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Built environment makes an important contribution to restraining global climate change and 
improving energy efficiency. At the moment the share of repair construction is approximately 
50 % from the total construction volume in Finland. Improving the energy performance of 
existing buildings has a significant role, because the building stock is renewed slowly. The 
continuous increase in renovation debt of buildings is also becoming a problem in Finland. 
Apartment buildings built in the 1960’s and 1970’s form a remarkable share of the Finnish 
building stock that are facing major renovation measures in the near future. In addition, the 
specific energy consumptions of these building types are high. 
 
The objective of this study was to determine the cost-optimal energy performance renovation 
solutions in typical Finnish apartment buildings built in the 1960’s. The energy performance 
of heat pump systems was in key role in this study. For this reason the main objective of this 
thesis was to determine the cost-optimal levels of energy performance renovations for all typ-
ical main heating systems used in Finnish apartment buildings. The selected main heating 
systems were ground source heat pump, air to water heat pump, exhaust air heat pump and 
district heating. The cost-optimal levels were defined for these main heating systems. One 
objective of the thesis was also to determine a reasonable nearly zero-energy building level for 
existing Finnish apartment buildings. 
 
The research method of this study was simulation-based multi-objective optimization. The 
energy simulation tool was IDA ICE software (version 4.6.1) and the optimization analysis was 
carried out by using MOBO (Multi-Objective Building Optimization) optimization program. 
The life-cycle cost calculation of different energy performance improving measures included 
detailed and accurate cost data. The renovation measures, which are not improving the energy 
performance of the building, but have to be carried out to prevent the increase in renovation 
debt were also taken into account to obtain realistic results. The meter of energy performance 
in the optimization analysis was the E-value of the building. Optimized energy performance 
improving measures concentrated on the envelope of the building, ventilation system, solar-
based energy production systems and heat pump systems. 
 
The ground source heat pump system proved to be the cost-optimal main heating system con-
cept. All heat pump systems proved to be more energy efficient main heating system solutions 
than the district heating system. The results indicated that additional thermal insulation of 
external walls is not a profitable energy performance improving measure. The recommenda-
ble renovation solutions are investments in heat pump systems and in renewable energy pro-
duction systems. The cost-optimal level of energy performance improving measures was close 
to the minimum energy performance requirement level of new apartment buildings. Accord-
ing to the results of this study, a reasonable nearly zero-energy building level for existing 
apartment buildings is Ebuilding = 130 kWhE/(m2,a), because the cost-optimal level was 130 
kWh/(m2,a) according to the results. Sensitivity analyzes indicated that the expected return 
on investment has a relatively significant impact on the recommendable renovation measures. 
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Rakennetulla ympäristöllä on merkittävä osuus ilmastonmuutoksen etenemisen hillitsemi-
sessä ja energiatehokkuuden parantamisessa. Tällä hetkellä korjausrakentamisen osuus on n. 
50 % rakentamisen kokonaisvolyymistä Suomessa. Olemassa olevan rakennuskannan ener-
giatehokkuuden parantamisella on keskeinen rooli, koska rakennuskanta uusiutuu hitaasti. 
Rakennusten korjausvelan jatkuva kasvaminen alkaa myös muodostua ongelmaksi Suomessa. 
Erityisesti 1960- ja 1970-luvuilla rakennetut asuinkerrostalot muodostavat merkittävän osan 
Suomen rakennuskannasta, joille on tehtävä merkittäviä peruskorjaustoimenpiteitä lähivuo-
sien aikana. Lisäksi näiden rakennustyyppien ominaisenergiankulutukset ovat korkeat. 
 
Tämän tutkimuksen tavoitteena oli selvittää kustannusoptimaaliset energiakorjausratkaisut 
tyypillisille suomalaisille 1960-luvulla rakennetuille asuinkerrostaloille. Lämpöpumppujen 
rooli energiatehokkuuden parantamisessa oli keskeisessä asemassa tutkimuksessa. Tästä joh-
tuen työn keskeisin tavoite oli määrittää elinkaarikustannuksiltaan kustannusoptimaaliset 
energiakorjausratkaisut kaikille tyypillisille päälämmitysjärjestelmille, jotka ovat käytössä 
suomalaisissa asuinkerrostaloissa. Päälämmitysjärjestelmiksi valittiin maalämpöpumppu, 
ilma-vesilämpöpumppu, poistoilmalämpöpumppu ja kaukolämpö. Näille järjestelmille mää-
ritettiin kustannusoptimaaliset tasot. Työn yhtenä tavoitteena oli myös tuottaa ehdotus järke-
västä lähes nollaenergiatasosta olemassa oleville asuinkerrostaloille eri lämmitysjärjestel-
mien kustannusoptimaalisia tasoja vertailemalla. 
 
Työn tutkimusmenetelmänä käytettiin energiasimulointiin perustuvaa monitavoite-opti-
mointia. Simulointityökaluna käytettiin IDA ICE -ohjelmistoa (versio 4.6.1) ja optimointityö-
kaluna MOBO (Multi-Objective Building Optimization) -ohjelmistoa. Elinkaarikustannuslas-
kennassa otettiin huomioon kaikki energiatehokkuustoimenpiteisiin liittyvät kustannukset 
mahdollisimman tarkasti. Realististen lopputulosten saavuttamiseksi tutkimuksessa otettiin 
lisäksi huomioon myös energiatehokkuutta parantamattomat peruskorjaustoimenpiteet, jotta 
rakennuksen korjausvelka ei kasvaisi. Monitavoite-optimoinnissa energiatehokkuuden mitta-
rina käytettiin rakennuksen E-lukua. Optimoitavia energiakorjausvaihtoehtoja olivat raken-
nuksen ulkovaipan lisäeristäminen, ikkunoiden vaihto, ilmanvaihtoremontti, aurinkosähkö- 
ja aurinkolämpöjärjestelmien pinta-alat sekä lämpöpumppujärjestelmien mitoitustehot. 
 
Maalämpöjärjestelmä osoittautui selvästi kustannusoptimaalisimmaksi päälämmitysjärjes-
telmäksi. Kaikki lämpöpumppujärjestelmät osoittautuivat energiatehokkaammiksi lämmitys-
järjestelmäratkaisuiksi kuin kaukolämpö. Tulokset osoittivat, että ulkoseinien lisäeristäminen 
ei ole kannattava energiatehokkuustoimenpide. Suositeltavia energiakorjausratkaisuja ovat 
investoinnit lämpöpumppuihin ja uusiutuvan energian tuotantojärjestelmiin. Energiakor-
jausratkaisujen kustannusoptimaalinen taso asettui lähelle uudisrakentamisen energiatehok-
kuuden minimivaatimustasoa. Työn tulosten perusteella järkevä lähes nollaenergiataso ole-
massa oleville asuinkerrostaloille on Erak = 130 kWhE/(m2,a), koska kustannusoptimaalinen 
taso oli tulosten mukaan 130 kWh/(m2,a). Herkkyystarkastelut osoittivat, että valitulla ener-
giakorjausinvestoinnin tuotto-odotuksella on kohtalaisen suuri vaikutus suositeltaviin ener-
giakorjausratkaisuihin. 
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Nomenclature 
 
Afloor [m2] floor area of the building 

Anet [m2] heated net floor area of the building 

as,k present value factor of single payment transaction happening 

in the future 

a1 [W/m2 K] thermal loss coefficient 1, solar thermal system 

a2 [W/m2 K2] thermal loss coefficient 2, solar thermal system 

a’n [a] present value factor of annual maintenance cost 

a’’n [a] present value factor of annual energy cost 

avx  auxiliary variable x 

BFDH [€/a] basic fee of district heating 

BFEL [€/a] basic fee of the real estate electricity 

ceil   ceiling function 

DHWa [m3/m2 a] total annual specific consumption of domestic hot water 

DHW(t) [m3/h] hourly consumption of domestic hot water 

EAP  [kWh/a] annual energy consumption of apartment electricity 

EDE,i  [kWh/a] annual delivered energy i 

EDH  [kWh/a] annual energy consumption of district heating 

EEL  [kWh/a] annual energy consumption of electricity 

EExp,i  [kWh/a] annual energy i that is exported from the building 

ERE  [kWh/a] annual energy consumption of real estate electricity 

Ei                   [kWh/a] annual energy consumption of purchased energy i 

Etot  [€] present value of energy cost 

e  energy price escalation 

f  inflation 

fDE,i   weighing factor of energy form i 

fExp,i   weighing factor of exported energy form i 

fi   primary energy factor of energy form i 

f(x)  objective function or decision vector defined by the objective 

functions 

gi(x)   inequality constraints 

hi(x)   equality constraints 

Io,DH [€] investment cost of renewal of district heating substation and  

automation 
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Io,HP  [€] investment cost of heat pump system 

Io,radiator  [€] investment cost of radiator heating system 

I0,ref [€] investment cost of basic refurbishment of external walls 

Io,roof  [€] investment cost of additional thermal insulation of roof 

Io,SE  [€] investment cost of solar electricity system 

Io,ST  [€] investment cost of solar thermal system 

I0,tot  [€] total investment cost of the energy performance renovations 

Io,ven  [€] investment cost of renovation of ventilation system 

Io,walls  [€] investment cost of refurbishment or additional thermal  

insulation of external walls 

I0,walls,max  [€] investment cost of additional thermal insulation of external  

walls, when maximum insulation thickness is installed 

Io,windows  [€] investment cost of refurbishment or replacement of windows 

i  nominal interest rate 

k   the number of objectives in multi-objective optimization, ≥ 2 

ki  year from the start when the payment transaction takes place 

LCC25a [€] present value of life-cycle cost of the building during the 25- 

year holding period 

Mtot  [€] total maintenance cost of the energy performance renovations 

n  [a] holding period of investment 

Paux heating [kW] dimensioning power of auxiliary heating system 

Pbase  [kW] base electricity power 

Ph(t)   hourly usage profile multiplier of DHW consumption 

Pheat pump+aux [kW] dimensioning power of heat pump and auxiliary systems 

Pm(t)   monthly usage profile multiplier of DHW consumption 

Pmax [kW] dimensioning power of apartment’s electricity connection 

Ptotal [kW] dimensioning power of the main electricity connection 

qv,inf [m3/s] new infiltration air flow rate 

qv,original  [m3/s] original infiltration air flow rate 

Rtot  [€] total renewal cost of the energy performance renovations 

ResDH  [€] residual value of the district heating system 

ResHP  [€] residual value of the heat pump system 

ResST  [€] residual value of the solar thermal system 

Resstructures  [€] residual value of external walls, roof and windows 
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1 Introduction 

1.1 Background 
According to the UNDP (2009), the built environment is in the key role in improving 
energy efficiency, because buildings account for 30 % to 40 % of the world’s energy 
consumption and are responsible for 25 % to 35 % of the world’s greenhouse gas emis-
sions. Railio (2011) states that in buildings generally, energy efficiency means satisfying 
the needs of a building and its users with a smaller amount of conventional energy. This 
means maintaining the same indoor climate quality and thermal comfort level with less 
energy consumption. 
 
In Europe, existing buildings alone account for 40 % of the total energy consumption in 
the European Union area (EPBD 2010/31/EU). In addition, the building sector is always 
expanding, which inevitably increases its energy consumption. Decreasing the energy 
consumption and using energy that is produced by renewable energy sources are very 
important measures in decreasing the energy dependency and the greenhouse gas (GHG) 
emissions. (EPBD 2010/31/EU.) 
 
According to the IPCC (Intergovernmental on Climate Change), global greenhouse emis-
sions have increased by 70 % between years 1970 and 2004 due to human activities. In 
Finland, the Ministry of the Environment has assessed that buildings’ share from the total 
GHGs is 32 %. In addition, construction is responsible for causing 6 % of the total GHGs 
in Finland. The IPCC synthesis report (IPCC 2007a) presents that buildings have the larg-
est estimated economic reduction potential among the sector solutions investigated. Fur-
thermore, UNEP states that the building sector offers the largest single potential for en-
ergy performance in Europe (UNEP 2014). 
 
Existing building stock has an important and major role in reducing energy consumption 
because the building stock is renewed slowly. For example in Finland the new construc-
tion is just one per cent of the annual building stock. (Saari et al. 2010, Tekes 2012.) This 
means the existing buildings possess a significant energy saving potential in Finland. In 
addition, there are many different ways to improve the energy performance of an existing 
building, depending on the age of the building, its structures, its HVAC systems and the 
use of the building. 
 
The commitment of the European Union member states on improving energy efficiency 
leads to new demands in the building sector in the form of tightened regulations. In the 
summer of 2010, the European Parliament adopted the recast directive (2010/31/EU) to 
improve the energy performance of buildings (EPBD). (Vehviläinen & Pesola 2010.) In 
Finland, the directive impacts particularly on the form of changing building regulations. 
Railio (2011) states that the major change is a transition in calculating the annual energy 
performance of a building, the so called E-value, when traditionally mainly individual 
structures and building solutions have been regulated. In addition, Energy Performance 
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Certificates (EPCs) based on the calculated E-value (Decree on EPC 2013) and the min-
imum energy performance requirements in renovations are gradually entering into force 
in all type of buildings (Decree on Improving Energy Performance in Renovations 
2013/4). 
 
The EPBD-directive is stating that all new buildings must be nearly zero energy buildings 
(nZEB) by the end of 2020 (EPBD 2010/31/EU). In Finland, the Ministry of the Environ-
ment has stated that this directive influences all new administrative buildings that are 
applying construction permit from 1.1.2018 (Ministry of the Environment 2014). It is still 
not known for sure, what the Finnish regulations will be for existing buildings. The 
EPBD-directive doesn’t define particular nZEB demands for existing buildings as it does 
for new buildings. However, it does state that member states must develop procedures 
and execute different energy saving measures, such as setting energy performance targets, 
to work towards nZEB in existing buildings as well. (EPBD 2010/31/EU.) 
 
As it is stated in the EPBD-directive, renewable energy sources should be used in the 
energy production of buildings (EPBD 2010/31/EU). Heat pumps are one of the best ap-
plications in applying renewable energy (IEA HPP Annex 40 Finland) and there is an 
ongoing research project, the HP4NZEB-project, studying different heat pump solutions 
in residential nZEB-buildings. It seems to be clear to utilize heat pump technologies in 
high energy performance buildings and in nZEB, as they are very energy efficient and 
also utilize a considerable amount of renewable energy (IEA HPP Annex 40 Finland). 
 
This means that finding cost-optimal renovation solutions for existing buildings in order 
to improve their energy performance plays a major role, as there are many different fac-
tors that affect building’s total energy consumption (Häkkinen et al. 2012). Cost-optimal 
analysis for different energy saving measures has been carried out in EU member states, 
also in Finland, to define the cost-optimal level of different energy performance solutions 
according to the EPBD-directive. This analysis also includes existing 1960s and 1970s 
apartment buildings in Finland and studies different energy saving measures, their effects 
on energy performance and total life-cycle cost of the performed measures. (Vainio et al. 
2012.) According to Kurnitski et al. (2014), the cost-optimal energy performance level of 
renovation corresponds in most cases to minimum energy performance requirements of 
new buildings. Furthermore, cost-optimal renovation solutions should never compromise 
indoor climate of buildings as comfort and quality aspects are extremely important and 
usually they cannot be solved by strictly studying energy performance and cost-optimality 
(Kurnitski et al. 2014, Risholt et al. 2013). 
 
The cost-optimal renovation solutions can also be studied by using a mathematical ap-
proach and optimization. This gives a wider variety of different options and more result 
data can also be obtained by using optimization. The current simulation and optimization 
tools make an effective combination to study different energy performance saving 
measures and their impact on energy performance and life cycle cost of buildings. There 
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is also a fast growing trend in number of optimization studies carried out in building sci-
ence, the amount of yearly publications has doubled between 2009-2012 and tripled be-
tween 2007-2012 (Nguyen et al. 2013). 

1.2 Research objective and outline 
The objective of this thesis is to study and determine the cost-optimal renovation solutions 
in typical Finnish 1960s apartment buildings with a large variety of options involved and 
also depending on the main heating system concept of the building and other energy per-
formance renovation measures carried out. The studied building is selected from the pro-
ject HP4NZEB (Green Net Finland 2014) that is carried out beside this thesis. All the 
common energy performance renovation measures used in Finnish apartment buildings 
are studied in this thesis in addition to different heat pump systems and solar-based energy 
production systems. The main reasons why a 1960s apartment building is selected as a 
research subject are the results of the project carried out by Vainio et al. (2012). The 
project indicates that finding the cost-optimal level to any type of existing buildings, an 
apartment building, an office building, a school or a detached house is more challenging 
than finding the cost-optimal level to new buildings. 
 
The research method used to study the cost-optimal energy performance renovation solu-
tions in this thesis is simulation-based optimization (SBO), where the optimization is con-
trolled via the energy simulation results. The chosen optimization algorithm tries to find 
out the best possible solution from the initial input values according to their impact on 
the simulation results and on the total life cycle cost of the building. The objective of the 
optimization analysis is to determine the cost-optimal solutions to renovate a typical Finn-
ish 1960’s apartment building from large variety of different energy saving options in-
cluding all typical heat pump systems applied in existing Finnish apartment buildings. 
The popularity of simulation-based optimization in building energy performance analysis 
has increased considerably during recent years. With modern simulation tools and soft-
ware, the SBO analysis seems to be a useful tool to investigate building performance and 
to determine the best options from a large variety of different initial options. (Nguyen et 
al. 2013.) 
 
One key objective of this study is also to determine usable and reliable guidelines to de-
sign and carry out cost-optimal renovation measures and concepts in typical Finnish 
apartment buildings built in the 1960’s and in the 1970’s as well. This building stock 
represents a large share of the total Finnish building stock. In addition, there is a signifi-
cant energy saving potential in buildings of this age. 
 
By applying a mathematical approach using optimization, a lot more data can be pro-
cessed and calculated by the optimization algorithm automatically, compared to manual 
processing and calculation. This allows a much wider range of design variables, values, 
data and solutions to be studied to find out the optimal solutions. In addition, using the 
simulation-based optimization method, different main heating system concepts, such as a 
ground source heat pump or district heating, can also be categorized. In this case not only 
the global cost-optimal solution of all the possible solutions can be defined, but also the 
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local cost-optimal solution of each main heating system concept. Through this approach 
more recommendable cost-optimal renovation measures and solutions can be defined.  
 
The objective is also to study closely the current simulation and optimization software 
and to find out suggestions for improvements. The aim is also to carry out the thesis and 
to point out key factors and results so that further research concerning this topic can be 
carried out in the future. There haven’t been very many large-scale studies concerning 
heat pumps as a part of nearly zero energy buildings or as a part of large renovation pro-
cesses carried out in existing apartment buildings. 

