include the main results of the simulation-based optimisation analysis. A total of 386 

four SBO analyses were carried out in the original analysis. The optimised concepts were the district heating system, the 387 

ground source heat pump system, the exhaust air heat pump system and the air-to-water heat pump system. Only the 388 

Pareto-optimal solutions of each optimisation analysis are presented in the results. In addition, a few sensitivity analyses 389 

were carried out with the ground source heat pump system to determine the effect of different economic calculation pa-390 

rameters and optimisation method on the results and the recommendable renovation measures of the SBO analysis. 391 

 392 

3.1. Cost-optimal renovation solutions 393 

Fig. 5 presents the cost-optimal energy performance improving solutions in the studied brick apartment building. 394 

Fig. 6 presents the investment cost of these solutions. The objective functions of the optimisation analysis were the pre-395 

sent value of a 25-year life-cycle cost (Eq. (2)) and the total primary energy consumption (Eq. (1)) of the studied apart-396 

ment building. The decision variables of the optimisation analysis (see Table 4) for different main heating system con-397 

cepts were the studied energy performance renovation measures. All of the Pareto-optimal solutions of the studied main 398 

heating systems are also presented in Figs. 5-6 to determine the cost-effectiveness of the renovation solutions to reach 399 

different energy performance target levels. The global optimum solution is the cost-optimal solution of the ground source 400 

heat pump system. 401 



A typical reference solution, where no energy performance improving measures are carried out during the renova-402 

tion, is also presented in the figures. The different energy performance classes of the EPC for new apartment buildings, 403 

proposed primary energy consumption for new nearly zero-energy apartment buildings and the minimum energy perfor-404 

mance target level in renovations are presented as a reference. 405 

 406 

 407 

Fig. 5. Cost-optimal energy performance improving solutions for different main heating systems, present value of net 408 

LCC presented.  409 

 410 



 411 
Fig. 6. Cost-optimal energy performance improving solutions for different main heating systems, IC presented. 412 
 413 

The investment cost of the renovation measures is an important factor in the deep renovations of apartment build-414 

ings, because the renovations are typically financed by loans [1,33,34]. The maximum amount of the loan is typically 415 

limited as is the maximum loan period. This means that the maximum investment cost of the renovation measures have to 416 

be monitored, depending on the terms of the loan and on the energy performance target level of the renovation. Fig. 6 417 

presents the minimum investment cost to reach different energy performance target levels and helps to choose the loan 418 

terms and details according to the energy performance criteria of the renovation measures. 419 

The effect of the renovation measures on the energy performance of the studied building can be seen from the differ-420 

ence between the life-cycle cost of different solutions (Fig. 5), not from the difference between the investment cost of the 421 

solutions. 422 

 423 

3.2. Cost-effective energy performance improving measures 424 

Tables 8-11 present the cost-effective energy performance improving measures for different main heating systems in 425 

the studied apartment building. The tables include the recommendable measures of the studied decision variables depend-426 

ing on the energy performance target level. The recommendable measures form a combination of energy performance 427 

improving measures to meet different energy performance criteria (objective function 1) with the lowest life-cycle costs 428 

(objective function 2) possible. The tables also include the investment and the net present value of life-cycle costs of the 429 



combination of the energy performance improving measures. The recommendable measures depend heavily on the ener-430 

gy performance target level of the renovation and on the selected main heating system. Typically, the renovation 431 

measures that meet the minimum requirement level or the cost-optimal level are selected, because the investment cost of 432 

the measures to meet the higher classes of the EPC are relatively high [1,33-35]. 433 

 434 

Table 8. Cost-effective energy performance improving measures with the GSHP to reach different energy performance 435 

criteria. 436 

Energy class of the 
EPC, primary energy 

consumption 
[kWh/m2,a] 

Power output 
of the heat 

pump system 
[kW] 

Area of 
PV-panels 

[m2] 

External 
walls ins 

[mm] 

Roof 
ins 

[mm] 

Windows, 
U-value 

[W/m2 K] 

Ventilation 
system 

NPV of 
LCC 

[€/m2] 

IC 
[€/m2] 