1.3 Structure of thesis 
This thesis work consists of a literary review and the research part of the simulation-based 
optimization applied to the case study 1960s apartment building. The thesis begins with 
the literary review that is based on earlier studies regarding the energy performance ren-
ovation measures, carried out projects and on legislative aspects of the energy perfor-
mance in buildings. The literary review mainly focuses on existing buildings and on the 
energy performance regulations concerning existing buildings. At first, a general over-
view of the energy performance of buildings is given and the calculation methods and 
regulations of energy performance are presented. Then the current regulations concerning 
energy performance improvements in existing building renovations are discussed. The 
EPBD-directive’s nearly zero energy building regulations concerning existing buildings 
are also briefly discussed. Other relevant aspects and studies concerning the energy per-
formance of existing buildings, such as common problems, heat pump solutions and other 
alternative energy performance renovation measures are also presented in the literary re-
view. 
 
At the second part the studied 1960s apartment building is described. Typical features of 
Finnish 1960s apartment buildings are presented first. The main technical features affect-
ing the energy simulation and optimization, such as internal heat gains and their usage 
profiles, heat pump systems and solar-based energy production systems, are also pre-
sented. At the third part the used simulation and optimization methods are presented along 
with their main features. The basic theory of the simulation-based optimization and the 
objective of the optimization analysis are also presented. The forming of the optimization 
problem is also described, as well as the chosen optimization concepts. The cost data used 
in the optimization analysis is also presented in this section. 
 
The final part of the thesis consists of results, short discussion section about the simula-
tion-based optimization method and conclusions. The reliability and the usability of the 
results are evaluated and discussed in the final part. In addition, the usability and reliabil-
ity of the optimization analysis as a part of the overall designing process of energy per-
formance renovations are discussed. Furthermore, future prospects and applications of 
the simulation-based optimization analysis are also discussed. 
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2 Improving the existing Finnish apartment building 
stock to the nZEB level 

2.1 Background 

2.1.1 Directive 2010/31/EU on the energy performance of buildings 
On May 18th 2010, a recast (Directive 2010/31/EU 2010) of The Directive on energy 
performance of buildings (2002/91/EC) was adopted in order to improve the energy per-
formance requirements and also to clarify some of its regulations. The recast directive 
sets a target that all new buildings must be “nearly zero-energy buildings” by 2020. The 
directive also deals with existing buildings that are undergoing a major renovation. The 
provisions of the Directive cover energy used for space and domestic hot water heating, 
cooling, ventilation, and lighting for new and existing buildings. (EPBD 2010/31/EU, 
Häkkinen et al. 2012.) The main requirements of the Directive, which are concerning 
existing buildings are 

 the application of minimum requirements to the energy performance of 
- existing buildings, building units and building elements that are subject to major 
renovation 
- building elements that form part of the building envelope and that have a signif-
icant impact on the energy performance of the building envelope when they are 
retrofitted or replaced and 
- technical building systems whenever they are installed, replaced or upgraded 

 national plans for increasing the number of nearly zero-energy buildings 
 regular inspection of heating and air-conditioning systems in buildings by certifi-

cated staff. 
(EPBD 2010/31/EU, Häkkinen et al. 2012.) 
 
The purpose of the EPBD is to decrease CO2 emissions of new and existing buildings by 
improving their energy efficiency. Reducing energy consumption in the building sector 
area is therefore important under the “20-20-20” objectives on energy efficiency. Under 
the directive, member states adopt their own national methodology for calculating energy 
performance of buildings. The methodology is taking into account the climatic conditions 
of the country, local conditions, indoor air quality requirements and cost-effectiveness. 
The directive sets minimum energy performance target levels for new buildings, which 
are expressed in the energy performance certification of buildings (E-value). The E-value 
calculation takes into account the primary energy production by primary energy factors 
per energy carrier. (EPBD 2010/31/EU, European Commission 2014b, Europa 2010.) 
 
The directive also strongly pushes through the nearly zero-energy buildings (nZEB) by 
obligating that by the year 2020 all new buildings must be nZEB-buildings and after 2018 
new buildings occupied and owned by public authorities are also nearly zero-energy 
buildings. The Energy Performance of Buildings Directive (EPBD) also strongly encour-
ages the introduction of intelligent energy consumption metering systems for new and 
existing buildings. (EPBD 2010/31/EU, Europa 2010, Motiva 2014.) 
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According to the EPBD (2010/31/EU), major renovations of existing buildings provide 
an opportunity to take cost-effective measures to improve energy performance. Because 
cost-effectiveness is taken into account, it should be possible to limit the minimum energy 
performance requirements to the renovated parts that are most relevant for the energy 
performance of the building. Member States should be able to choose the definition for a 
“major renovation” either in terms of a percentage of the building envelope’s surface area 
or in terms of the building’s value. (EPBD 2010/31/EU, Häkkinen et al. 2012.) Existing 
buildings are discussed in Article 7 of the directive, which states that 

- Member States shall take the necessary measures to ensure that when buildings 
undergo major renovation, the energy performance of the building or the reno-
vated part is upgraded in order to meet minimum energy performance require-
ments set in accordance with Article 4 in so far as this is technically, functionally 
and economically realizable. 

- In addition, Member States shall take the necessary measures to ensure that when 
a building element that forms part of the building envelope and has a significant 
impact on the energy performance of the building envelope, is retrofitted or re-
placed, the energy performance of the building element meets minimum energy 
performance requirements in so far as this is technically, functionally and eco-
nomically realizable. 

(EPBD 2010/31/EU, Häkkinen et al. 2012.) 
Furthermore, existing buildings are also discussed in Article 12 of the directive, which 
states that 

- The energy performance certificate shall include recommendations for the cost-
optimal or cost-effective improvement of the energy performance of a building or 
building unit, unless there is no reasonable potential for such improvement com-
pared to the energy performance requirements in force. 

- The recommendations included in the energy performance certificate shall cover: 
1) measures carried out in connection with a major renovation of the building 
envelope or technical building system(s) and 
2) measures for individual building elements independent of a major renovation 
of the building envelope or technical building system(s). 

(EPBD 2010/31/EU, Häkkinen et al. 2012.) 

2.1.2 The renovation debt of the Finnish building stock 
The renovation debt is a relative new term and in Finland ROTI (The State of Build Prop-
erty) was among the first ones to launch it. The common definition of the renovation debt 
is that it defines how much the lack of investment in the infrastructure structures and 
technical systems is in order to keep them in good condition for use. The renovation debt 
is the sum of money needed to repair the decaying infrastructure to a good condition that 
equals the needs of modern society. The value itself is defined by calculation. The reno-
vation debt and decaying of the building can also occur as a bad indoor air quality and 
broken water pipes. (Vehmaskoski et al. 2011, Rakennusteollisuus 2014.) 
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The renovation debt is growing, because anticipatory maintenance and repair duties are 
not taken into account effectively enough due to lack of knowledge or will (Vehmaskoski 
et al. 2013). According to Nippala et al. (2006), essential terms related to the renovation 
debt are: 

- Renovation responsibility = the amount of money that needs to be invested in the 
building stock in order to renovate it to 100 % of the repurchase price. 

- Complete renovation = a major investment, where decayed structures or technical 
systems of the building are repaired or renewed. Complete renovation decreases 
the renovation responsibility and debt, and also increases the present value of the 
building. 

 
The progress of the renovation debt as a function of time is presented in Figure 1 (Siikala 
et al. 2008). 
 

 
Figure 1. The progress of the renovation debt (Siikala et al. 2008). 
 
The change in value of building over time is presented in Figure 1. The thick red line 
describes the technical value of the building. As the condition of the building is decaying, 
the technical value is decreasing and when renovation or repair measures are carried out, 
the technical value is increasing. Fault repair means an urgent repair measure that has to 
be carried out due to an unexpected fault. Complete renovation is a major scheduled in-
vestment, which in this case decreases the renovation debt to zero and also increases the 
present value of the building even higher than its original value due to increased quality 
standards. The renovation debt starts to generate, when the technical value of the building 
goes under 75 % of the repurchase value. After the fault repair the renovation debt is 
eliminated, but it starts to generate again in time until a new repair measure is carried out, 
which in this case is a complete renovation. The dashed red line in Figure 1 presents how 
the renovation debt would grow, if no renovation or repair measures were carried out. 
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The estimated value of the Finnish building stock is approximately 350 billion euros (Ra-
kennusteollisuus 2014). The national capital value of Finland was approximately 820 bil-
lion euros in 2011 (Vehmaskoski et al. 2013), which means that buildings account 43 % 
of the total national capital value. The renovation debt of the building stock is estimated 
to be between 30 – 50 billion euros, which equals to 8.6 – 14.3 % of the building stock’s 
total value. The total budget of the Finnish government was 54.1 billion euros in 2013 
(Finnish Government 2013), so the renovation debt of the building stock is almost as big 
as the budget of the Finnish government. (Vehmaskoski et al. 2013, Finnish Government 
2013.) 
 
According to the Statistics Finland (2014), the value of the renovation construction busi-
ness was approximately 10.8 billion euros in 2012. For reference, the value of the new 
construction business was 11.9 billion euros in 2012. The share of the renovation con-
struction from the whole construction business has been constantly growing. Pipe reno-
vations alone are annually carried out in 15 000 - 20 000 apartments (Rakennusteollisuus 
2014). The expected share of renovation construction is approximately 50 % of the whole 
construction business in 2014 (Pajakkala 2013, Statistics Finland 2014a). The renovation 
construction is expected to grow its share even more and its value will be over 50 % of 
the total construction business in the near future. This is because the major share of Finn-
ish buildings are constructed between the 1960’s and 1980’s and the renovation measures 
of this building stock play a major role in the total renovation business. (Vehmaskoski et 
al. 2013.) 
 
The major issue slowing down large-scale renovations is the high cost of renovation 
measures compared to the value of the building. The common strategy is that when the 
condition of the building decreases below a certain point or when the renovation debt of 
the building increases above the critical point, the building owners are not willing to make 
large-scale renovation investments needed to decrease the renovation debt. Typically the 
investment cost of a complete renovation is high compared to the present value of the 
building. A good example of this is that in 2007 the major investors in the renovation 
business were private persons, who accounted a 43 % share of the total renovation con-
struction business. (Vehmaskoski et al. 2011, Pajakkala 2010.) 
 
The estimated renovation debt in relation to population in different Finnish cities is pre-
sented in Figure 2. Fig. 2 presents that the renovation debt is a major problem in all cities, 
but especially in Helsinki and in Mikkeli. 
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Figure 2. The estimated renovation debt in relation to population [€/resident] (Isoniemi 
2009). 
 
Rakennusteollisuus (2014) states that a high quality property care requires investments. 
These investments are well worth it, because the prevention of the renovation debt is 
always cheaper than repairing the major damage and faults caused by it. By letting the 
buildings decay is the choice of the building owner, who is responsible for the condition 
of the building. However, to manage the renovation debt and to speed up the renovation 
measures, public community examples and economical contributions are required as well 
as information and decree guidance. (Rakennusteollisuus 2014.) 
 

2.2 Current regulations and calculation of energy performance 
of buildings 

2.2.1 Definitions related to nearly zero-energy buildings 
There are a lot of different definitions related to zero and nearly zero-energy buildings, 
their technical systems and the calculation of energy performance and cost-optimality. 
The most important key definitions that are relevant in this study are presented briefly in 
this chapter for clarification. 
 
Nearly Zero Energy Building (nZEB) 
According to the EPBD-directive, a “nearly zero-energy building” means a building that 
has a very high energy performance (as determined in accordance with Annex I). The 
nearly zero or very low amount of energy required should be covered to a very significant 
extent by energy from renewable energy sources, including energy from renewable 
sources produced on-site or nearby of the building. (EPBD 2010/31/EU.) 
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Energy Efficiency of Buildings 
Energy efficiency of buildings is defined according to the EPBD-directive as calculated 
or measured energy that is needed to fulfill the energy demand of a building at its typical 
use. The total energy includes for example energy used for heating, cooling, ventilation, 
domestic hot water heating and lighting. (EPBD 2010/31/EU.) 
 
Primary Energy 
Primary energy is defined as energy coming from renewable or nonrenewable energy 
sources that hasn’t been refined by any process (EPBD 2010/31/EU). 
 
Cost-optimal level 
The cost-optimal level is defined as a level of energy performance that leads to the lowest 
life-cycle costs during the economical life-cycle period. The lowest life-cycle costs are 
defined by taking into account the investment costs, maintenance and usage costs (includ-
ing energy costs and savings, the category of the building and the possible income from 
the energy produced on-site) and the decommissioning costs, depending on the case. Eco-
nomical life-cycle is defined as the economical life-cycle of the building. The cost-opti-
mal level must be within the energy performance levels, where the cost-benefit analysis 
of the estimated economical life-cycle is positive. (EPBD 2010/31/EU.) 
 
On-site 
CEN defines “on-site” as the building and the parcel of land on which the building is 
located. In case of building sites with multiple buildings, it is the parcel of land allocated 
to the assessed building. It has to be clearly stated which part of the parcel of land is 
allocated to which building in order to avoid double counting of energy sources (for ex-
ample to count electricity production from PV-cells on a garage several times). The ra-
tionale for the definition of “on-site” is the unique and strong link with building. (prEN 
15603:2013.) 

2.2.2 Calculation of energy performance of buildings 
The energy performance of a building consists of many different factors, such as heating, 
cooling, lighting, household equipment and other electricity consumptions. According to 
Pietiläinen et al. (2007), the energy performance of a building is defined as a comparable, 
standardized use-based total energy consumption in Finland. Standardized use means that 
the factors impacting on energy consumption, such as internal heat gains and ventilation 
rates, are standardized. Standardized energy consumption is typically calculated by a 
floor area or cubic content and the consumption can be normalized to correspond average 
weather conditions of different locations. (Pietiläinen et al. 2007.) 
 
Basically the calculation methods of energy performance and consumption can be divided 
into two main groups: 

1) Monthly based methods, such as National Building Code of Finland part D5 and 
ISO DIS 13790. 

2) Dynamic simulation methods, such as IDA-ICE and RIUSKA, where the calcula-
tion’s time step is much shorter, typically one hour or less. (Pietarila 2013.) 
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The dynamic simulation tools are much more accurate and versatile, but they are more 
difficult to use. In addition, there is a higher potential for errors due to the larger amount 
of initial data required. The monthly based methods are easier to use and the initial data 
required for successful calculation is also typically much lighter and clearer. (Pietiläinen 
et al. 2007.) Basically the monthly based methods can be used in buildings which have 
no cooling or cooling is used only in individual spaces. For other buildings where cooling 
is applied, the energy calculation method must be based on dynamic calculation tool. The 
National Building Code of Finland part D3 lists the requirements for dynamic simulation 
tools that can be used for dynamic calculation of energy performance and indoor air tem-
peratures of buildings in Finland. The dynamic calculation tool must meet the standards 
of EN, CIBSE or ASHRAE or other corresponding IEA BESTEST test scenarios as for 
heating and cooling energy calculation (Vuolle 2013). 
 
In Finland, the Ministry of the Environment has given national regulations concerning 
the calculation of energy performance of buildings. Currently the energy performance is 
defined with the so called E-value (Ministry of the Environment 2013a, Decree on EPC 
2013). The calculated E-value, for building or for different parts of building, is a result of 
multiplying building’s purchased energies with the specific primary energy factors and 
then this result is divided with the heated net area of the building. The calculation of the 
E-value is presented in equation 1 (NBCF D3 2012). The purchased energy for the energy 
performance certificate is always calculated with standardized use, which means that 
heating and cooling temperature set points, outdoor climate data (Zone 1, Helsinki – Van-
taa weather data), ventilation’s operation times, internal heat gains and their profiles and 
consumption of domestic hot water are fixed to correspond the standardized values set in 
the NBCF D3 for different building types. (NBCF D3 2012, Energiatodistusopas 2013.) 
 

 
3(2012)

i ii
D

net

E f
E

A



            (1) 

where 
Ei annual purchased energy i (district heating, electricity, fuels used for energy 

production of the building and district cooling), [kWh/a] 
fi  primary energy factor of energy form i, [-] 
Anet heated net floor area of the building, [m2]. 
 
The current primary energy factors used in Finland are presented in Table 1. 
 
Table 1. Energy form specific primary energy factors (NBCF D3 2012). 

Energy form Primary energy factor 
Electricity 1.7 

District heating 0.7 
District cooling 0.4 

Fossil fuels 1.0 
Renewable fuels 0.5 
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According to the NBCF D3 (2012), the purchased energy means the amount of energy 
that is purchased for example from the electricity grid, district heating or cooling grid or 
the renewable and fossil fuel based energy sources. Building’s total purchased energy 
consists of all the heating, cooling, electricity and fuel energies delivered to the building 
from outside the system boundaries that are presented in Figure 3. The total purchased 
energy delivered from outside the system boundaries also takes into account the reduction 
of on-site renewable energy production, as shown in Figure 3. (NBCF D3 2012, Ener-
giatodistusopas 2013.) The system boundaries for nearly zero energy buildings (nZEB) 
according to the REHVA definition is presented in Figure 4 for a reference. The REHVA 
definition also takes exported energy into account as presented in Figure 4. The calcula-
tion of the E-value according to the REHVA definition with Figure 4 notation is presented 
in equation 2 (Kurnitski et al. 2013) 
 
 

   , , , ,DE i DE i Exp i Exp ii i
REHVA

net

E f E f
E

A
  


           (2) 

 
where 
EDE,i  annual delivered energy i, [kWh/a] 
fDE,i  weighing factor of energy form i, [-] 
EExp,i  annual energy i, that is exported from the building (electricity), [kWh/a] 
fExp,i  weighing factor of exported energy form i (usually assumed to be the same 

as the fDE weighing factor), [-] 
Anet  heated net floor area of the building, [m2]. 
 
 

 
Figure 3. System boundary of purchased energy (NBCF D3 2012). 
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Figure 4. System boundary of net delivered energy (Kurnitski et al. 2013). 
 
The E-value based energy performance certificate is required for all new buildings, ex-
cluding the building types and special cases mentioned in the NBCF D3 2012. There are 
also energy performance requirements for existing buildings when major renovations are 
carried out and they are discussed in the next chapter. However, the calculation of energy 
performance, the E-value based energy performance certificate, is calculated exactly the 
same way for new and existing buildings using the NBCF D3 2012 based standardized 
usage profiles, internal heat gains, DHW consumptions and other features. In addition, 
the energy performance ratings are the same for both new and existing buildings (Decree 
on EPC 2013). 
 
The energy performance certificate (EPC) gives valuable information for comparing 
buildings’ energy performance. In case of leasing or selling of a building or an apartment 
of a building, the energy performance certificate must be presented. Typically, in the en-
ergy performance certificate of an existing building there are also some recommendations 
presented to improve building’s energy performance. (Environment 2013.) The energy 
efficiency ratings for different building types are presented in Table 2. The calculated E-
value for different building types represents the building’s energy efficiency on scale 
from A to G where G is the worst. 
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Table 2. Energy efficiency ratings for different building types (Decree on EPC 2013). 

 

2.2.3 Energy performance requirements of existing buildings 
The decree on improving energy performance in renovations (2013/4) came into force for 
buildings used by authorities in June 2013 and for other buildings in September 2013. 
The decree set minimum requirements for energy performance of buildings in case of 
licensed renovation, changing the purpose of use or renewing technical systems of exist-
ing buildings. For example renovations that usually require construction permit or plan-
ning permission for minor construction, such as repairing external walls of the building 
or renewing technical systems of the building are major renovations. Renovating existing 
buildings is still voluntary and the owner of the building may still decide when and in 
what extent he or she wants to renovate the building. Furthermore, the owner of the build-
ing should also consider what the best methods are in order to improve the energy perfor-
mance of the building within the limits of building regulations. (Ministry of the Environ-
ment 2013a, Decree on improving energy performance in renovations 2013/4.) 
 
The energy saving measures are not needed to be carried out, if they are not technically, 
functionally or economically realizable. It is also important to notice the special features 
and the purpose of use of the building. The energy efficiency should always be improved 
as a part of normal renovation construction measures and planned maintenance and repair 
strategy of the building. (Ministry of the Environment 2013a.) Säteri (2013) states that it 
is not reasonable to renovate intact and functional buildings or systems. However, an 
energy efficient building always consumes less energy, so the owner of the property 
should always evaluate, what are the best alternatives to improve the energy performance 
of the building when major renovations or repairs are carried out. According to Säteri 
(2013), careful and detailed planning and building improve the overall quality of the 
whole construction process. (Ministry of the Environment 2013a.) 
 
There are three alternative methods to improve energy efficiency in renovations. The first 
method concentrates on improving building envelope’s insulation thicknesses and energy 
performance. The second method concentrates on decreasing the calculated energy con-
sumption of the building in standard use without energy form specific primary energy 
factors to the required level. The third method is used in this thesis to study the effects of 
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energy performance improving measures on the energy performance of the building. The 
third method is: 

 Decreasing the E-value (kWhE/m2) of the building to the required level. The min-
imum energy performance requirement for existing apartment buildings is:  
- Erequirement ≤ 0.85 times the original E-value (kWhE/m2). 

(Ministry of the Environment 2013a, Decree on improving energy performance in reno-
vations 2013/4.) 
 
The overall process of improving energy performance in renovations is presented in Fig-
ure 5. 
 

 
Figure 5. The process of improving energy performance in renovations (Kauppinen 
2013). 
 
There are also demands for building’s technical systems in the decree (2013/4). When 
one is improving the energy efficiency of building’s envelope or renewing building’s 
technical systems, it is important that the measures are not carried out in the expense of 
good and healthy indoor air quality. (Ministry of the Environment 2013a.) When the tech-
nical systems of a building are renovated or renewed, the following demands must be 
followed: 

1. The annual efficiency of the ventilation’s heat recovery system must be at least 
45 % (ηa). 

2. The specific fan power of the mechanical supply and return air ventilation system 
must be less than 2.0 kW/(m3/s). 

3. The specific fan power of the mechanical return air ventilation system must be 
less than 1.0 kW/(m3/s). 

4. The specific fan power of the mechanical air conditioning system must be less 
than 2.5 kW/(m3/s). 
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5. When the heating system equipment are renovated or renewed, the energy effi-
ciencies of the heating systems must be improved if it is possible. 

6. When piping or sewage systems are renovated, one must follow the decrees and 
demands that are concerning new buildings (NBCF, parts C1, C2 and D1). 

(Ministry of the Environment 2013a, Decree on improving energy performance in reno-
vations 2013/4.) 
 
It is also important to notice that the energy performance requirements don’t concern all 
existing buildings. The complete list of excluded buildings can be found from the Decree 
on improving energy performance in renovations (2013/4). Additionally, if one or more 
specific requirements are not achieved, one can compensate it by exceeding the other 
requirements with equal proportion. For example, if the U-value of the exterior walls is 
not improved by 0.5 times the original U-value, but the annual efficiency of the ventila-
tion’s heat recovery system is improved above the 45 % demand, the higher heat recovery 
efficiency compensates the U-value demand in this case. However, the compensation pro-
cess is always case-specific. Furthermore, one can always study the total effect of several 
renovation measures that are not carried out at the same time and indicate the improve-
ment in total energy performance through these phased renovation measures. (Decree on 
improving energy performance in renovations 2013/4.) 
 

2.3 Different energy performance renovation measures 

2.3.1 Background 
There are various energy performance renovation measures that can be carried out in ex-
isting buildings. The main objective is to determine the cost-optimal solutions for differ-
ent types of buildings. Typically used energy performance renovation measures and tech-
nologies in existing Finnish apartment buildings are: 

- additional thermal insulation 
- window replacement and improved air-tightness 
- retrofitting of the ventilation system (addition of heat recovery system) 
- utilization of solar heat and solar electricity systems 
- utilization of heat pump systems. 

(Holopainen et al. 2007, Wahlström et al. 2013, Häkkinen et al. 2012.) 
 
The building regulations regarding thermal insulation of the building envelope has been 
tightened significantly over time as the understanding about energy related threats has 
been improved and as the heat insulation materials and techniques have been developed. 
Structures meeting current regulations would not have been realized without the help of 
traditional materials and structures of the 1960’s with massive and costly structures. 
(Häkkinen et al. 2012.) The development of the building regulations regarding the thermal 
insulation of the building envelope and the energy performance of buildings is presented 
in Table 3. 
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Table 3. The development of the building regulations regarding energy performance of 
buildings (Kalliomäki 2010). 

 
 
Häkkinen et al. (2012) states that even though the heat loss through the building envelope 
is significantly smaller in new buildings, renovating existing buildings only for energy-
saving reasons is seldom profitable. The biggest advantage of energy renovations is 
achieved, when it takes place in the connection of other renovation activities. Typical this 
kind of renovation measure is for example replacing badly damaged windows to modern 
windows. (Häkkinen et al. 2012.) However, according to Vinha et al. (2013), the im-
proved thermal insulation level brings negligible energy savings in apartment buildings 
in Southern Finland. Furthermore, Saari et al. (2010) states that it doesn’t seem very prof-
itable to improve the level of thermal insulation of an existing apartment building, unless 
it is necessary along with other renovation measures. This can also be seen in Figure 6, 
where the heat balance of a typical Finnish apartment building is presented. 

 
Figure 6. Heat balance of a typical Finnish apartment building (Retermia 2014a). 

The U-values of the
structures [W/m2 K] C3 1976 C3 1978 C3 1985 C3 2003 C3 2007 C3 2010

External wall 0.4 0.29 0.28 0.25 0.24 0.17
Roof 0.35 0.23 0.22 0.16 0.15 0.09

Base floor 0.4 0.4 0.36 0.25 0.24 0.16/0.17
Windows 2.1 2.1 2.1 1.4 1.4 1.0

External doors 1.7 1.7 1.7 1.4 1.4 1.0
Air-tightness of the building,

the n50-value - - - - 4 2
Annual heat recovery efficiency

of the ventilation system 0 0 0 30 % 30 % 45 %
Flex on envelope's heat

loss demands 0 0 0 10 % 20 % 30 %
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2.3.2 Additional thermal insulation of the building envelope 
 
External walls 
There are many ways to carry out the additional thermal insulation of external walls. Two 
main techniques, which are typically used in Finland, are additional external thermal in-
sulation and additional internal thermal insulation. The cavity insulation, although widely 
used in other parts of the Europe, is not used in Finland, because uninsulated cavity walls 
have not been widely used. (Holopainen et al. 2007, Kouhia et al. 2010, Häkkinen et al. 
2012.) 
 
According to Holopainen et al. (2007), external thermal insulation is usually the simplest 
solution for additional thermal insulation of external walls. The existing water vapor bar-
rier can stay intact and the joints of external wall with internal walls and floor slabs don’t 
need to be concerned in this method. However, considering water vapor penetration, it is 
important that the new external thermal insulation and the external cladding are not too 
tight. Special attention has to be paid in order to avoid forming of a dew point between 
the new insulation material and the existing wall, or behind the new external cladding. 
The dew point can be avoided by using mineral wool as thermal insulation material and 
by leaving a ventilated air gap behind the new cladding. (Holopainen et al. 2007.) 
 
Kouhia et al. (2010) states that installing external thermal insulation is profitable in cases, 
where the external cladding needs to be replaced. A typical example of this is renewing 
the rendering of a rendered brick or block wall. In this case external thermal insulation is 
typically installed on the existing structure with proper supporting equipment and the new 
rendering layer is installed on top of the new thermal insulation layer. A reinforcement 
made from steel is often installed on top of the thermal insulation layer to prevent the new 
rendering from cracking. Another solution is to clad the external wall with panels. (Kou-
hia et al. 2010, Holopainen et al. 2007.) Until mid-1960s apartment buildings in Finland 
were mainly built using massive tile as the main construction material of external walls 
(Mäkiö et al. 1994). Typical additional thermal insulation solutions of the tile external 
wall structures are presented in Figure 7. 
 
According to Häkkinen et al. (2012), this kind of thorough renovation, shown in the Fig-
ure 7, allows the new thermal insulation layer to be even passive-house-level, if other 
technical aspects allow this. Mineral wool is a typical material for the additional thermal 
insulation and the thickness of additional insulation layer is typically 50–150 mm, but can 
be up to 300–350 mm. Separate supporting frame for the thermal insulation is not needed, 
if hard mineral wool is used. A rendering is usually used to finish these kinds of structures. 
New foundations are needed for the external wall structures, if a massive cladding, such 
as brick wall, is used. Kouhia et al. (2010) states that the insulation material can also be 
polystyrene or polyurethane based in this kind of renovations. According to Häkkinen et 
al. (2012), this renovation measure has been in use for a long time and the techniques are 
well tested. (Kouhia et. al. 2010, Häkkinen et al. 2012.) 
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Figure 7. Additional thermal insulation solutions of tile external wall structures (Kouhia 
et al. 2010). 
 
Holopainen et al. (2007) states that internal thermal insulation might be a good solution, 
if the inner surface of the walls is in need of renovation. A new water vapor barrier is 
usually required and it is installed under the new inner wall sheeting. The installation of 
the new water vapor barrier is not needed only when the new internal insulation layer is 
thin. Typical example of this is installation of a wood fiber sheet with a thickness of 12–
25 mm on top of a sawdust wall or on top of logwood wall. However, to avoid forming a 
dew point inside the wall structure, the old water vapor insulation typically needs to be 
removed. (Holopainen et al. 2007.) 
 
Roofs 
According to Kouhia et al. (2010), additional thermal insulation of roofs is generally easy 
and profitable in buildings with an attic. Häkkinen et al. (2012) states that the safest way 
of renovation is to use the same insulation material, which was originally used. Typical 
additional thermal insulation methods are blowing insulation wool onto existing surfaces 
or by installing mineral wool insulation as sheets. The height of the attic defines the max-
imum thickness of additional insulation that can be installed. In addition, the openings for 
the air cavities of the roof eaves also limit the maximum insulation layer that can be in-
stalled. According to Holopainen et al. (2007), additional thermal insulation is profitable 
for flat-roofed buildings only when the waterproofing of the roof needs to be replaced. 
The common methods of additional thermal insulation in these cases are adding insulation 
thickness or switching the insulation material to a more effective material, such as poly-
urethane. Another alternative is to add insulation on top of the existing waterproofing. 
The insulation material should be mineral wool in this case. Furthermore, water proofing 
of the top layer should also be taken into account by covering the insulation layer with 
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bitumen water proofing sheets. (Holopainen et al. 2007, Kouhia et al. 2010, Häkkinen et 
al. 2012.) 

2.3.3 Window replacement and improvements in air-tightness 
The windows represent approximately 10-15 % of the total area of external walls in typ-
ical residential buildings. In many cases the heat losses through windows can be as high 
as the heat losses through external walls due to the significantly higher U-value of win-
dows (Holopainen et al. 2007). According to Holopainen et al. (2007), the glass technol-
ogy has undergone significant development during the last decade, which has made rela-
tively large improvements in the insulation properties of windows possible. The best 
measure to improve the energy performance of windows is to replace them. However, 
installation of an additional front glass or insulation glass to the existing window frame 
or replacing only the glasses and not the entire window frame, may also be profitable. 
Häkkinen et al. (2012) states that the energy performance improvements of window re-
placements are relatively small, so it isn’t usually profitable to renovate windows only 
for energy performance reasons. (Holopainen et al. 2007, Kouhia et al. 2010, Häkkinen 
et al. 2012.) 
 
Holopainen et al. (2007) states that increasing the air-tightness of the building envelope 
reduces unwanted air infiltration and significantly improves energy performance. Air 
leaks are typically caused by different construction defects, such as cracks in structures 
and lack of insulation. The air-tightness of a building is defined with air-leak factor, which 
is measured with a 50 Pa pressure difference. Typical air-tightness in existing Finnish 
apartment buildings varies between 1 and 8 exchanges per hour (number of times the air 
inside the building changes in an hour). Modern tightly sealed apartment buildings have 
less than one exchange per hour (Häkkinen et al. 2012). 
 
According to Holopainen et al. (2007), the easiest and most economical way to improve 
air-tightness is to replace the sealings of windows and doors. Depending on the condition 
of the existing sealings, this may lead to moderate or even significant savings. Sealing the 
joints between windows or doors and the external walls are also recommendable 
measures. Furthermore, the cracks for HVAC and electrical installations must also be 
carefully sealed. (Holopainen et al. 2007, Häkkinen et al. 2012.) 
 
According to Häkkinen et al. (2012), the air-tightness of the building envelope is not 
improved significantly by just adding external thermal insulation on top of existing struc-
tures. However, a significant renovation measure to improve the air-tightness of a build-
ing envelope might be a simple replacement of windows and doors, because typically 
approximately half of the building’s seams are related to windows and doors. (Holopainen 
et al. 2007, Häkkinen et al. 2012.) 

2.3.4 Renovation of ventilation system 
A well-functioning ventilation system takes part in providing the building with high-qual-
ity air and taking care of the condition of building’s structures (Holopainen et al. 2007). 
The ventilation system must be able to remove the impurities produced to the indoor air, 
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such as smells, moisture and carbon dioxide, and inorganic compounds evaporating from 
the interior materials. Additional ventilation by opening fresh-air windows is needless 
with a well-functioning system. Energy performance improving renovation of a ventila-
tion system always requires a detailed profitability calculation and study. In addition, the 
renovation should never lower the quality of the indoor air. Energy performance renova-
tion measures may only affect parts and equipment of the ventilation system, but the stud-
ies must also take into account the effects on other building components and technical 
systems, such as electric and structural systems. (Holopainen et al. 2007, Häkkinen et al. 
2012.) 
 
Holopainen et al. (2007) states that upgrading natural ventilation system into mechanical 
supply and exhaust ventilation system is equivalent to installing a completely new venti-
lation system. In this kind of deep-renovation, the current building regulations concerning 
outdoor airflow rates and other technical features must be followed. A major share of the 
renovation’s total cost comes from the demolition of the original ducts and necessary 
structures and from the installation of the new ducts and equipment. Typically new ven-
tilation ducts are installed along with the complete renovation of ventilation system. Be-
cause residential buildings should always be under-pressurized to prevent condensation 
in the building envelope, the supply air flow rate of the new mechanical ventilation sys-
tem is typically set to be 10-15 % smaller than the exhaust air flow rate in buildings, 
where the original ventilation system is either natural or mechanical exhaust ventilation 
system. (Holopainen et al. 2007.) 
 
According to Häkkinen et al. (2012), when a fully mechanical ventilation system is in-
stalled, structures, which are not air-tight, can cause draft and also decrease energy per-
formance. In addition, the openings and cracks in structures, which are needed to install 
the system may also decrease the air-tightness of a building. (Holopainen et al. 2007, 
Häkkinen et al. 2012.) Säteri et al. (1999) states that the air-tightness of the building is a 
key factor in a well-functioning and controllable ventilation system. The ventilation sys-
tem must have a sufficient pressure authority to outdoor air to resist the external pressure 
fluctuation caused by both wind and temperature difference between the indoor and out-
door air and to keep the supply airflow rate as constant as possible in all operating condi-
tions (Säteri et al. 1999). 
 
According to Holopainen et al. (2007), the air-handling unit with heat recovery can be 
placed in the attic space in apartment buildings. According to Leander (2014) and Castrén 
(2014), the new air handling unit can also be installed outside, on the roof for example. 
The new exhaust and supply air ducts are typically installed in staircases and in suspended 
ceilings inside the apartments. In centralized ventilation renovation solutions, a plate heat 
exchanger is typically used in the central air handling unit. In distributed ventilation ren-
ovation solutions, rotating regenerative heat exchangers can also be used, when the dis-
tributed renovation solution is apartment-specific. According to Swegon (2014), plate 
heat exchanger’s typical dry heat efficiency rate for supply air is 55–75 %, for water-
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glycol-systems typical efficiency rate is 45–55 % and for rotating regenerative heat ex-
changers 75–85 %. The condensation improves the efficiency rate of heat recovery. (Hol-
opainen et al. 2007, Swegon 2014.) 
 
A distributed mechanical supply-exhaust-air ventilation system is a common solution for 
the ventilation system of apartment buildings. In this solution all of the apartments are 
equipped with their own air handling unit and separate ventilation system. This system is 
usually recommendable, when indoor air and energy performance requirements are high. 
(Häkkinen et al. 2012.) The air handling unit can be placed in kitchen or in bathroom for 
example. If the renovated apartment-specific mechanical ventilation system is replacing 
a natural ventilation system, then the air handling unit’s supply and exhaust air flow rates 
must be adjusted to be equal or the existing natural ventilation ducts must be sealed air-
tightly. There is a high risk of backflow from the existing ducts, if the exhaust air flow 
rate significantly exceeds the supply air flow rate. (Holopainen et al. 2007.) 
 
According to Holopainen et al. (2007), implementation of a ventilation system with heat 
recovery is easier in the centralized system with a single air handling unit. However, if a 
distributed system is used, it is reasonable to study the possibility of combining some of 
the air handling units (Holopainen et al. 2007). The cost of the air handling units is lower 
in the centralized system, but the cost of ventilation ducts’ installation is higher, respec-
tively (Häkkinen et al. 2012). However, according to the Finnish Real Estate Federation, 
no renovations, where the ventilation system is upgraded from natural ventilation to me-
chanical ventilation, have been carried out in existing Finnish apartment buildings (Häk-
kinen et al. 2012). 