75 (A-class) 70 170 +150 +350 1.0 (new) Renovated 428 383 

90 73 170 0 +250 1.0 (new) Renovated 366 288 

100 (B-class) 70 160 0 +150 2.5 (original) Renovated 346 251 

110 150 170 0 +350 1.0 (new) Original 318 199 

120 130 160 0 +400 2.5 (original) Original 294 161 

130 (C-class) 94 170 0 +250 2.5 (original) Original 289 150 

140 (minimum 
requirement) 

94 170 0 +250 2.5 (original) Original 289 150 

 437 

Table 9. Cost-effective energy performance improving measures with the EAHP to reach different energy performance 438 

criteria. 439 

Energy class of the 
EPC, primary energy 

consumption 
[kWh/m2,a] 

Power output 
of the heat 

pump system 
[kW] 

Area of 
PV-panels 

[m2] 

External 
walls ins 

[mm] 

Roof 
ins 

[mm] 

Windows, 
U-value 

[W/m2 K] 

Exhaust air 
temperature 

after the 
evaporator 

[°C] 

NPV of 
LCC 

[€/m2] 

IC 
[€/m2] 

75 (A-class) - - - - - - - - 

90 39 170 +150 +400 0.8 (new) -2.1 416 298 

100 (B-class) 39 170 +150 +500 2.5 (original) -2.3 398 255 

110 39 170 0 +500 1.0 (new) -4.0 368 195 

120 39 170 0 +250 2.5 (original) -2.1 354 158 

130 (C-class) 39 170 0 +250 2.5 (original) -2.1 354 158 

140 (minimum 
requirement) 

39 170 0 +250 2.5 (original) -2.1 354 158 

 440 

 441 

 442 

 443 



 444 

Table 10. Cost-effective energy performance improving measures with the A2WHP to reach different energy perfor-445 

mance criteria. 446 

Energy class of the 
EPC, primary energy 

consumption 
[kWh/m2,a] 

Power output 
of the heat 

pump system 
[kW] 

Area of 
PV-panels 

[m2] 

External 
walls ins 

[mm] 

Roof 
ins 

[mm] 

Windows, 
U-value 

[W/m2 K] 

Ventilation 
system 

NPV of 
LCC 

[€/m2] 

IC 
[€/m2] 

75 (A-class) - - - - - - - - 

90 45 170 +50 +450 2.5 (original) Renovated 432 327 

100 (B-class) 53 170 0 +500 2.5 (original) Renovated 394 258 

110 63 167 +100 +450 2.5 (original) Original 386 233 

120 70 170 0 +100 2.5 (original) Original 340 149 

130 (C-class) 70 170 0 +100 2.5 (original) Original 340 149 

140 (minimum 
requirement) 

70 170 0 +100 2.5 (original) Original 340 149 

 447 

Table 11. Cost-effective energy performance improving measures with the DH system to reach different energy perfor-448 

mance criteria. 449 

Energy class of the 
EPC, primary energy 

consumption 
[kWh/m2,a] 

Area of 
solar thermal 

collectors 
[m2] 

Area of 
PV-panels 

[m2] 

External 
walls ins 

[mm] 

Roof 
ins 

[mm] 

Windows, 
U-value 

[W/m2 K] 

Ventilation 
system 

NPV of 
LCC 

[€/m2] 

IC 
[€/m2] 

75 (A-class) 90 170 +200 +450 1.0 (new) Renovated 470 380 

90 56 170 +100 +250 2.5 (original) Renovated 429 301 

100 (B-class) 60 160 0 +350 1.0 (new) Renovated 407 259 

110 40 170 0 +300 2.5 (original) Renovated 394 221 

120 34 170 0 +300 2.5 (original) Renovated 394 220 

130 (C-class) 66 170 0 +300 1.0 (new) Original 373 151 

140 (minimum 
requirement) 