2.3.5 Solar-based energy production systems 
In solar thermal systems, the solar radiation heats the heat transferring fluid circulating in 
the solar collectors. The collected heat is delivered into the water of a separate heat stor-
age tank or boiler. The system is operating only when the temperature level of the heat 
transferring fluid returning from the collectors is sufficiently higher than the temperature 
in the heat storage tank. The operation is stopped when the temperature of the storage 
tank exceeds the designed upper limit value, for example 90 °C. The recommended solar 
collector orientation is between south and south-west for maximum solar radiation gain. 
The easiest way is to install the collectors on a tilted roof, but with proper supporting 
frames and collector setup they can be installed to a right angle even on a flat roof. (Sa-
vosolar 2014a, Häkkinen et al. 2012.) 
 
The dimensioning of the solar thermal system vary greatly depending on the size of the 
buildings, the number of apartments and the target of annual solar thermal energy pro-
duction. The area of a single collector is typically approximately 2.0 m2. The typical size 
of a heat storage tank in solar thermal systems is from 2500 to 5000 liters in apartment 
buildings, when the selected solar collector area is from 30 m2 to 100 m2. The produced 
heat is mainly used for heating the domestic hot water, but it can also be used for heating 
of spaces and outdoor airflow rate. The solar thermal system consists of solar collectors 
installed on roof, the distribution circuit (including the circulation pump and the pipes) 
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and a heat storage tank. All compatible heat production systems, including heat pump 
systems, should be considered as an option, when a renovation is planned. (Savosolar 
2014a, Häkkinen et al. 2012.) 
 
According to Viitanen (2014), the solar-based electricity production systems are also be-
coming a more popular energy performance renovation measure in existing buildings as 
well. The reason for this is that the efficiency of the electricity production has improved 
and more importantly because the investment cost of the PV-systems has decreased sig-
nificantly over the last couple of years. A typical PV-electricity system consists of PV-
panels, inverters, surge protection varistors, service distribution panels, electricity con-
sumption meters, fused disconnect breakers, circuit breakers and other protective equip-
ment. Especially the rapidly decreasing investment cost of the system makes the solar-
based electricity systems a considerable alternative as an energy performance improving 
measure in the near future. Furthermore, when the total installed PV capacity continues 
to increase, the investment cost of the PV systems will decrease even further. The devel-
opment of the average PV-module price in Europe is presented in Figure 8 for a reference. 
(Paatero 2013, Viitanen 2014.) 
 

 
Figure 8. The development of the average PV-module price in Europe (Paatero 2013). 

2.3.6 Heat pump systems 
Vainio et al. (2012) states that the ground source heat pump is a good option for main 
heating system in new detached houses and in new apartment buildings. However, it is 
even more profitable to choose it as the main heating system in existing apartment 
buildings as well. The main reason for this is, because the existing buildings consume 
more heat energy than the new buildings, so the potential heat energy savings are even 
higher. The downside is obviously its higher investment cost. It seems to be reasonable 
to integrate solar energy production systems with the ground source heat pump solution, 
especially, if one wants to achieve high overall energy performance of the building. Ac-
cording to Vainio et al. (2012), the exhaust air heat pump is also a considerable option in 
existing apartment buildings. The investment cost of the system is smaller than with the 
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ground source heat pump and the savings in heat energy are relatively high. Previous 
studies (Wahlström et al. 2013) indicate that the exhaust air heat pump is a valuable ad-
dition in improving building’s overall energy performance, even when the building’s pri-
mary heating system is district heating.  
 
According to the Finnish Heat Pump Association SULPU (2014), it is not a very common 
solution to choose an air source heat pump for the primary heating system of an existing 
apartment building. The air source heat pump systems work well in detached houses, but 
the substantially larger heat demand of an apartment building requires a much larger heat 
pump system to cover the heat demand of the building. The dimensioning of the outdoor 
unit is a key factor with the outdoor air source heat pump systems. Also, the need of the 
auxiliary heat energy during heating season would be substantial as well, as the perfor-
mance of the heat pump unit decreases on cold outdoor temperatures. There are several 
systems on the market for larger air to water heat pump applications at the moment 
(Danfoss, Mitsubishi and Nibe for example), but the air source heat pump system is gen-
erally not a very typical heating solution to be installed in an existing apartment building 
in Finland at the moment. 
 
However, according to SULPU and a group of Finnish heat pump manufacturers, the air 
source heat pump technology is currently developing at a fast pace and could be a very 
potential heating system in the near future also in existing apartment buildings. Addition-
ally, the investment cost of an air to water heat pump system is typically substantially 
lower than for example the investment cost of a ground source heat pump system. For 
these reasons, it is currently reasonable to study the air to water heat pump systems in 
existing apartment buildings. Typically, the auxiliary heat energy for the exhaust air and 
air source (air to water) heat pumps is produced by district heating. The auxiliary heat 
energy for the ground source heat pumps is typically produced by electricity or district 
heating. If electricity is chosen for auxiliary heat energy source, then the existing district 
heating connection is usually removed and a new main electricity connection is installed. 
(Scanoffice 2014, Nibe 2014, LämpöÄssä 2014, SULPU 2014.) 
 
The energy performance improving measures and their features should always be care-
fully studied to maximize the total benefits of the renovation. Multiple research projects 
have been carried out in Sweden to determine the cost-optimal energy performance im-
proving measures for existing apartment buildings built between the 1950’s and the 
1970’s. The results and conclusions can be used to help the selection of reasonable and 
cost-optimal system concepts for all existing apartment buildings built during that era. 
There are numerous different energy performance improving combinations and variations 
with the different heat pump systems for the existing apartment buildings. If one wants 
to achieve the EPBD-2020 standards and regulations with the renovation, these energy 
performance improving measures need to be planned and carried out with care. (Wahl-
ström et al. 2013.) 
 
The different energy performance improving renovation measures including heat pump 
systems and their impact on the energy consumption and life-cycle cost of the building 
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are presented in Figure 9 and in Table 4. Fig. 9 shows the results of the Swedish study to 
determine the cost-optimal energy performance improving renovation measures for the 
existing apartment buildings built in the 1950’s and 1960’s. Fig. 9 also depicts that the 
heat pump systems have a considerable impact on the energy performance of the building 
and they are for this reason one of the best energy performance renovation measures 
(Wahlström et al. 2013). 
 

 
Figure 9. Different energy performance improving measures for the existing apartment 
buildings. Present value of life-cycle cost for different packages of energy performance 
measures in combination with different heating systems at renovation of low-rise apart-
ment buildings in climate zone 3 built in 1950-1960 (Wahlström et al. 2013). 
 
Table 4. Description of which energy performance measures correspond to each point in 
Figure 9 (Wahlström et al. 2013).  
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3 Description of the case study 1960s apartment build-
ing 

3.1 Background 
This 1960s apartment building chosen as a case study building represents a typical Finn-
ish early to mid-1960s apartment building with tile external wall structures and bookshelf-
type frame constructed on-site. The actual element building started to become more pop-
ular after mid-1960s, but its breakthrough wasn’t until the beginning of the 1970s (Mäkiö 
et al. 1994). The chosen case study building has been defined in the project carried out 
by Vainio et al. (2012). The description of the case study building’s geometry, structures, 
HVAC systems, domestic hot water consumption and its usage profile, internal heat gains 
and their usage profiles and other technical systems essential for energy performance cal-
culation are presented in this chapter. In addition, typical features of the Finnish 1960s 
apartment buildings and their energy saving potential are also presented. 
 
The case study building is a very good reference building to study as it represents a major 
share of the Finnish apartment buildings built during the first three quarters of the 1960’s, 
even though it is not a real building. The exterior structures, HVAC systems, apartment 
sizes and other features of the building correspond to real 1960’s apartment buildings. 
 

3.2 Typical Finnish 1960s apartment buildings 

3.2.1 Background 
The 100 year process of industrialization in Finland ended in the early 1960s (Mäkiö et 
al. 1994). The city-centered Finland experienced a revolution as 850 000 people were 
moving to big city centers pursuing industrial and service jobs. This large migration set 
off a whole new kind of suburban development. Large apartment production numbers, 
regional building, the increased use of element building and the change of construction 
business becoming a major business for various construction companies were typical for 
the era from 1960 to 1975. The apartment building-centered construction ended by the 
mid-1970s, when detached houses and row houses became the most popular type of build-
ings to be constructed. (Mäkiö et al. 1994.) 
 
The extreme need of apartments in large city centers during 1960-1970 made the apart-
ment building business a very lucrative business. At first the construction contractors 
shared information and experiences fairly openly as there were plenty of work and money 
to share for everyone. There was little to no competition and no need to hide any efficient 
or cost-effective construction methods. The main objective was to build as many apart-
ments as possible during this decade. The apartment production law of 1966 set a very 
high target for apartment building. The goal was to build at least 500 000 apartments 
during 1966-1975. The average size of an apartment was 70 m2 and the whole construc-
tion business was centered near the large city centers across Finland. (Mäkiö et al. 1994.) 
According to Neuvonen (2006), the all-time record in apartment building business was 
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achieved in 1974, when a total of 46 200 apartments were built in Finland. The typical 
average size apartments built in the 1960’s and 1970’s are considerably larger than the 
apartments built nowadays (Neuvonen 2006). Typical early to mid-1960’s apartment 
building apartments are presented in Figure 10. 
 

 
Figure 10. Typical 1960s apartment building apartments (Neuvonen 2006). 

3.2.2 Construction materials and structure types 
The most common construction materials for external walls were concrete and tile in the 
early 1960s and the most common frame type was the so-called bookshelf frame that was 
constructed on-site. Typical insulation thickness for external walls was 50-100 mm of 
mineral wool. For intermediate floors and roofs the typical structure was massive rein-
forced concrete slab, which was constructed on-site. For internal walls the typical con-
struction material was tile in the early 1960s and concrete in the late 1960s. The element 
constructions were not widely used until the early 1970s. The number of different window 
types were limited according to the Arava guidelines to achieve the full benefits from 
mass production. From the late 1960s windows were typically square or rectangular 
shaped two-frame and two-glazing windows, which included a 200-300 mm wide venti-
lation window that was opened inwards. (Mäkiö et al. 1994, Neuvonen 2006.) 

3.2.3 HVAC systems 
The HVAC technology remained almost unchanged during the 1960s and the early 1970s. 
The general heating system was water-based radiator heating system that was connected 
to regional or district heating network. Two-pipe connection of the radiators was already 
in use, where separate supply and return pipe lines were installed. It was still typical to 
install the heating pipes inside the floor and wall structures in the 1960s. The floor heating 
and heating radiators of bathrooms were generally connected to the domestic hot water 
circuit system. The pipe material for domestic cold water was generally steel or copper 
and for domestic hot water copper. Sewer pipes were cast iron even though the manufac-
turing of plastic sewer pipes started in 1965. The water and sewer pipes were installed 
inside the floor and wall structures in apartments and inside separate flue structures in 
vertical installations between the apartments. Typical pipe insulation was mineral wool 
and also asbestos, which is considered harmful and dangerous nowadays. The use of as-
bestos must be taken into account when renovating the early 1960s apartment buildings 
and their pipe systems, as asbestos was a pretty common insulation material along with 
mineral wool still in the 1960s. (Mäkiö et al. 1994, Neuvonen 2006.) 
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The common ventilation system used in the 1960s apartment buildings is the mechanical 
exhaust ventilation system, but the natural ventilation system was also used in 3-4 storey 
buildings. The exhaust air valves were placed in kitchen, bathroom, toilet and clothes 
room. The actual exhaust air ducts were concrete element conduits that had been used 
since the 1950s. The steel pipes and ducts were becoming more and more popular, espe-
cially in the late 1960s and early 1970s. Separate outdoor air valves were not used, ex-
cluding saunas and food closets of kitchens. The common way to arrange outdoor air 
ventilation was to remove a part of insulation from the ventilation windows. The exhaust 
air ducts of different rooms were connected to horizontal collector ducts. The horizontal 
collector ducts were installed inside the roofs or above the roof. The fans used in the 
exhaust air ventilation units were two-speed fans that were operating at full speed only a 
part of the day. (Mäkiö et al. 1994, Neuvonen 2006.) 

3.2.4 Energy saving potential 
Major renovation and repair needs typically occur in 30-40 years in apartment buildings 
(Heljo & Peuhkurinen 2004). A major share of Finnish apartment buildings were built in 
the 1960s and 1970s and therefore this building stock requires major renovations and 
repairs now and in the near future (Statistics Finland 2013). There are significant heat 
energy consumption variations between different apartment buildings. In general, apart-
ment buildings that were built in the 1960s and 1970s consume the largest amount of heat 
energy. Furthermore, the heat energy consumption of apartment buildings located in the 
Northern Finland is approximately 20 % higher than in Southern Finland, because of the 
colder climate. (Uotila 2012.) 
 
The former Energy Efficiency -value (ET-value) represents the energy consumption of 
the building. The majority of existing Finnish apartment buildings fall into the D-class 
(141-180 kWh/a/brm2) of the ET-value category. The effects of renovation measures on 
the heat energy consumption fluctuate greatly between different buildings. Uotila (2012) 
states that it is usually profitable to renovate buildings that consume a lot of heat energy, 
such as buildings that belong to the E- and F-class of the ET-value category. Many of the 
apartment buildings built in the 1960s and 1970s belong to this category. According to 
Uotila (2012), by carrying out a single renovation measure, a maximum of 10 % saving 
in the heat energy consumption of the apartment building can be achieved. Usually, the 
apartment building is renovated because of damages and failures have occurred in the 
building. According to Uotila (2012), it is not profitable to renovate an apartment build-
ing, if the sole purpose of the renovation is just to save energy. 
 
The number of apartment buildings built in different decades is presented in Figure 11. 
The major share of the total floor area of apartment buildings, 26 %, was built in the 
1970’s. The apartment buildings built in the 1960’s form the second largest share of the 
total floor area of apartment buildings with 18 %. 14 % of the total floor area of apartment 
buildings were built in the 1980’s. The number of apartment buildings built in the 1980’s 
is higher than in the 1960’s, but the floor areas of the apartment buildings built in the 
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1980’s are considerably smaller than the floor areas of the apartment buildings built in 
the 1960’s and 1970’s. (Statistics Finland 2011.) 
 

 
Figure 11. The number of Finnish apartment buildings built in different decades (Statis-
tics Finland 2011). 
 
According to Helsingin Energia (2010), the highest energy saving potential is in the 
1960’s residential building stock as the specific heat energy consumption of this building 
stock is the highest. This is presented in Figure 12. The main reason why the specific heat 
energy consumption of the 1960’s residential buildings is high compared to the energy 
consumption of older buildings is that the use of mechanical exhaust ventilation became 
more popular in the 1960’s over the natural ventilation. However, the specific heat energy 
consumption decreases significantly in the 1970’s due to the first building regulations 
concerning the energy performance of the building envelope, which came into force in 
1976. 
 

 
Figure 12. The specific heat energy consumptions of residential buildings connected to 
the Helsingin Energia’s district heating network (Helsingin Energia 2007). 
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3.3 Studied 1960s apartment building 

3.3.1 General description of the building and weather data 
General information about the building, used weather data and the location of the building 
are presented in Table 5. 
 
Table 5. General description of the studied apartment building. 

General information Description / Value Notifications 
Location Vantaa, Finland 

 
60 19’ north latitude 
24 58’ east longitude 

Weather TRY2012 Helsinki-Vantaa 2012 test 
reference year weather data 

Environment Urban environment  
Total inner dimensions of the building 

Width 12.0 m From inner surface to inner  
surface of the external walls 

Length 50.0 m From inner surface to inner  
surface of the external walls 

Floor height 3.00 m  
Room height 2.60 m  

Outer dimensions of the building 
Width 12.6 m From outer surface to outer  

surface of the external walls 
Length 50.6 m From outer surface to outer  

surface of the external walls 
Areas and volumes 

Heated net floor area 3 697 m2  
Gross floor area 4 463 m2  
Total area of the  
building envelope 

3 586 m2  

The heated volume  
of the building 

10 497 m3  

 
 

3.3.2 The geometry of the building 
The layout of the floor plans and the main geometry of the building are presented in Fig-
ures 13, 14 and 15. 
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Figure 13. The floor layout of the apartment floors (r = room, k = kitchen). 
 

 
Figure 14. The floor layout of the basement floor. 
 

 
Figure 15. The main geometry of the case study apartment building. 
 

3.4 Structures and HVAC systems of the building 

3.4.1 Structures 
The structures of the case study building and their main features are presented in Table 6. 
The values presented in the table represent the initial situation, where no energy perfor-
mance renovation measures have been carried out. 
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Table 6. Structures and their main features. 
Structure Description / Value Notifications 

 
 

External wall 

 
 

U-value: 0.60 W/m2K 

Plaster 10 mm 
Burnt tile 120 mm 

Thermal insulation 75 mm 
Burnt tile 60 mm 

Plaster 10 mm 
 

Roof 
 

U-value: 0.34 W/m2K 
Burnt tile 20 mm 

Foamed plastic insulation 107 mm 
Concrete slab 150 mm 

Plaster 10 mm 
 

Base floor 
(connected to 
the ground) 

 
 

U-value: 0.40 W/m2K 

Plastic carpet 5 mm 
Lightweight concrete block 20 mm 

Concrete slab 200 mm 
Polystyrene insulation 72 mm 

Ground layer 500 mm 
 

Internal wall 
 

U-value: 1.78 W/m2K 
Gypsum board 13 mm 

Wooden frame (at 600 mm) + air 
gap 70 mm 

Gypsum board 13 mm 
 

Intermediate 
floor 

 
U-value: 1.78 W/m2K 

Plastic carpet 5 mm 
Lightweight concrete block 20 mm 

Concrete slab 250 mm 
External door U-value: 1.41 W/m2K Wood 70 mm 

 
 

 
 

Windows 

 
U-value: 2.50 W/m2K 
Orientation of the win-

dows: 
North: 202.1 m2 

East: 19.8 m2 
South: 222.6 m2 
West: 19.8 m2 

Window type: MS-170 (two-frame 
and two-glazing structure, opened 

inwards) 
Glazing U-value: 2.50 W/m2K 

g-value: 0.76 
ST-value: 0.69 

Internal/external emissivity: 0.90 
Frame depth: 170 mm 

Frame fraction of the total window 
area: 0.10 (10 %) 

Integrated 
window shading 

Blinds between panes Multiplier for g-value: 0.39 
Multiplier for ST-value: 0.12 

Air-tightness of 
the building 

q50-value  = 6.00 m3/(m2 h)  

 
The thermal bridges between the structure joints and their conductances are presented in 
Table 7. The conductances of the thermal bridges are selected according to the National 
Building Code of Finland Part D5 (2012). 
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Table 7. Thermal bridges of the structure joints and their conductances. 
Structure joint Conductance 

External wall / external wall, 
outer corner 

 
0.06 W/mK 

External windows perimeter 0.04 W/mK 
External doors perimeter 0.04 W/mK 

Roof / external walls 0.08 W/mK 
Base floor / external walls 0.24 W/mK 

 
A more detailed description of the structure materials and their main features concerning 
dynamic energy simulation and thermal calculations are presented in the Appendix 1. 

3.4.2 HVAC systems 
The HVAC systems, their main features and operational set points are presented in Tables 
8 and 9. The values presented in the tables represent the initial situation, where no energy 
performance renovation measures have been carried out. 
 
Table 8. The ventilation system of the building. 

Ventilation system Description / Value Notifications 
Mechanical exhaust 
ventilation system 

 Without heat recovery 
system 

Operation schedule Monday-Sunday 
00:00-24:00 

Same operation schedule 
throughout the year 

Exhaust air flow rate 0.4 dm3/(s, m2) CAV-ventilation system 
Heat recovery unit - No heat recovery unit 

The SFP-value of the 
ventilation system 

1.50 kW/(m3/s)  

 
 
Table 9. The heat distribution and heating systems of the building. 

Heat distribution and 
heating system 

Description / Value Notifications 

Type of the heat distribution 
system 

Water-based radiator 
heating system 

 

Dimensioning temperatures 
of the heat distribution 

system 

80/50 °C (with district 
heating) / 45/35 °C 
(with heat pumps) 

Supply water temperature 
control according to the 

outdoor temperature 
Room temperature set point 

for heating 
 

21.0 °C / 17.0 °C 
21.0 ºC (living spaces) 
17.0 ºC (cellar and stair 

cases) 
Supply water temperature 

control of the heating system 
According to Figures 

16 and 17 
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The supply water temperature control of the radiator heating system is presented in Fig-
ures 16 and 17. The radiator heating system of the building is renovated to a low-temper-
ature radiator system with the heat pumps to improve the performance of the heat pump 
systems. The original high-temperature radiator system is used with the district heating. 
 

 
Figure 16. Supply water temperature control according to the outdoor temperature with 
the district heating system (original high-temperature radiator heating system). 
 

 
Figure 17. Supply water temperature control according to the outdoor temperature with 
the heat pump systems (low-temperature radiator heating system). 
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The domestic hot water system and consumption are presented in Table 10. The domestic 
hot water consumption is based on an on-going FInZEB project (finzeb.fi) that defines 
the Finnish nearly zero-energy building types. According to the FInZEB project, the area-
based specific DHW consumption will be 0.500 m3/(m2 a) for apartment buildings, 
whereas the current NBCF part D3 (2012) area-based specific consumption is 0.600 
m3/(m2 a) for apartment buildings. Furthermore, the domestic hot water consumption pro-
file is based on a measured data of a Finnish apartment building. It is essential to take into 
account the monthly usage profiles of the DHW consumption in addition to the hourly 
usage profiles in the energy performance simulations of apartment buildings to achieve 
realistic results. The consumption of the DHW is higher during the heating season than 
in the summer and vice versa the production of solar-based energy is higher in summer 
time than in the heating season. For these reasons a more accurate and detailed consump-
tion profile of the domestic hot water was selected over the NBCF part D3 (2012) constant 
consumption profile in this study. The hourly and monthly consumption profiles are pre-
sented in Tables 11 and 12. 
 
 
Table 10. The domestic hot water system of the building. 

Domestic hot water system Description / Value Notifications 
Domestic hot water 

consumption 
 

0.500 m3/(m2, year) 
Area-based  

consumption (on-going 
FInZEB-project) 

Domestic hot water  
circulation system 

Yes  

DHW circulation system  
temperatures 

60/55 C Designing temperatures 

DHW circulation system  
water flow 

0.23 dm3/s Designing water flow 

 
 
Table 11. Hourly usage profile Ph(t) of domestic hot water. 

Time t, 
hour 1 2 3 4 5 6 7 8 9 10 11 12 
Ph(t) 0.87 0.52 0.52 0.52 0.67 0.82 0.92 0.97 1.02 1.02 1.02 1.02 
Time t, 
hour 13 14 15 16 17 18 19 20 21 22 23 24 
Ph(t) 0.97 0.97 1.02 1.07 1.17 1.27 1.42 1.52 1.52 1.42 1.12 0.72 

 
 
Table 12. Monthly usage profile Pm(t) of domestic hot water. 

Time t , month 1 2 3 4 5 6 7 8 9 10 11 12 
Pm(t) 1.17 1.11 1.02 0.94 0.87 0.84 0.85 0.89 0.97 1.05 1.13 1.18 
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The hourly consumption of the domestic hot water [m3/h] is calculated according to equa-
tion (3) using the hourly and monthly consumption profile multipliers 
 

( ) ( ) ( )
8760

a net
h m

DHW ADHW t P t P t
h


             (3) 

where 
DHW(t) hourly consumption of domestic hot water, [m3/h] 
DHWa total annual specific consumption of domestic hot water, [m3/m2 a] 
Anet  heated net floor area of the building, [m2] 
Ph(t)  hourly usage profile multiplier of DHW consumption, [-] 
Pm(t)  monthly usage profile multiplier of DHW consumption, [-]. 

3.4.3 Heat pump systems 
All modern heat pump systems are well-functioning and energy efficient, when they are 
dimensioned properly according to the heat demand and other features of the building 
(Nibe 2014, Scanoffice 2014, Lämpöässä 2014). There are many large-scale heat pump 
systems from different heat pump manufacturers that can be used in the energy perfor-
mance simulation of large 1960’s apartment buildings. The technical specifications of the 
modern heat pump systems, such as the COP-values, heating power outputs and other 
operational parameters, are quite similar between different heat pump makes and models. 
The heat pump systems used in the energy performance simulations of the case study 
apartment building are presented in Table 13. The selection is based on the popularity of 
the system and on realized large-scale heat pump energy performance renovation projects. 
More detailed technical specifications of the heat pump systems are presented in the Ap-
pendix 2. 
 
Table 13. Heat pump systems used in the energy performance simulations. 

Heat pump system Make and model Notifications 
Ground source heat 

pump 
NIBE F1345 Models: F1345-24, F1345-30, 

F1345-40, F1345-60 
Exhaust air 
heat pump 

NIBE F1345 + Retermia 
LTOH-EC 

Models: F1345-30, F1345-40 + 
Fan K3G 560-AQ04-03 (EC) 

Air to water heat 
pump 

Mitsubishi Electric CAHV 
P500YA-HPB, NIBE F2300 

Models: F2300-14, F2300-20, 
CAHV P500YA-HPB 

3.4.4 Solar thermal system 
The solar thermal system used in the energy performance simulations and its main tech-
nical specifications are presented in Table 14. There are also other systems used on the 
Finnish solar thermal market, but the selection was based on the quality, proven perfor-
mance, popularity and extremely good technical specifications of the selected solar ther-
mal system manufacturer. More detailed specifications of the selected system are pre-
sented in the Appendix 3. 
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Table 14. Solar thermal system and its main technical specifications (Savosolar 2014b). 

Specification Description / Value 
Make and model Savosolar SF100-03-DS / SF100-03-DE flat plate 

collector, Full Al Direct Flow MPE Absorber 
Type of construction Flat Plate Solar Thermal Collector 

Absorber type Full Al Double Harp 
External dimensions / collector 2057 x 1059 x 98 mm 

Gross area / collector 2057 x 1059 mm2 (2.18 m2) 
Absorber area / collector 2000 x 1001 mm2 

Efficiency η0 = 0.92 (solar radiation conversion factor), 
a1 = 1.8 W/(m2 K), a2 = 0.036 W/(m2 K2) 

Stagnation temperature 176 °C 
Max. operating pressure 1000 kPa (10 bar) 
Pressure drop / collector 910 Pa @ 82 kg/h 

Tilt angle 0-90° for rooftop and free standing setup 
 
 

3.4.5 Solar electricity system 
The solar electricity systems are constantly developing and they are the fastest growing 
renewable energy production sector in Europe at the moment (Paatero 2013, Viitanen 
2014). The investment cost of the solar electricity systems is steadily decreasing whereas 
the efficiency and reliability of the systems are increasing (Paatero 2013). The monocrys-
talline solar cells are the best performing and most commonly used cost-effective com-
mercial solar cells on the market at the moment (Paatero 2013). There are many solar cell 
manufacturers in the world manufacturing high-quality, well-performing and reliable so-
lar cells. Germany is the leading country in the world in PV electricity production. 32 % 
of the total global solar PV capacity was installed in Germany in 2012. It is twice as much 
as the installed PV capacity of the second place country, which was Italy with 16 %. 
(Viitanen 2014.) 
 
Furthermore, the PV-cells develop at such a fast pace that the PV-production system used 
in this study is probably old technology in five years from now. In addition, the price 
range of modern PV-electricity production systems is probably also much lower in the 
future. (Viitanen 2014, Paatero 2013.) The solar electricity system used in the energy 
performance simulations and its main technical specifications are presented in Table 15. 
More detailed specifications of the selected system are presented in the Appendix 4. 
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Table 15. Solar electricity system and its main technical specifications (Q-Cells 2014). 
Specification Description / Value 

Make and model Q-Cell Q6LMXP3-G3 Full-Square Monocrystalline 
Solar Cell 

Type of construction Monocrystalline solar cell 
Format (single cell) 156 mm x 156 mm ± 0.5 mm, Diameter: 220 ± 0.5 mm 

Average thickness (Si) 200 µm ± 30 µm 
Average efficiency η = 0.19 (19 %) 

Tilt angle 0-90° for rooftop and free standing setup 
 

Other 
Requires typical solar electricity setup, such as invert-

ers, electrical meters, surge protection varistors, 
PV-breakers and other protective equipment 

 

3.5 Internal heat gains and usage profiles 

3.5.1 Heat gains from occupants, lighting and household equipment 
The internal heat gains from lighting, occupants and household equipment are presented 
in Table 16. The heat gains presented in the table are according to the NBCF D3 (2012) 
and they are used in every room of the building. There are also more detailed room-spe-
cific internal heat gains and profiles available (Liljeström et al. 2014), but these heat gains 
and profiles are not used in this study. The main reason for this is that they are also not 
used in the energy performance calculation of apartment buildings in the FInZEB project 
(finzeb.fi), which defines the Finnish nearly zero-energy building types. By using the 
same internal heat gains and usage profiles, comparability with the results of the FInZEB 
project is maintained. 
 
Table 16. The internal heat gains from lighting, occupants and household equipment in 
the 1960s apartment building (NBCF D3 2012). 

Internal heat gain Specific power / Notifications 
 

Occupants 
3.0 W/m2, which equals to 1 occupant per 
28 m2 with activity level of 1.2 met and 

clothing 0.75 ± 0.25 clo 
Lighting 11.0 W/m2 

Household equipment 4.0 W/m2 
 

3.5.2 The usage profiles of the internal heat gains 
Hourly internal heat gains from household equipment and occupants are calculated by 
multiplying the specific powers (W/m2) presented in the Table 16 by the constant usage 
rate of 0.6 (NBCF D3 2012). Hourly internal heat gain from lighting is calculated by 
multiplying the specific power (W/m2) by the constant usage rate of 0.1 (NBCF D3 2012).  
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4 Simulation-based optimization 

4.1 The objective of the simulation-based optimization analysis 
The objectives of the optimization process are defined by using one or more target func-
tions. In the energy and HVAC designing of buildings, one is trying to find out the best 
solutions satisfying the needs of the set problem. This requires comparison of different 
alternatives and solutions. The comparison process is time-consuming and it is typically 
carried out by calculating and simulating a few different options and then choosing the 
best one from these solutions. In many cases an experienced designer finds a good solu-
tion by this method, when the number of different design variable options is limited. On 
the other hand, if one wants to do a thorough comparison with dozens or even hundreds 
of different design variables, the number of alternative solutions increases so much that 
the traditional approach is practically no longer possible. The next step is combining sim-
ulation and optimization to assist the processing of different solutions. This method is 
called simulation-based optimization of building performance, where the optimization is 
controlled via simulation results. (Mela et al. 2012, Miettinen et al. 2008.) 
 
The optimization method used in this study is multi-objective optimization. A more de-
tailed description of the optimization method is presented in chapter 4.2. In this study the 
objective of the simulation-based optimization analysis is to find out the cost-optimal 
renovation solutions in typical 1960’s apartment buildings from the selected renovation 
measures carried out in Finnish apartment buildings. These alternative renovation 
measures and their features are the decision variables of the optimization process. Total 
of four different main heating system concepts are optimized to find out the cost-optimal 
renovation solutions with these main heating systems. The objective of the analysis is 
also to compare the cost-effectiveness and energy performance potential of these con-
cepts. Furthermore, by applying the simulation-based optimization method, more recom-
mendable renovation options and solutions with different main heating systems can be 
defined. 
 
Additionally, one key objective is also to test the functionality, usability and reliability of 
the chosen optimization and simulation methods. The popularity of simulation-based op-
timization in building energy performance analysis studies has increased considerably in 
recent years. With modern usable and reliable simulation and optimization software the 
simulation-based optimization method can easily be implemented as an effective research 
method and also as a part of everyday building performance designing practices (Nguyen 
et al. 2013). 
 

4.2 Multi-objective optimization 
Optimization process where is more than one objective is called multi-objective optimi-
zation. Usually almost all energy performance optimization problems lead to multi-ob-
jective optimization approach as setting only one objective for the optimization leads to 
unwanted and often also impossible solutions. A good example of this is that when only 
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the delivered energy consumption of the building is minimized, it leads to extremely ex-
pensive solutions as the purchased energy of the building can always be decreased by 
investing more money to the structures of the building, HVAC and other technical sys-
tems and also to own on-site energy production. On the other hand, if only the initial 
investment cost is minimized, it typically leads to poor quality of the construction process 
and high operating cost, because the cheapest investment solutions are always chosen in 
this case. Typical solutions to this is to set at least two simultaneous objectives that con-
flict each other and search compromise solutions that satisfy both of these objectives. For 
example, when the aforementioned minimization of delivered energy consumption and 
investment cost are both set as objectives, multiple optimal solutions can be determined. 
The optimal solutions may have very different features, but they are theoretically equally 
valuable. (Sirén 2012.) 
 
The standard form of an optimization problem is 

     Minimize / maximize f(x) subject to                  (4) 
     gi(x) ≤ 0,  i = 1, … , m 
     hi(x) = 0,  i = 1, … , p 
     x ϵ Rn, gi(x) ϵ Rm, hi(x) ϵ Rp 

where 
x  decision vector including the decision variable or variables 
f(x)  objective function 
gi(x)  inequality constraints 
hi(x)  equality constraints (Hopfe 2009). 
 
The optimization problem can be with or without constraints. The energy optimization of 
buildings is optimization with constraints, where the subjectively defined constraints are 
typically affecting the selection in addition to the constraints of the variables. The target 
is to utilize different optimization techniques and algorithms in solving the optimization 
problem. This is carried out by examining systematically the pre-defined objective func-
tions subject to the decision variables that are related to the objective functions. The ob-
jective functions are objectives that can be defined by calculation, such as energy con-
sumption or emissions caused by the energy consumption. The objective function can be 
either linearly or non-linearly subject to the decision variables and this typically deter-
mines the optimization technique to be used. (Hopfe 2009.) 
 
Depending on the nature of the objective function, the solution of the optimization method 
can be global, which means the absolute minimum or maximum value of the objective 
function, depending whether the purpose of the optimization analysis is to maximize or 
minimize the objective function. There can also be local optimal solutions, where the 
objective function gets the lowest or highest value in the local region or environment. 
However, this optimal solution is not the global optimal solution in the entire range of the 
objective function. (Hopfe 2009.) 
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The standard form of multi-objective optimization problem is 
Minimize / maximize f(x) = {f1(x), f2(x),…, fk(x)}        (5) 
subject to x ϵ S 

where 
k  the number of objectives, ≥ 2 
f(x)  decision vector defined by the objective functions 
S  feasible set of decision vectors including constraint functions (Miettinen 
1999). 
 
The value of the objective function is defined by the decision variables and they can be 
either discrete or continuous. There can be several decision variables and they can de-
scribe a usable resource or activity of a certain operation. When defining the decision 
variables and their constraints, one has to take into account that they describe all the pos-
sible alternatives that affect the value of the objective function. The decision vector de-
scribing the solution formed by the decision variables can be dominant to other decision 
vectors describing the solution. This happens if the decision vector gives at least the same 
solution than the other decision vectors with all the objective functions and a better solu-
tion than the other decision vectors with at least one objective function. (Hopfe 2009.) 
 
In multi-objective optimization the solutions of the objective functions can be compared 
by their dominance. The solutions that cannot be dominated by any other solutions are 
called Pareto-optimal solutions. A term “trade-off” is often used when Pareto-optimal 
solutions are discussed, which describes the compromises that have to be made between 
the objective functions when a Pareto-optimal solution is selected. The set of Pareto-op-
timal solutions is called Pareto front. These solutions forming the Pareto front are the 
non-dominated solutions that are not dominated by any other solution. The Pareto front 
is formed by two or more objective functions. Typically the result of multi-objective op-
timization analysis is a set of Pareto-optimal solutions, which mutual superiority cannot 
be clearly defined. Many different approaches and methods have been developed to solve 
this problem. (Hopfe 2009, Miettinen 2008.) 
 
However, the Pareto-optimal solution is not always the right alternative when the overall 
objectives of building designing process are discussed. There are always more complex 
variables involved in the selection that are more difficult to define, such as adaptability, 
functionality and productivity, which superiority cannot necessarily be numerically as-
sessed. Furthermore, the objectives of the design solution can often conflict each other. 
A typical example of this is when energy consumption and thermal comfort are assessed. 
In the energy performance optimization of buildings the decision variables affecting the 
pre-defined objective functions are typically energy performance renovation measures 
concerning the structures, HVAC systems, heat pump systems and other technical sys-
tems. In addition to the optimization analyzes of architectural variables and features, 
HVAC system concepts and their selection have also been studied along with optimiza-
tion analyzes combined with multi-criteria decision making processes in recent optimiza-
tion research projects (Hopfe 2009). 
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4.3 Simulation and optimization methods 

4.3.1 Simulation method 
Dynamic energy performance calculations in this study were carried out using IDA In-
door Climate and Energy 4.6.1 (IDA-ICE, version 4.6.1) building simulation software. 
This software allows modelling of the multi-zone building, HVAC-systems, internal and 
solar loads, outdoor climate, etc. and provides simultaneous dynamic simulation of heat 
transfer and mass flows. It is a suitable tool for the simulation of thermal comfort, indoor 
air quality, and energy consumption in all kinds of buildings. A modular simulation en-
vironment, IDA-ICE, has been developed by the Division of Building Services Engineer-
ing, KTH, and the Swedish Institute of Applied Mathematics, ITM (Sahlin et al. 1996, 
Björsell et al. 1999). IDA-ICE has been tested against measurements (Moinard et al. 1999, 
Travesi et al. 2001) and several independent inter-model comparisons have been made 
(Achermann et al. 2003). In the comparisons, the performance of radiant heating and 
cooling systems using five simulation programs (CLIM2000, DOE, ESP-r, IDA-ICE and 
TRNSYS) were compared and IDA ICE showed a good agreement with the other pro-
grams. IDA-ICE was validated according to the European Standard prEN 13791 by Kropf 
and Zweifel (2001). The IDA-ICE software has been successfully used and validated in 
numerous studies before, for example in Travesi et al. (2001) and Loutzenhiser et al. 
(2007). 
 