34 170 0 +300 2.5 (original) Original 358 111 

 450 

3.3. The main results of the sensitivity analyses 451 

The main results of the essential sensitivity analyses are presented in Fig. 7. The real interest rate of the economic 452 

calculations was 7.0 % in the SBO analysis presented in Fig. 7. The Pareto-optimal solutions of the original SBO analysis 453 

with the 3.0 % real interest rate are also presented in the Fig. 7. The sensitivity analyses of the study were only carried out 454 

for the ground source heat pump system, as it was the cost-optimal main heating system concept of the study. A more 455 

detailed description and the detailed results of all the sensitivity analyses carried out in the study are presented in the 456 

references [35]. More Pareto-optimal solutions at the cost-optimal level can be determined with the higher real interest 457 



rate (see Fig. 7). The main difference between these solutions is the recommendable area of the PV-panels (170 m2/3.0%,  458 

85 m2/7.0 %) and the additional thermal insulation thickness of the roof (+250 mm/3.0 %, +100 mm/7.0 %), which have 459 

both been decreased from the recommendable solutions of the original optimisation analysis with the 3.0 % real interest 460 

rate. Furthermore, the optimal dimensioning power output of the ground source heat pump system is also a little bit lower 461 

(94 kW/3.0 %, 83 kW/7.0 %), when the real interest rate of the life-cycle cost calculation is 7.0 %. 462 

 463 

 464 
Fig. 7. Cost-optimal energy performance improving solutions for the ground source heat pump system with different real 465 

interest rates of the life-cycle cost calculations, present value of net LCC presented. 466 

 467 

4. Discussion 468 

The ground source heat pump system delivers the best energy performance improvements when cost-optimality is 469 

discussed. However, in many cases, the GSHP system cannot be selected as the main heating system in dense urban are-470 

as, because the plot size of the building is often too small for drilling a sufficient number of boreholes or installation of 471 

sufficient amount of horizontal plane heat collector pipes. According to the results, the air-to-water heat pump system 472 

also seems to deliver excellent energy performance and cost-effectiveness in the climate of Southern Finland. The mod-473 

ern air-to-water heat pump systems are functioning well in cold climates and also delivering good energy performance at 474 

the same time. In addition, the investment cost of the air-to-water heat pump system is typically considerably lower than 475 

the investment cost of the ground source heat pump system, for example, making the A2WHP system a cost-effective 476 



solution to improve the energy performance of residential buildings. Furthermore, the results of the recent heat pump 477 

study provide similar conclusions [10]. 478 

All of the studied heat pump systems deliver better energy performance and cost-effectiveness than the district heat-479 

ing system. The results indicate that major improvements in energy performance can be achieved by investing in the heat 480 

pump systems and in solar electricity production system. The main reasons for this are that the studied modern heat pump 481 

systems are operating at a high energy efficiency level, and the investment cost of the solar electricity systems has de-482 

creased substantially over the past few years. Another important aspect is the fact that it is favourable to produce solar-483 

based electricity on-site as it decreases the imported electrical energy. The primary energy factor for electricity is 1.7 in 484 

Finland, so any savings in the delivered electricity energy use provide high gains in the total primary energy consumption 485 

of the building. According to the results, the cost optimum level of the energy performance renovation measures in a 486 

brick apartment building was close to the energy efficiency requirements of new apartment buildings. 487 

In this study, the maximum area of PV-panels used in the optimisation analysis was dimensioned so that all of the 488 

produced electricity can be used on-site, when the standardised usage profiles of the Finnish building regulations are used 489 

[27]. However, it is important to notice that if real usage profiles of an apartment building were used, the total amount of 490 

PV-electricity that could be utilised in the building would probably be less, because the usage of lighting and electricity 491 

appliances in residential buildings is typically focused on times when the production rate of the PV-electricity system is 492 

lower. 493 

The results indicate that the additional thermal insulation of external walls is not a cost-effective renovation measure 494 

in the Finnish brick apartment buildings. As an individual measure, the additional thermal insulation of the external walls 495 

improves the energy efficiency and decreases the delivered energy need of a brick apartment building considerably, but it 496 

seems to be a reasonable and cost-effective option only at the higher energy performance target levels, when other more 497 

cost-effective options have already been used. According to the optimisation analysis, additional thermal insulation of the 498 

roof seems to be a recommendable renovation measure in brick apartment buildings, where the additional insulation can 499 