The tests and the successful use in various studies before are the main reasons why IDA-
ICE was selected as a simulation tool in this study. Furthermore, the recent implementa-
tion of the ESBO Plant model in IDA-ICE makes a more detailed energy calculation pos-
sible. Dynamic simulation and calculation of heat pumps, solar-based energy production, 
micro-CHP production, free cooling and other renewable energy production can now be 
performed. Additionally, real room heating and cooling units with data of existing prod-
ucts, such as water radiators, floor heating, chilled beams and fan coils, can be used to 
calculate accurate heating and cooling energy consumptions. Furthermore, losses of the 
heat distribution system are simulated in a more detailed way compared to the NBCF D5 
(2012) method for example. Main features of the ESBO plant energy production system 
are presented in Figure 18. 
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Figure 18. Main features of the ESBO Plant model with ground source heat pump and 
boreholes, heat storage tank, solar collectors and PV-electricity production system. 
 
The energy simulations concerning the optimization consist of basic annual energy con-
sumption simulations, so a simplified zone model was used in the simulation with the 
IDA-ICE environment in this study. The simplified zone model is sufficient for accurate 
and reliable simulation results in building level simulations. In addition, the ideal tank 
model of the heat storage tank was used as the extensive testing during this study indi-
cated that the ideal tank model worked very well and represents a real heat pump system 
much better than the non-ideal tank model. The technical description of the ideal heat 
storage tank model written by the author is presented in the Appendix 5. 

4.3.2 Optimization method 
The optimization method used in this study is MOBO, version beta 0.3b. The MOBO 
software is developed by Aalto University and VTT Technical Research Centre of Fin-
land. MOBO stands for Multi-Objective Building Performance Optimization. MOBO is 
an optimization tool that can be coupled with many different simulation programs and is 
mainly meant for building performance optimization. MOBO is able to handle single- and 
multi-objective optimization problems and the user can give discrete or continuous vari-
ables, make algebraic formulas of optimization parameters using standard symbols and 
set constraints. MOBO utilizes several different optimization algorithms including evo-
lutionary, deterministic, hybrid, exhaustive and random algorithms. MOBO has a graph-
ical user interface (GUI) for defining the optimization problem and also the input is fed 
by GUI. (Palonen et al. 2013.) 
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MOBO is still a relatively new software and there haven’t been many large-scale optimi-
zation studies yet as the proper use of the current and previous beta versions requires at 
least some understanding of computer languages. However, the MOBO software is ver-
satile and almost all kinds of optimization problems can be solved with the current beta 
version of MOBO. Desired functions, such as the E-value or the life-cycle cost of the 
building, can be written in MOBO by the GUI and they can be minimized. Furthermore, 
MOBO can maximize desired functions, such as return on investment, or the user can set 
constraint functions in the optimization. (Palonen et al. 2013.) 
 
MOBO can also execute parallel simulation as modern microprocessor architecture is 
usually based on one processor that can handle multiple threads and these threads can run 
on parallel. Before starting the optimization process, the software automatically detects 
the number of threads or processors in the computer system. The optimization procedure 
then runs multiple simulations, threads, on parallel. The feature of parallel computing 
decreases the optimization time with the multiplier that is equal to the number of threads 
available. (Palonen et al. 2013.) A more detailed description of MOBO and its features 
are presented by Palonen et al. (2013). The different mathematical algorithms available 
in MOBO are presented in Table 17. In addition, the set-up of the decision variables and 
the objective and constraint functions are presented in Figures 19 and 20. 
 
Table 17. Algorithms available in MOBO and their characteristics (Palonen et al. 2013). 

 

 
Figure 19. Set-up of the continuous and discrete variables (Karjalainen 2014). 
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Figure 20. Set-up of the objective functions and the constraint functions (Karjalainen 
2014). 

4.3.3 Operation of simulation-based optimization 
The main components and their relationships for simulation-based optimization with the 
selected simulation and optimization methods are presented in Figure 21. The figure pre-
sents the main features of operation between the simulation and optimization programs 
and how they are combined. 
 

 
Figure 21. Components and their relationships for simulation-based optimization. 
 
The optimization program, MOBO, writes new parameters of design variables in the input 
file of IDA-ICE (IDA LISP) and starts the energy simulation. The simulation program, 
IDA-ICE, reads the input file and runs the simulation according to these parameters writ-
ten in the input file. The input file includes simulation data of all features fundamental to 
building design, such as construction materials and their thicknesses, air-tightness of the 
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building envelope, glazing of windows, HVAC systems and their features, controls and 
lighting. 
 
After the simulation is completed, IDA-ICE writes the results of the simulation in a sep-
arate output file. MOBO reads these results from the output file and carries out the nec-
essary calculations depending on the optimized functions and their features. Then the 
optimization is performed according to the parameters and features of the optimization 
algorithm used in the analysis. After the optimization process is completed, new input 
values are written in the input file of IDA-ICE and another energy simulation round be-
gins with these new input values. 

4.3.4 Selection of optimization method and algorithm 
Because the optimization problem includes two optimized functions in this study, an op-
timization method suitable for multi-objective optimization should be selected. All algo-
rithms implemented in MOBO are suitable for multi-objective optimization except the 
Hooke-Jeeves and Hybrid algorithms (Table 17). An extensive study of different multi-
objective optimization algorithms in a similar building energy performance optimization 
problem has been carried out by Palonen et al. (2013). In that study a detached house was 
optimized with five design variables and with two minimized functions, which were ad-
ditional investment cost and annual space heating energy. Three different algorithms were 
used by Palonen et al. (2013): the Brute-Force algorithm, Random-Search algorithm and 
Pareto-Archive NSGA-II algorithm. 
 
The efficiency of these three algorithms became very clear in the study. The use of Brute-
Force algorithm resulted in 32 000 simulations, the Random-Search algorithm applied 
600 simulations and the NSGA-II was run twice. The first run was without constraint 
functions and the second run was with a 6000 euros maximum additional investment cost 
as a constraint function. The results of optimization using these different optimization 
algorithms indicate that the Pareto-Archive NSGA-II algorithm seems to be the best so-
lution for these types of building performance optimization problems, where two func-
tions are optimized and where the optimization problem includes several (five or more) 
continuous and/or discrete variables. (Palonen et al. 2013.) Furthermore, the developer of 
the MOBO software, Matti Palonen, also suggests that the Pareto-Archive NSGA-II al-
gorithm should be used in the optimization problem described in this study. 
 
The Pareto-Archive NSGA-II algorithm utilizes a genetic algorithm in the optimization 
process. The genetic algorithm (GA) belongs to the evolutionary algorithm (EA) family. 
The genetic algorithms are optimization methods mimicking the process of natural selec-
tion. They are typically well suited in optimization problems, where the number of dif-
ferent solutions is extremely high and where the standards for absolute accuracy of the 
results are not extremely strict, such as an energy performance of buildings optimization 
problem. In a genetic algorithm the possible solutions of the optimization problem are 
presented in binary as strings of zeros and ones that represent chromosomes. In certain 
cases other encodings are also possible. These possible strings form a population of ran-
domly generated individuals. (Holland 1992.) 
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The evolution starts by creating new generations from this original random population by 
mimicking the natural selection. Basically this means that the best individuals of the pre-
vious generation form a new generation. For each new solution to be produced, a pair of 
parent solutions is selected for breeding from the pool selected previously. The breeding 
process is imitated through a combination of genetic operators called mutation and cross-
over. New generations are created as long as a satisfied solution is discovered. (Holland 
1992.) The general progress of optimization with the genetic algorithm is presented in 
Figure 22. 
 

 
Figure 22. The progress of optimization with the genetic algorithm (Holland 1992). 
 
The basic theory regarding the genetic algorithms and their utilization in the optimization 
process can be studied from multiple sources and it is not discussed any further in this 
study. The optimization algorithm selected for the optimization analysis is the Pareto-
Archive NSGA-II algorithm in this study. The MOBO software automatically detects the 
number of continuous and discrete variables used in the optimization and calculates rec-
ommendable values for the crossover and mutation probability that should be used in the 
optimization. The population size should be selected so that it can be divided with the 
number of threads utilized in the optimization. For example, if the computer used in the 
optimization has four threads, a population size of 8 is a good selection and if the com-
puter has 12 threads, then a population size of 12 is a good selection. The number of 
generations is selected according to the total number of simulations intended to be carried 
out. If the target is to carry out 600 simulations with a 12-thread computer, then a proper 
selection is a population size of 12 with 50 generations that equals to a total of 600 sim-
ulations (12 x 50 = 600). 
 
The population size selected for optimization affects a little bit to the result graphs. This 
can be seen in chapter 5, where the results of the optimization are presented and discussed. 
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The district heating (DH), exhaust air heat pump (EAHP) and air to water heat pump 
(A2WHP) system concepts were optimized with a computer that has 8 threads, so a pop-
ulation size of 8 was used in the optimization. The ground source heat pump (GSHP) 
system concept was optimized with Equa Simulation Finland Oy’s computer that has 12 
threads, so a population size of 12 was used in the GSHP optimization. The additional 
sensitivity analyzes performed to the GSHP system concept were carried out with the 
same 8-thread computer and with a population size of 8. Number of generations were 
selected so that a total number of 450–600 simulations were performed with every opti-
mized system concept. An example of configured optimization algorithm setup used in 
the MOBO software in this study is presented in Table 18. This setup was used in the 
optimization of the ground source heat pump system concept. 
 
Table 18. The optimization algorithm setup in the GSHP system concept optimization. 
Algorithm Pareto-Archive NSGA-II 
Population Size 12 
Generations 50 
Mutation Probability 0.05 
Crossover Probability 0.9 

 

4.4 Optimized energy performance renovation concepts 

4.4.1 Background 
The selection of optimized renovation measures, optimized variables and their values are 
presented in this chapter. All of these concepts include one or more variables that can be 
changed. Optimized renovation measures include thickness of additional thermal insula-
tion of external walls or roof, different window types, renovation of centralized ventila-
tion system, heat pump power outputs and areas of solar-based energy production sys-
tems.  
 
However, the more important question is how the limited monetary investment for energy 
performance renovations should be used to gain maximum energy performance improve-
ments. An apartment building might have a small budget that isn’t enough for a ground 
source heat pump investment, but might be enough for exhaust air or air to water heat 
pump investment, or additional thermal insulation investment of the roof. There are al-
ways some limitations, what can be done with the optimization software used in the anal-
ysis. However, usually these limitations can be manipulated by defining the optimization 
problem and the optimized concepts in a different way. 
 
The current beta version of MOBO and IDA-ICE combination is working well in simple 
optimization problems, such as optimizing window sizes of a building or minimizing the 
life-cycle cost of different energy performance investments. However, in large-scale op-
timization problems, where multiple different main heating systems, such as heat pumps 
and district heating, are used as a part of the optimization problem by being design vari-
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ables in the optimization, the combination of MOBO and IDA-ICE faces a major prob-
lem. MOBO can only change single numerical values and numerical information in the 
IDA-ICE environment, not the discretely chosen system concepts that must be changed 
manually in IDA. Examples of these discrete concepts are changing the main heating 
system from district heating to a heat pump system, changing one heat pump system to 
another or changing mechanical exhaust ventilation system to a mechanical supply and 
exhaust ventilation system. 
 
For this reason the different main heating systems must be categorized and the optimiza-
tion must be carried out one categorized system concept at a time. In addition, by catego-
rizing the different main heating systems and optimizing one system concept at a time, a 
lot more result and input data can be processed. This means that more recommendable 
energy performance renovation solutions for different investment and life-cycle cost lev-
els can be obtained. 

4.4.2 The selection of optimized renovation measures 
The selection of optimized renovation measures are concentrating around the most com-
mon main heating system concepts used in Finnish apartment buildings. The selected 
renovation measures used in the optimization analysis in this study are: 

- basic refurbishment or additional thermal insulation of external walls 
- additional thermal insulation of roof 
- basic refurbishment or replacement of windows 
- renovation of ventilation system 
- solar thermal system (solar collectors) 
- solar electricity production system (PV-panels) 
- heat pump systems with necessary supporting modifications 

o ground source heat pump 
o exhaust air heat pump 
o air to water heat pump. 

 
The original base heating system of the case study building is district heating. The original 
district heating system remains as an auxiliary heating system with air to water and ex-
haust air heat pumps. However, with the ground source heat pump system the district 
heating connection is removed and the auxiliary heating system is switched to electricity. 
It is not reasonable to pay high district heating basic fees, if over 80 % of the annual heat 
energy demand is covered by the heat pump system and if the heat pump system also 
operates well in peak heating demand conditions (Tikka 2014a). Furthermore, the original 
high-temperature water-based radiator space heating system is replaced with low-temper-
ature radiator heating system when the heat pump systems are used to maximize energy 
performance and operation of the heat pumps. 
 
The selection of energy performance renovation measures is mainly based on typical ren-
ovation measures carried out in Finnish apartment buildings at the moment. VTT Tech-
nical Research Centre of Finland has carried out multiple research projects, where addi-
tional thermal insulation of the building envelope is studied along with other common 
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renovation measures, such as window replacement or renovation of ventilation system 
(Holopainen et al. 2007, Kouhia et al. 2010, Häkkinen et al. 2012). The energy perfor-
mance simulations of different heat pump systems were studied closely in the HP4NZEB 
project by the author, so the selection of applicable heat pump systems came from that 
project. Exhaust air heat pump, air to water heat pump and ground source heat pump can 
all be used as a main heating system in existing apartment buildings. In addition, heat 
pump systems are becoming more popular as an energy performance renovation measure 
in existing apartment buildings (Nibe 2014, Lämpöässä 2014, Scanoffice 2014), so it was 
reasonable to choose them to the optimization analysis as well. 
 
The solar-based energy production systems are also included in the ESBO Plant model 
for energy performance calculation. Many recent studies indicate that the small-scale 
building-specific solar-based energy production systems are not profitable or cost-effec-
tive and the payback time of investment often exceeds the technical operating time of the 
system. However, they are still promising technologies that are developing fast (Viitanen 
2014, Paatero 2013). Due to the solar energy systems’ decreasing investment cost and 
utilization in many studies, especially in the nearly zero-energy building studies, and re-
alized projects, the solar-based energy production systems were also chosen to the opti-
mization analysis. 
 
The selected renovation measure with external walls and windows is either refurbishment 
of the existing structure without any energy performance improvements or improving the 
energy efficiency by adding thermal insulation to the walls and replacing modern energy 
efficient windows with U-value of 1.0 W/(m2 K) or less. The reason for choosing the 
refurbishment of the existing structures with no energy performance improvements as an 
optimized variable is to avoid the buildup of renovation debt. The buildup of renovation 
debt is a serious problem in Finnish apartment buildings and also in the whole Finnish 
building stock, as described in chapter 2.1.2. If the examination time period, or holding 
period of an investment, is for example 25 or even 30 years, it is certain that some repair 
and renovation measures must be carried out during that time period, especially in an 
apartment building built in the 1960s, to avoid the buildup of renovation debt.  
 
For this reason the basic refurbishment measures without any energy performance im-
provements are also chosen to the optimization analysis. On the other hand, if substantial 
refurbishment measures of the building envelope must be carried out even without im-
provements in energy performance, one might think it would be profitable to improve the 
insulation level of external walls or replace the windows at this point. This is due to the 
fact that the difference in investment cost becomes smaller in this case, when something 
has to be done to the building’s envelope anyways. These questions can be answered with 
the optimization, when these necessary refurbishment measures are also taken into ac-
count in the optimization analysis. 
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4.4.3 The selection of design variables for different concepts 
There are a total of four main heating system concepts to be optimized along with differ-
ent energy performance renovation measures. The selected main heating system concepts 
are: 

1. district heating system 
2. exhaust air heat pump system with district heating as auxiliary heating 
3. ground source heat pump system with electricity as auxiliary heating 
4. air to water heat pump system with district heating as auxiliary heating. 

 
Not only the most energy efficient and cost-optimal main heating system concept can be 
determined with this kind of optimization analysis, but also other recommendable reno-
vation alternatives with each main heating system. This means that the existing apartment 
building can be renovated to any energy performance target level, even to the energy 
performance requirement level of new apartment buildings or to the B- or A-class of the 
energy performance certificate. The energy performance renovation measures described 
in chapter 4.4.2 are design variables in the optimization analysis carried out by MOBO. 
MOBO uses IDA-ICE to simulate the annual energy consumption and performs calcula-
tions according to the functions and commands defined by the user. These energy perfor-
mance renovation measures are continuous and discrete variables with minimum and 
maximum values in MOBO. MOBO uses these variables and their values to optimize the 
desired functions, such as the E-value or life-cycle cost of the building. 
 
Optimized renovation measures and design variables with minimum and maximum val-
ues for different main heating system concepts are presented in Tables 19, 20, 21 and 22. 
In addition, all values of the discrete variables are presented in Table 23. 
 
Table 19. The optimized design variables of the district heating system concept. 

Renovation 
measure 

Variable Type of 
variable 

Minimum 
value 

Maximum 
value 

Basic refurbishment 
or additional 

thermal insulation 
of external walls 

 
Insulation thickness 

 
Discrete 

(11 options) 

0 mm, 
only basic 
refurbish-

ment 

 
200 mm 

Additional thermal 
insulation of roof 

Insulation thickness Discrete 
(11 options) 

0 mm 500 mm 

Basic refurbishment 
or replacement of 

windows 

Window type, 
U-value of window 

Discrete 
(3 options) 

Only basic 
refurbish-

ment 

U-value of 
0.8 W/m2 K 

Renovation of 
ventilation system 

Efficiency of 
ventilation system’s 
heat recovery unit 

Discrete 
(2 options) 

No reno-
vation, 
ηt = 0 

Renovation, 
ηt = 0.722 

Installation of solar 
thermal system 

Solar collector area Continuous 0 m2 90 m2 



52 
 

Installation of solar 
electricity system 

PV-panel area Continuous 0 m2 170 m2 

 
Table 20. The optimized design variables of the exhaust air heat pump system concept. 