be installed without any structural alterations of the roof. Replacement of windows seems to be a reasonable renovation 500 

measure, and in many cases, the windows of an existing apartment building are replaced to improve both the thermal 501 

comfort level and the energy efficiency. 502 

The solar thermal system proved to be a cost-effective alternative to be used with the district heating system. It is 503 

important to notice that the profitability of the solar-based energy production system depends heavily on the price of the 504 

energy it replaces. Typically, this is the main reason why the solar thermal collectors are a recommendable solution when 505 



the district heating system is used, but are seldom profitable when a heat pump system is used as the main heating system 506 

of an apartment building. 507 

According to the results, the complete renovation of the ventilation system is not a profitable solution in a typical 508 

Finnish brick apartment building when the cost-effectiveness is discussed. This is due to the high initial investment cost 509 

of the renovation. Even though the annual energy savings of the measure are high, the investment cost of the renovated 510 

system is too high to make it a profitable investment in economic calculations. However, there are always significant 511 

quality aspects related to the renovation of the ventilation system. Residents of the brick apartment buildings can often 512 

experience draught and uneven thermal comfort levels because of the original mechanical exhaust ventilation system. 513 

Typically, the indoor air quality, thermal comfort level and energy efficiency are all improved when the original ventila-514 

tion system is renovated to a new mechanical supply and exhaust ventilation system. These quality aspects of the renova-515 

tion cannot be directly measured by economic calculations, but they should still be taken into account when planning the 516 

renovation of the ventilation system. The quality aspects of any renovation measure should always be taken into account 517 

in addition to the energy performance improvement potential, because buildings are built for use according to their pur-518 

pose; they are not built to mainly save energy. 519 

Several sensitivity analyses indicated that the interest rate used in the economic calculations and the expected return 520 

on investment have a relatively high impact on the optimal renovation measures. When a high interest rate is selected, 521 

more profit is expected from the investment. Typically, relatively modest interest rates are used in the economic calcula-522 

tions of energy performance improving investments of existing apartment buildings. Sensitivity analyses indicated that 523 

the present value of the life-cycle cost of the ground source heat pump system’s cost-optimal level was approximately 45 524 

€/m2 lower than in the original optimisation analysis. In addition, the total investment cost was also approximately 20 525 

€/m2 lower in the cost-optimal solution of the sensitivity analysis. The real interest rates used in the economic calcula-526 

tions were 3.0 % in the original analysis and 7.0 % in the additional sensitivity analysis. In recommendable renovation 527 

measures, this means that the optimal dimensioning power output of the heat pumps system is approximately 20 % lower, 528 

the optimal area of PV-panels is approximately 85 m2 compared to the 170 m2 of the original analysis, and the additional 529 

thermal insulation of the roof is +100 mm compared to the +250 mm of the original analysis. It is also important to note 530 

that the cost-optimal solution of the optimisation analysis, with the 7.0 % real interest rate, didn’t meet the minimum 531 

energy performance improving requirements of the building regulations. 532 

According to the sensitivity analyses, increasing the escalation rate of the energy price, without increasing the inter-533 

est rate of economic calculations, affects the profitability of the higher investment cost measures, such as the renovation 534 

of the ventilation system and the additional thermal insulation of external walls. The escalation rate of the energy price 535 



means the average annual increase in the price of delivered energy. The higher the used escalation rate is, the better the 536 

overall profitability of the high investment measures will be, providing that the expensive measures deliver a certain 537 

improvement in the energy performance of the building. When an unrealistically high energy price escalation rate is used, 538 

such as 20-25 %/a, the results will be different. The optimisation analysis delivers recommendable renovation measures 539 

to meet the new situation, where maximum energy savings and minimum energy consumption of the building are re-540 

quired. In this case, the cost-optimal solutions will also include high investment cost measures, such as the renovation of 541 

the ventilation system and additional thermal insulation of external walls, as they provide significant energy savings. 542 

They also become profitable in the economic calculations when the average annual increase of the energy price is high 543 

enough. A small increase (2-4 %) in the escalation rate of the energy prices doesn’t make a significant difference in the 544 

recommendable and cost-effective energy performance renovation measures. 545 

According to the study, the minimum investment cost for maintenance repairs is approximately 90 €/m2 in a brick 546 

apartment building. The cost-optimal renovation solutions of different heat pump systems require approximately 150-160 547 