Renovation 
measure 

Variable Type of 
variable 

Minimum 
value 

Maximum 
value 

Basic refurbishment 
or additional 

thermal insulation 
of external walls 

 
Insulation thickness 

 
Discrete 

(11 options) 

0 mm, 
only basic 
refurbish-

ment 

 
200 mm 

Additional thermal 
insulation of roof 

Insulation thickness Discrete 
(11 options) 

0 mm 500 mm 

Basic refurbishment 
or replacement of 

windows 

Window type, 
U-value of window 

Discrete 
(3 options) 

Only basic 
refurbish-

ment 

U-value of 
0.8 W/m2 K 

Installation of 
exhaust air heat 

pump system 

Power output of the 
heat pump system 

 
Continuous 

 
30 kW 

 
39 kW 

Evaporator power 
output 

Release exhaust air 
temperature after 

the evaporator 

Continuous -5 °C +7 °C 

Installation of solar 
electricity system 

PV-panel area Continuous 0 m2 170 m2 

 
Table 21. The optimized design variables of the ground source heat pump system concept. 

Renovation 
measure 

Variable Type of 
variable 

Minimum 
value 

Maximum 
value 

Basic refurbishment 
or additional 

thermal insulation 
of external walls 

 
Insulation thickness 

 
Discrete 

(11 options) 

0 mm, 
only basic 
refurbish-

ment 

 
200 mm 

Additional thermal 
insulation of roof 

Insulation thickness Discrete 
(11 options) 

0 mm 500 mm 

Basic refurbishment 
or replacement of 

windows 

Window type, 
U-value of window 

Discrete 
(3 options) 

Only basic 
refurbish-

ment 

U-value of 
0.8 W/m2 K 

Installation of 
ground source heat 

pump system 

Power output of the 
heat pump system 

 
Continuous 

 
39 kW 

 
156 kW 

Renovation of 
ventilation system 

Efficiency of 
ventilation system’s 
heat recovery unit 

Discrete 
(2 options) 

No reno-
vation, 
ηt = 0 

Renovation, 
ηt = 0.722 

Installation of solar 
electricity system 

PV-panel area Continuous 0 m2 170 m2 
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Table 22. The optimized design variables of the air to water heat pump system concept. 

Renovation 
measure 

Variable Type of 
variable 

Minimum 
value 

Maximum 
value 

Basic refurbishment 
or additional 

thermal insulation 
of external walls 

 
Insulation thickness 

 
Discrete 

(11 options) 

0 mm, 
only basic 
refurbish-

ment 

 
200 mm 

Additional thermal 
insulation of roof 

Insulation thickness Discrete 
(11 options) 

0 mm 500 mm 

Basic refurbishment 
or replacement of 

windows 

Window type, 
U-value of window 

Discrete 
(3 options) 

Only basic 
refurbish-

ment 

U-value of 
0.8 W/m2 K 

Installation of air to 
water heat pump 

system 

Power output of the 
heat pump system 

 
Continuous 

 
14 kW 

 
128 kW 

Renovation of 
ventilation system 

Efficiency of 
ventilation system’s 
heat recovery unit 

Discrete 
(2 options) 

No reno-
vation, 
ηt = 0 

Renovation, 
ηt = 0.722 

Installation of solar 
electricity system 

PV-panel area Continuous 0 m2 170 m2 

 
Table 23. The values of the discrete variables. 

Variable Values of the variable 
Insulation thickness 
of external walls 

0, 20, 40, 60, 80, 100, 120, 140, 
160, 180, 200 [mm] 

Insulation thickness 
of roof 

0, 50, 100, 150, 200, 250, 300, 
350, 400, 450, 500 [mm] 

Replacement of 
windows 

2.5 (original), 1.0, 0.8 [W/m2 K] 

Renovation of 
ventilation system 

0, 0.722 (0 %, 72.2 %) [efficiency 
of the heat recovery unit] 

 
The insulation thickness of external walls is set between 20 mm steps in the optimization. 
The thickness of a material layer cannot be 0 mm in IDA-ICE. The user must adjust the 
calculation according to the restrictions of the simulation tool and also according to the 
nature of the design variables. For example, the investment cost of the additional thermal 
insulation is not linear from the beginning. There is a considerable starting cost for the 
measure even before any insulation has been installed, because of all the supporting work 
phases of the measure. Furthermore, in reality the thickness of insulation is not increased 
by 20 mm steps. The installed insulation thicknesses are typically 0 mm, 50 mm, 100 mm, 
150 mm and 200 mm (Holopainen et al. 2007, Kouhia et al. 2010). However, more input 
data can be processed with the optimization analysis, so it is reasonable to choose a little 
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shorter step than typically. This way more output data is obtained and a clearer under-
standing of the effects of additional thermal insulation can be determined compared to 
the situation, where only four or five alternatives are selected for optimization of addi-
tional thermal insulation. 
 
The same principle applies to the additional thermal insulation of roof. The thickness of 
material layer cannot be 0 mm. The step of additional insulation is 50 mm in roof’s case 
and the maximum thickness of additional thermal insulation is 500 mm. There are three 
alternatives with the window replacement renovation: the original windows are painted 
and resealed (basic refurbishment of the existing windows), new windows with U-value 
of 1.0 W/(m2 K) are installed or new windows with U-value of 0.8 W/(m2 K) are installed. 
In addition, the solar transmittance features of the windows, such as the g-value or the 
ST-value, are also changed when new modern windows are installed. 
 
With the exhaust air heat pump system, one of the optimized variables is the temperature 
of the exhaust air after the evaporator. The reason it was selected as an optimized variable 
is because the power of the evaporator is always the bottleneck in exhaust air heat pump 
systems. Furthermore, it defines the total power output of the entire heat pump system. 
More power to the evaporator means more power to the condenser. Recent studies indi-
cate that the exhaust air heat pump systems are extremely energy efficient in apartment 
buildings, when dimensioned properly. Castren (2014a) states that in typical apartment 
building applications over 50 % of the annual heat energy demand can be covered by the 
exhaust air heat pump system. 
 
The dimensioning power output of the exhaust air heat pump system was only 30 kW, 
dimensioned by Retermia and Nibe, in the 1960’s apartment building used in the 
HP4NZEB project. Even though the dimensioning power of the building’s space heating 
system was 162 kW, over 50 % of the total annual heat energy was produced by the 30 
kW exhaust air heat pump system. The temperature of the exhaust air after the evaporator 
is typically limited to +5 °C to improve the energy performance of the heat pump system 
(Castren 2014a, Retermia 2014b). The temperature of the exhaust air was also limited to 
+5 °C in the HP4NZEB project. The SPF-value of the exhaust air heat pump system was 
4.54 with this exhaust air limitation temperature and dimensioning. 
 
However, the HP4NZEB study instantly indicates that there is even better overall perfor-
mance to be gained with the exhaust air heat pump system. This can be achieved by low-
ering the limitation temperature of the exhaust air. When the exhaust air is cooled down 
below +5 °C temperature, more power can be obtained for the evaporator. This also means 
more power for the condenser and higher power output of the heat pump system. If over 
50 % of the total annual heat energy demand was covered by 30 kW of heat pump power 
and with the SPF-value of 4.54, it is clear that by increasing the power output of the heat 
pumps system even higher portion of the total heat energy demand can be covered. Every 
additional kW that can be obtained by increasing the evaporator power is extremely val-
uable for the overall energy performance of the heat pump system. The downside of the 
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lower exhaust air limitation temperature is the lower evaporating temperature, which 
means that the COP-value of the heat pump system decreases. 
 
The optimal dimensioning point between the COP- and SPF-values and the power output 
of the heat pump system can be determined by optimization. By selecting the temperature 
of the exhaust air and the power output of the heat pump system as design variables in 
the optimization analysis, the optimization algorithm automatically searches the optimal 
solution between these two variables that affect each other. In addition, the setup of the 
exhaust air heat pump system must be correctly configured in IDA-ICE in order to carry 
out realistic and reliable energy performance simulations. The exhaust air limitation tem-
perature changes from -5 °C to +7 °C as presented in the Table 20. Basically this allows 
at least a 30 % increase in the power output of the exhaust air heat pump system, for 
example from 30 kW to 39 kW. This means that one size larger heat pump system can be 
installed into the building, for example NIBE F1345-30 (30 kW) or NIBE F1345-40 (39 
kW). The freezing problems of the exhaust air heat exchanger can be dealt with by a 
careful selection of heat exchanger. For example, Hydrocell anti-freeze heat exchangers 
invented by Markku Lampinen can be used (Patent application, number FI 20002454). 
The freezing of the exhaust air heat exchanger becomes a problem when operating at 
temperatures below 0 °C. 

4.4.4 The utilization of the solar-based electricity production 
There is always a problem with the matching of electricity production and consumption 
with the solar-based electricity production system. Usually, when large quantity of solar 
electricity is produced, the consumption of electricity inside the building is relatively 
small, for example on a hot mid-summer day. However, this is a considerably bigger 
problem in detached and row houses than in multi-storey apartment buildings. The max-
imum PV-panel area of the optimization analysis is selected according to the energy per-
formance simulations carried out in the HP4NZEB project (Green Net Finland 2014). The 
selection is based on the hourly matching of electricity production and consumption in 
the case study 1960s apartment building that was carried out in the HP4NZEB project. 
Exporting the electricity produced on-site back to the grid is not a very profitable business 
in Finland, at least not at the moment. There should always be a buyer to the exported 
electricity and at the moment the export tariff of electricity is so low that a small-scale 
residential building-specific solar-based electricity production just isn’t profitable 
(Paatero 2013, Viitanen 2014). 
 
The current IDA-ICE version 4.6 doesn’t automatically perform the matching process of 
electricity production and consumption. The person carrying out the simulations must 
manually do the hourly-based, or even shorter time step-based, matching of the electricity 
production and consumption. This is a big problem in the optimization analysis as the 
optimization program automatically performs the energy simulations with IDA-ICE, 
writes new simulation input values to the input file and runs the simulation again auto-
matically. Basically this means that no hourly-based matching of electricity production 
and consumption can be carried out in the optimization analysis. The maximum PV-panel 
area is selected according to the hourly-based matching analyzes carried out in the 
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HP4NZEB project so that almost all (over 90 %) of the electricity produced can be used 
on-site. 
 
For these reasons the maximum PV-panel area of 170 m2 was selected for the optimiza-
tion analysis. If the matching-based electricity production is significantly higher than the 
consumption during the summer, then the excessive electricity must be exported back to 
the grid or a smaller maximum area of PV-panels should be used in the optimization. In 
the case of electricity exportation, the financial impacts of the exportation must also be 
taken into account. There is no electricity exportation back to the grid in this study due to 
the carefully carried out electricity matching analyzes, which indicated the maximum area 
of PV-panels that can be reliably used in the simulation-based optimization analysis. 
 

4.5 Constructing the optimization problem 

4.5.1 Interest rates and calculation of present value factors 
The optimization of the different system concepts is extremely time-consuming as one 
simulation round takes from approximately one hour to two hours. Even with the multi-
thread optimization described in chapter 4.3.2, it takes one to two hours to complete one 
round of optimization. Basically this means that from four to eight simulations can be 
carried out in one round with modern computers that have four or eight threads. The ob-
jective in this study is to carry out 450-600 simulations for each system concept. This 
means that a total of 1800-2400 simulations have to be carried out. If this were carried 
out with one computer and with one thread, it would mean a 2000-5000 hour simulation 
time, which would practically be impossible to carry out. The total simulation time of the 
optimization analysis is still several hundred hours, even when several computers and 
threads are applied simultaneously. 
 
Because of the fact that four system concepts have to be optimized and due to the ex-
tremely long simulation time of the concepts, it is difficult to carry out a detailed sensi-
tivity analyzes for the optimized system concepts. Sensitivity analyzes would also include 
the analysis of interest rates and other factors and their impacts on the results of the opti-
mization. Due to the lack of detailed sensitivity analyzes, only one interest rate is selected 
for optimization and life-cycle cost calculation in this study. The present value factors 
used in the LCC calculation are based on the selected interest rate. 
 
According to professor Saari (2014) and Vihola (2014), a modest interest rate level should 
be selected if sensitivity analyzes cannot be carried out. Furthermore, according to Saari 
(2014), modest inflation and escalation percentages should also be used if sensitivity an-
alyzes cannot be carried out as recent studies indicate that the price of energy hasn’t in-
creased as fast as it was predicted to increase 5-8 years ago (Saari 2014). However, the 
sensitivity analyzes with different interest rates should always be carried out when it is 
possible, because the selected interest rate has a significant impact on the recommendable 
energy performance renovation measures in many cases (Saari 2014). The interest rates 
and present value factors used in the life-cycle cost calculation are presented in Table 24. 
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Real interest rate is calculated by equation (6) 
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where 
i nominal interest rate, [-] 
f inflation, [-]. 
 
Escalated real interest rate is calculated by equation (7) 
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where 
r  real interest rate, [-] 
e energy price escalation, [-]. 
 
Present value factor of annual maintenance cost is calculated by equation (8) 
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where 
r  real interest rate, [-] 
n holding period of investment, [a]. 
 
Present value factor of annual energy cost is calculated by equation (9) 
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where 
re  escalated real interest rate, [-] 
n holding period of investment, [a]. 
 
Present value factor of single payment transaction happening in the future is calculated 
by equation (10) 
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where 
r real interest rate, [-] 
ki year from the start when the payment transaction takes place, [-]. 
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Table 24. Interest rates and present value factors. 
Nominal interest rate 5.1 % 
Inflation 2.0 % 
Escalation for energy prices 1.0 % 
Real interest rate (equation 6) 3.0 % 
Escalated real interest rate (equation 7) 2.0 % 
Holding period of investments 25 a 
Running time period of annual maintenance costs 23 a 
Present value factor of maintenance costs (equation 8) 16.38 a 
Present value factor of energy costs (equation 9) 19.48 a 
Present value factor of single payment transaction, taking place in the 
year 15 (equation 10) 

 
0.64 

Present value factor of single payment transaction, taking place in the 
year 20 (equation 10) 

 
0.55 

Present value factor of the residual value of investment after 25 years 
(equation 10) 

 
0.47 

 
The selected nominal interest rate is 5.1 % in this study. With this nominal interest rate 
and 2 % inflation the real interest rate is 3.0 %, which is a fairly modest interest rate (Saari 
2014). The escalation of energy price is estimated to be just 1 % for both electricity and 
district heating. The holding period of all investments is 25 years. The same holding pe-
riod of investments was selected for LCC calculation in the HP4NZEB project and for 
this reason this holding period was selected in this study as well. The holding period of 
investments used in the LCC calculation is 30 years for residential buildings in the FIn-
ZEB project, so also this holding period could have been selected (finzeb.fi). The guar-
antee time period after the heat pump, HVAC and other technical system investments is 
2 years. This is why the running time period of annual maintenance cost is 23 years as the 
maintenance cost not included in the guarantee of the renovation contract starts from the 
beginning of year 3. 
 

4.5.2 Cost data 
The cost data used in the energy performance optimization analysis is presented in this 
chapter. All the data presented is based on real cost data received from system manufac-
turers and research institutes, such as Tampere University of Technology, VTT Technical 
Research Centre of Finland and Aalto University. The cost data of the heat pump systems 
is based on cost-estimates received from heat pump manufacturers in the HP4NZEB pro-
ject (Green Net Finland 2014). The cost data of the new low-temperature radiator heating 
system and the balancing of the original radiator heating system are based on cost-esti-
mates received from a radiator manufacturer. All of the prices presented also include the 
installation of the equipment, system or measure. The more detailed cost data is presented 
in the Appendix 6. 
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Structures of the building 
The cost data concerning energy performance of the structures is based on the cost data 
used in the project “Calculation of cost-optimal levels of minimum energy performance 
requirements” carried out by Vainio et al. (2012). However, the cost data was originally 
used in early 2012, so it is a little bit out of date at the moment. The cost data is updated 
by performing an index correction to the cost data presented in the 2012 report. The index 
correction is performed according to the indexes of Statistics Finland (2014b). 
 
The building cost index value for renovations in apartment buildings was 105.4 in May 
2012 and the index value was 108.1 in September 2014 (Statistics Finland 2014b). So the 
correction factor between the investment cost data of May 2012 and September 2014 is: 
108.1/105.4 = 1.026. This means that when the original cost data of the 2012 report is 
multiplied with the 1.026 correction factor, the cost data is valid to be used in this study 
as well (Vihola 2014). The cost data of energy performance renovation measures con-
cerning the structures and envelope of the building are presented in Table 25. All the cost 
data presented also include taxes, such as the VAT, which is 24 % in 2014. 
 
 
Table 25. Cost data of energy performance renovation measures concerning the struc-
tures and envelope of the building. 

Building cost indexes 03/2012: 105.4 09/2014: 108.1 
 

Structure 
Basic 

refurbishment 
of external 
walls [€/m2] 

50 mm addi-
tional thermal 

insulation 
[€/m2] 

100 mm addi-
tional thermal 

insulation 
[€/m2] 

200 mm addi-
tional thermal 

insulation 
(max.) [€/m2] 

External walls 84 224 255 318 
 

Structure 
Basic 

refurbishment 
of roof  
[€/m2] 

50 mm addi-
tional thermal 

insulation 
[€/m2] 

200 mm addi-
tional thermal 

insulation 
[€/m2] 

500 mm addi-
tional thermal 

insulation 
(max.) [€/m2] 

Roof - 4 13 32 
 

Structure 
Basic 

refurbishment 
of windows 

[€/m2] 

Window 
replacement, 
U-value 1.0 

W/m2K [€/m2] 

Window 
replacement, 
U-value 0.8 

W/m2K [€/m2] 

 
- 

Windows 213 488 565 - 
Residual 
value of 

investment 
after 25 years 

External 
walls 

Roof Windows - 

37.5 % 37.5 % 37.5 % - 
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The cost functions of the total investment cost for any additional insulation thickness of 
external walls and roof are presented in equations (11) and (12) 
 

 0, 192.49 626.73 1785.8walls insulationI s           (11) 

where 
I0,walls  investment cost of additional thermal insulation of external walls, [€] 
sinsulation insulation thickness, [m] 
 

 0, 1.28 60.54 577.6roof insulationI s                (12) 

where 
I0,roof investment cost of additional thermal insulation of roof, [€] 
sinsulation insulation thickness, [m]. 
 