€/m2 investments. According to the economic calculations, to reach the proposed nearly zero-energy apartment building 548 

target level as cost effectively as possible in brick apartment building renovations, the average annual community fee will 549 

decrease by approximately 3.0 €/m2 with the ground source heat pump system, 1.0 €/m2 with the air-to-water heat pump 550 

system and 0.4 €/m2 with the exhaust air heat pump system compared to the reference, minimum investment cost, solu-551 

tion. The average annual community fee will increase by approximately 0.4 €/m2 with the district heating system. 552 

It is important to note that the energy performance certificate classes of the EPC and the primary energy consump-553 

tion of buildings used in the EPC are always calculated values. They represent the energy performance of a building in a 554 

standard situation and in standard use. The actual energy consumption and energy costs of buildings are typically always 555 

a little different than the calculated primary energy consumption, because the users of the building have a significant 556 

impact on the real energy performance of existing buildings. However, the building regulations require that the primary 557 

energy consumption and the energy class of the EPC have to be calculated for every new and existing building. In addi-558 

tion, the nearly zero-energy buildings are defined in Finland using the standardised primary energy consumption. For this 559 

reason, it is important to determine cost-optimal energy efficiency concepts to meet the energy performance requirements 560 

of the building regulations. According to the results of this study, a cost-effective proposal for an energy performance 561 

target level of existing nearly zero-energy apartment buildings would be 130 kWh/(m2,a), which is the minimum energy 562 

performance requirement level of new apartment buildings in Finland. 563 

The cost-optimal energy performance improving measures presented in this study do not include any external finan-564 

cial support from the government or from any other source, excluding the solar-based electricity production system (PV-565 



panels), where a 30 % financial support granted by the Finnish Ministry of Employment and the Economy is applied. The 566 

30 % financial support from the total investment cost of the solar electricity system will be granted to any building, exist-567 

ing or new, considering the installation of the solar-based electricity production system in Finland. Possible other finan-568 

cial support and grants for different renovation measures would also effect the results of the optimisation analyses and the 569 

recommendable renovation measures, depending on the measure and on the amount of financial support. This would 570 

make the more expensive and extensive deep renovation measures, such as the additional thermal insulation of external 571 

walls or renovation of the ventilation system, more cost-effective and feasible. 572 

When deep renovations are carried out, it is also important to recognise that the community fees will always be high-573 

er in the beginning of the loan period, which will increase the economic risks of the apartment owners and discourage the 574 

occupants from carrying out deep renovation measures. 575 

If it is assumed that the studied case building represents the entire Finnish brick apartment building stock built in the 576 

1960’s and all buildings of the building stock are facing a deep renovation with similar renovation and retrofitting de-577 

mands as the studied case building in the initial situation, preliminary calculations indicate that up to 1.2 billion euros and 578 

16.1 TWh of primary energy could be saved simultaneously in the Finnish brick apartment building stock alone over a 579 

25-year life-cycle period in this scenario, if global optimum renovation solutions presented in this study were conducted. 580 

Or if similar assumptions were made from the maximum energy saving potential perspective, up to 27 TWh of primary 581 

energy could be saved over the same period of time without any increase in life-cycle cost. This would equal to 25 % 582 

potential savings in primary energy consumption and approximately 21 % potential financial savings in the 25-year life-583 

cycle cost simultaneously. Or in the aforementioned maximum energy saving potential scenario, up to 42 % potential 584 

savings in primary energy consumption could be achieved during the 25-year life-cycle period without any increase in the 585 

LCC. 586 

There are still interesting issues that remained to be resolved in future research. One key aspect is to determine com-587 

petitive external financial solutions for apartment owners to conduct deep renovations that exceed the cost optimum level, 588 

as the main motivation of apartment owners to conduct energy performance improving measures is typically cost savings. 589 

To determine external financial solutions and support mechanisms would encourage apartment owners to conduct deep 590 

renovations to potentially meet the energy performance requirements of new low energy and nearly zero-energy apart-591 

ment buildings by lowering the economic risks of the apartment owners. Furthermore, this study was outlined to focus on 592 

determining the cost-optimal energy efficiency measures for apartment owners from the primary energy consumption 593 

perspective by minimising the PE consumption in addition to the net present value of LCC. Future research is still re-594 

quired to study the effect of different energy performance improving measures on the CO2-emissions perspective and to 595 



provide assessment of other commonly used environmental impact indicators. However, this study complements the 596 

existing body of literature and current knowledge regarding cost-effective renovation of apartment buildings by providing 597 

economically viable and technically feasible renovation measures and packages to meet different energy performance 598 

criteria according to the recast EPBD-directive as cost-effectively as possible. 599 

Future research is also required to determine and compare the cost-optimal renovation measures from both the pri-600 

mary and the delivered target energy consumption perspectives in brick- and panel-structured apartment buildings located 601 

in different climate conditions, possibly by conducting similar analyses as presented in this study. In addition, the eco-602 

nomic viability, technical feasibility, functionality and performance of modern renewable energy production systems in 603 

different climates and operating conditions still require further research and validation. 604 

 605 

5. Conclusions 606 

The studied brick apartment building represents a typical Finnish apartment building built in the first half of the 607 

1960’s. The objective was to study and determine the cost-optimal renovation measures to decrease both delivered and 608 

primary energy consumption of the building. The performance and cost optimality of the modern heat pump systems 609 

were also studied. 610 

Results of the optimisation analysis indicated that the cost-optimal level for the renovation of Finnish brick apart-611 

ment buildings was close to the minimum energy performance requirements of new apartment buildings (130 612 

kWh/(m2,a)). According to the results of this study, this energy performance target level could be proposed to a nearly 613 

zero-energy building target level for existing apartment buildings in Finland. This would mean a 10-15 % increase in the 614 

energy performance requirements of the building regulations compared to the current state. 615 

According to the results, the heat pump systems deliver the best economic viability and the largest improvement in 616 

the energy performance of a brick apartment building, when energy efficiency and cost effectiveness are discussed. The 617 

ground source heat pump system proved to be the global cost optimum main heating system concept. However, both 618 

exhaust air and air-to-water heat pump system concepts also provided significant improvements in energy efficiency and 619 

cost-effectiveness. Furthermore, the solar-based energy production systems also proved to be cost-effective alternatives 620 

to improve the energy performance of the studied building. The PV-electricity production system was an especially rec-621 

ommendable measure with practically maximum installable panel area in every main heating system concept optimisa-622 

tion. According to this study, the renovation of the ventilation system and the additional thermal insulation of external 623 

walls are not cost-effective renovation measures, even though they provide significant energy efficiency improvements. 624 



According to the study, the energy saving potential of HVAC and energy production systems is substantial compared 625 

to the energy saving potential of the building envelope. The studied renewable energy productions systems are economi-626 

cally viable and recommendable investments. The research method used in the study proved to be extremely effective 627 

and also versatile, as global optimum solutions cannot be determined by conventional methods, where a few individual 628 

energy efficiency measures or concepts are simulated and compared, as deep renovations of buildings typically include 629 

thousands or even millions of potential solution combinations. The results, conclusions and the recommended energy 630 

performance improving measures of this study can be generalised to similar climates and techno-economic environments, 631 

when deep renovations of brick apartment buildings are planned to be carried out. 632 

Future research is still required to determine competitive financial solutions to encourage apartment owners to carry 633 

out deep renovations that improve the energy performance of apartment buildings beyond the cost optimum level by 634 

decreasing the economic risks of the apartment owners. Similar analyses are also needed for other apartment building 635 

types built in different decades, e.g. the panel-structured apartment buildings built in the late 1960’s and in the 1970’s and 636 

1980’s. Cost-optimal renovation studies are also needed for different building types located in different climate condi-637 

tions. Furthermore, further research and validation regarding economic viability, technical feasibility, functionality and 638 

performance in different operating conditions are also still needed for the modern and developing renewable energy pro-639 

duction systems. 640 
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