It is assumed that the air-tightness of the building is improved when additional thermal 
insulation is installed to external walls (Vainio et al. 2012). This can be done easily by 
adding a separate input function in MOBO. This process is discussed more closely in 
chapter 4.5.3. The basic refurbishment of windows means painting and resealing the win-
dows. The basic refurbishment of external walls means that new three-layer plaster is 
installed to the exterior surface of external walls. Other renovation measures are carried 
out according to the measures presented in chapter 2.3. 
 
The technical operation time of all renovation measures carried out in external walls, roof 
and windows is 40 years and it is assumed that the structures don’t need any scheduled 
maintenance measures during the 25-year holding period (Vainio et al. 2012). The resid-
ual value of the structure-specific investments is 37.5 % from the original investment cost 
after the 25-year holding period. The calculation is based on the technical operation time 
of 40 years and the 25-year holding period of investments (1 - (25 a/40 a) = 0.375) (Vainio 
et al. 2012). In addition, the calculated residual value has to be multiplied by the correct 
present value factor presented in the Table 24 to obtain the present value of the residual 
value transaction. 
 
Main heating system concepts and other technical systems 
The cost data of the heat pump systems is based on cost-estimates received from heat 
pump manufacturers. The cost data of the district heating system is based on cost-estimate 
received from VTT Technical Research Centre of Finland. The cost data of the new low-
temperature radiator system and the balancing of the original radiator system is based on 
cost-estimates received from a radiator manufacturer. The cost data of the renovation of 
ventilation system is based on cost-estimate received from ventilation and air-condition-
ing system manufacturer. The cost data of energy performance renovation measures con-
cerning the main heating system concepts and other technical systems of the building are 
presented in Table 26. All the cost data presented also include taxes, such as the VAT. 
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Table 26. Cost data of energy performance renovation measures concerning the main 
heating system concepts and other technical systems of the building. 

 
Heat pump 

systems 

Investment 
cost 

[€/kW] 

Annual mainte-
nance cost, 
from year 3 

onwards 

Renewal cost 
in holding 

period (year) 
[€/kW] 

Residual 
value of  

investment 
after 25 years 

Exhaust air heat 
pump 

2308 1 % from  
investment cost 

256 (15) 50 % from in-
vestment cost 

Ground source 
heat pump 

1058 1 % from  
investment cost 

224 (15) 50 % from in-
vestment cost 

Air to water heat 
pump 

893 1 % from  
investment cost 

157 (15) 50 % from in-
vestment cost 

Original base 
heating and 

auxiliary  
heating system 

Investment 
cost 

[€/floor-m2] 

Annual mainte-
nance cost, 
from year 3 

onwards 

Renewal cost 
in holding 

period (year) 
[€/floor-m2] 

Residual 
value of  

investment 
after 25 years 

District heating 15 0.5 % from  
investment cost 

0 € / 25a 60 % from in-
vestment cost 

Solar-based  
energy  

production  
systems 

Investment 
cost 

[€/m2] 

Annual mainte-
nance cost, 
from year 3 

onwards 

Renewal cost 
in holding 

period (year) 
[€/m2] 

Residual 
value of  

investment 
after 25 years 

Solar thermal 
system 

675 3.0 % from  
investment cost 

675 (20) 75 % from in-
vestment cost 

Solar electricity 
system 

263 2.0 % from  
investment cost 

0 € / 25a 0 % from in-
vestment cost 

HVAC and 
other technical 

systems 

Investment 
cost 

[€/floor-m2] 

Annual 
maintenance 

cost 

Renewal cost 
in holding 

period (year) 
[€/floor-m2] 

Residual 
value of  

investment 
after 25 years 

Renovation of 
ventilation 

system 

 
110 

200 €/a 
(2 x filter 
change) 

 
0 € / 25a 

32.5 % from 
total invest-
ment cost 

New low- 
temperature 

radiator system 

 
37 

 
- 

 
- 

 
- 

Balancing of the 
original radiator 

system 

 
7 

 
- 

 
- 

 
- 

 
The renewal cost data of the heat pump systems is based on the evaluation of VTT Tech-
nical Research Centre of Finland, SULPU and a few Finnish heat pump manufacturers. 
However, these insights differ a lot between different sources and heat pump types. In 
this scenario, it is assumed that the compressors, exchange valves, circulating pumps and 
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some temperature sensors have to be renewed and replaced in the year 15. The residual 
values of heat pump and district heating investments are based on the evaluation of VTT 
Technical Research Centre of Finland and a few Finnish heat pump system manufactur-
ers. The solar-thermal system cost data is based on the cost information received from 
Finnish Consulting Group FCG, Granlund Oy, Optiplan Oy and VTT. The solar-electric-
ity system cost data is based on the cost information received from Granlund Oy, Optiplan 
Oy, Sweco and VTT. All the cost data of solar energy systems is based on realized pro-
jects and on a large variety of research data acquired from different studies. 
 
The district heating system substation is renewed in the district heating system concept 
and also in the exhaust air and air to water heat pump system concepts, where the district 
heating system remains as an auxiliary heating system. However, with the ground source 
heat pump system the original district heating connection and substation are removed and 
the auxiliary heating system is switched to electricity. This causes additional investment 
cost with the ground source heat pump system concept. The removal of the original dis-
trict heating connection is included in the return fee paid by the energy company, so it 
doesn’t cause any additional expenses. However, the installation of new main electricity 
connection and substation cause additional cost that must be taken into account. The orig-
inal and new main electricity connections can be dimensioned by equations (13) and (14). 
The equation (13) is used in apartment buildings with at least 15 apartments and with no 
apartment-specific saunas 
 

 max 17 /1000base floorP P A           (13) 

where 
Pmax dimensioning power of apartment’s electricity connection, [kW] 
Pbase  base electricity power, 65 when Afloor > 2500 m2, 30 when Afloor < 2500 m2, 

[kW] 
Afloor floor area of the building, [m2]. (ST13.31.) 
 

maxtotal heat pump aux aux heatingP P P P           (14) 

where 
Ptotal dimensioning power of the main electricity connection, [kW] 
Pmax dimensioning power of apartment’s electricity connection, [kW] 
Pheat pump+aux dimensioning power of heat pump and auxiliary systems, [kW] 
Paux heating dimensioning power of auxiliary heating system, [kW]. 
 
The studied building is located in Vantaa. When a new main electricity connection is 
switched to a larger one, Vantaan Energia compensates the price of the original main 
connection to the customer and the customer only has to pay the difference between the 
old and the new main connection sizes. The size of the new electricity connection depends 
heavily on the dimensioning of the ground source heat pump system. The more heat pump 
power is dimensioned, the less auxiliary heating power is required and the smaller main 
electricity connection is needed. This is due to the fact that the ground source heat pump 
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system always operates above the 1.0 COP-value of the electricity auxiliary heating. Fur-
thermore, when over 200 ampere main electricity connection is applied, the type of elec-
tricity connection is changed to power-based electricity with the heat pump and auxiliary 
heating systems. In this case the electricity transfer fee is lower, but there is an additional 
monthly basic fee, which is based on the peak hourly electricity consumption during that 
month. The amount of this basic fee depends on the maximum hourly electricity con-
sumption of the month. 
 
These matters require some simplifications that have to be carried out before the optimi-
zation can be started. This can be done by running a few reference simulations with dif-
ferent heat pump dimensioning power levels and by setting the auxiliary heating system 
to unlimited power. After the reference simulations, hourly-specific electricity consump-
tions for the heat pump and auxiliary heating systems can be obtained from the simulation 
results. These hourly-specific values can be used to determine the peak hourly electricity 
consumption for different months of the year. Four different main electricity connection 
sizes have been calculated for the optimization analysis and this setup has been config-
ured in MOBO so that the optimization takes the quantity of heat pump power dimen-
sioned into account and calculates the investment cost of the main electricity connection 
change. The electricity basic fees are also calculated according to the dimensioning power 
outputs of the heat pump and auxiliary heating systems selected in the optimization round. 
The cost data concerning the main electricity connection change with the ground source 
heat pump system is presented in Table 27. The cost data presented also include taxes, 
such as the VAT, and other fees. 
 
Table 27. Cost data of the main electricity connection change with the ground source 
heat pump system. 

Dimensioning 
of the new 

main electricity  
connection size 

Before, basic 
district heat-
ing system 
(kW / A) 

After, high 
GSHP power 

output 
(kW / A) 

After, me-
dium GSHP 

power output 
(kW / A) 

After, low 
GSHP power 

output 
(kW / A) 

Main electricity 
connection size, 
equations 11+12 

 
129 / 200 

 
220 / 320 

 
250 / 400 

 
275 / 400 

Investment cost 
of the main 
electricity  
connection 

change 

Before, basic 
district heat-
ing system, 

compensated 
in exchange 

(€) 

After, 
high GSHP 

power output 
(€) 

After, 
medium 
GSHP 

power output 
(€) 

After, 
low GSHP 

power output 
(€) 

Investment cost 
of the connec-

tion change 

 
10 292 

 
17 484 

 
22 196 

 
22 196 
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New main elec-
tricity substation 
and installation 

 
- 

 
2000 

 
2000 

 
2000 

Installation of 
new electricity 

power line  
on- and off-site 

 
- 

 
1800 

 
1800 

 
1800 

TOTAL - 11 000 15 700 15 700 
 
The investment cost data of the main electricity connection change is based on the Van-
taan Energia’s online electricity connection fees. The cost data of other components and 
installations is based on engineering company Elvak’s (2014) cost-estimate. These total 
costs can be converted into the optimization with the following dimensioning power 
ranges: 

- GSHP dimensioning power range 39…133 kW: 15 700 € total investment cost 
- GSHP dimensioning power range 134…156 kW: 11 000 € total investment cost. 

 
All the cost data concerning the district heating system is based on the cost data received 
from VTT Technical Research Centre of Finland. The district heating substation, includ-
ing heat exchangers, control valves and automation, is also renewed in the beginning. 
This adds a constant investment to the total investments of the optimization. The substa-
tion should be renewed at the same time when other energy performance renovation 
measures are carried out and for this reason it is assumed that the substation is renewed 
in the beginning. The substation could also be renewed in the 5th, 10th or 15th year, but for 
simplification it is assumed that the substation is renewed at the same time with other 
energy performance renovation investments. The fact is that the district heating substation 
must be renewed at least once during the 25-year holding period as the technical operation 
time of district heating system substations is typically 20-30 years according to the VTT 
Technical Research Centre of Finland. This means that the original substation has been 
renewed at least once or twice before. 
 
All the cost data regarding the radiator heating systems of the building are based on a 
cost-estimate received from Iivonen (2014) of Rettig Lämpö Oy. As the studied building 
is built in the 1960s, it is assumed that the original radiator heating system is balanced in 
the beginning. This balancing adds a constant investment of 7 €/floor-m2 to the total in-
vestment cost of the optimization. The balancing of the original radiator system only con-
cerns the district heating system concept. The same measure is also applied with the low-
temperature radiator heating system after the installation of the system. When a heat pump 
system is installed in this study, it is assumed that at the same time a new low-temperature 
radiator heating system is installed and balanced with the investment cost of 37 €/floor-
m2. The price includes new radiators, connection pipes, thermostatic radiator valves and 
the installation of these. New distribution lines are not included in the price, only the 
connection pipes of the radiators, as the technical operation time of heating pipes is typi-
cally 85-100 years in an oxygen- and leakage-free radiator heating system (Iivonen 2014). 
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The reason why new radiator heating system is installed along with the heat pump systems 
is that the low-temperature heating system was also used in the HP4NZEB project to 
complement the performance of the modern heat pump systems. It would be a matter of 
debate whether the investment of new radiators is a cost-effective solution and it could 
also be examined with the optimization analysis. However, the low-temperature radiator 
heating system is installed along with all the heat pump system concepts in this study. 
 
All the cost data concerning ventilation system’s renovation is based on a cost-estimate 
received from Leander (2014) of Oy Swegon Ab. According to Leander (2014), recent 
studies indicate that with properly working demand controlled ventilation system (VAV-
system) the average air flow rate in apartment buildings is as low as 0.2 – 0.25 (dm3/s)/m2 
compared to the 0.4 – 0.5 (dm3/s)/m2 air flow rate of the E-value calculation. For this 
reason the true benefits of the demand controlled ventilation system would not be discov-
ered in this study and the demand controlled ventilation system concept is excluded from 
the renovation measures studied. 
 
Energy cost 
All the data presented is based on real cost data received from Vantaan Energia. The data 
presented and used in the optimization analysis is taken from the Vantaan Energia’s 2014 
online energy price catalogs. Vantaan Energia doesn’t compensate heat pump systems at 
all in the basic fee of district heating. The same practice is also applied by Helsingin 
Energia. However, other energy performance renovation measures than the installation of 
heat pump systems are compensated according to the decrease in the highest annual 
hourly-based district heating power demand occurred in the building. These features have 
to be taken into account in the optimization analysis to obtain reliable and accurate results. 
 
The basic fee of the district heating system forms a major share of the total annual energy 
cost especially in older apartment buildings, because both energy and power demand are 
high. The energy prices of electricity and district heating used in the optimization analysis 
are presented in Table 28. With the ground source heat pump system the electricity used 
is divided to real estate electricity, which is the electricity used by the heat pump and 
auxiliary heating systems, and apartment electricity, which is the electricity used by light-
ing, household equipment and other electricity devices. The real estate electricity has its 
own electric metering and this can also be configured in IDA-ICE, so these two forms of 
electricity can be separated for more accurate and detailed energy calculation. Further-
more, the basic fee of district heating depends on the size and other features of the build-
ing (space heating system) and on the number of apartments in the building (DHW heat-
ing system). 
 
The energy fee of electricity presented in the Table 28 is based on the electricity price of 
a product type EKOWATTI sold by Energia 247 Oy (November 2014). All the other 
prices presented in the table, such as basic fees and transfer fees, are prices of Vantaan 
Energia (November 2014). The taxes of electricity are fixed by the Finnish government, 
so the electricity taxes presented are calculated according to the current electricity tax 
rates (November 2014). 
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Table 28. Energy prices used in the optimization analysis, all prices 11/2014. 
 

Energy form 
 

Basic fee 
[€/a] 

Transfer fee 
and taxes of 
electricity 
[€/MWh] 

 
Energy fee 
[€/MWh] 

Total energy fee, 
excluding basic fee 

[€/MWh] 

District heating 8871 - 61.1 61.1 
 

Apartment 
electricity 

(included in 
the transfer 
and energy 

fees) 

 
51.6 

 
50.0 

 
101.6 

Real estate 
electricity 

2788 37.6 50.0 87.6 

 
Before the optimization can be started, the reduction in the basic fee of district heating 
and real estate electricity have to be calculated with the reference simulations in the same 
way as the change of electricity connection was calculated. This can be carried out by 
simulating the original building with improved windows, additional thermal insulation of 
walls and roof and with the new renovated supply and exhaust air ventilation system. 
When the reference simulations are completed, the decrease in the annual hourly peak 
heating power demand can be obtained from the results and the new basic fee can be 
calculated with this new peak heating power. This way the effects of other energy perfor-
mance renovation measures carried out simultaneously in the beginning will be taken into 
account in the optimization analysis. Furthermore, it should also be taken into account 
that the district heating and real estate electricity basic fees decrease when more energy 
performance renovation measures are carried out. 
 
This reduction of basic fees doesn’t concern heat pump systems, even though they are 
one of the best energy performance improving measures (Vantaan Energia 2014). The 
reductions in the district heating and real estate basic fees with different energy perfor-
mance renovation measures are presented in Table 29. The values presented for window 
replacement and additional thermal insulation of walls and roof are average values from 
the reference simulations. These values represent an average reduction in basic fees and 
they are used when a window replacement or additional thermal insulation of walls or 
roof is applied in the optimization. 
 
Table 29. Reduction in basic fees with different energy performance renovation measures. 

 
Basic fee type 

Replacement 
of windows 

[€/a] 

Additional 
thermal in-
sulation of 
walls [€/a] 

Additional 
thermal in-
sulation of 
roof [€/a] 

Renovation of 
ventilation system 

[€/a] 

District heating -760 -690 -140 -1270 
Real estate 
electricity 

-220 -200 -40 -380 
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The formation of the real estate electricity basic fee is different compared to the formation 
of the district heating basic fee. This is the main reason why the reduction in the basic fee 
of the real estate electricity is considerable lower than the reduction in the basic fee of the 
district heating. 

4.5.3 Calculation of life-cycle cost 
The calculation of life-cycle cost used in the energy performance optimization analysis is 
presented in this chapter. In addition, the relevant equations needed to calculate the pre-
sent value of life-cycle cost of the building correctly in MOBO with different system 
concepts are also presented in this chapter. The calculation of life-cycle cost is carried out 
according to standard life-cycle cost calculation methods and procedures (Hyartt & Saari 
1993), so all the basic equations used in the optimization analysis are not presented. The 
calculation of life-cycle cost is based on the cost data presented in chapter 4.5.2. 
 
Minimized functions in the optimization analysis are the present value of life-cycle cost 
of 25 years and the E-value of the building. The E-value is calculated by the equation (1) 
and it can be written directly into MOBO. The present value of life-cycle cost of the 
building is calculated by equation (15) 
 

25 0, Ra tot tot tot tot totLCC I M E Res                    (15) 

 
where 
LCC25a present value of life-cycle cost of the building during the 25-year holding 

period, [€] 
ΣI0,tot  total investment cost of the energy performance renovations, [€] 
ΣMtot  total maintenance cost of the energy performance renovations, [€] 
ΣRtot  total renewal cost of the energy performance renovations, [€] 
ΣEtot  total energy cost, [€] 
ΣRestot  total residual value of the energy performance renovations, [€]. 
 
The life-cycle cost function should be written into MOBO in a step by step manner, even 
though it can be written by one equation. This allows a more detailed analysis from the 
progress of the optimization to be carried out as every function written can be tracked and 
monitored in MOBO. The more functions are used the more result data is obtained. This 
in turn allows a more detailed analysis of how different factors, such as investment cost, 
energy cost, residual value of energy performance renovations, area of PV-panels or di-
mensioning power output of a heat pump system, affect the results and progress of the 
optimization. The total investment cost is calculated by equation (16) 
 

0, 0, 0, 0, 0, 0, 0, 0, 0, 0,tot walls roof windows ven HP DH ST SE radiatorI I I I I I I I I I              (16) 

 
where 
ΣI0,tot total investment cost of the energy performance renovations, [€] 
Io,walls  investment cost of refurbishment or additional thermal insulation of  
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external walls, [€] 
Io,roof  investment cost of additional thermal insulation of roof, [€] 
Io,windows  investment cost of refurbishment or replacement of windows, [€] 
Io,ven  investment cost of renovation of ventilation system, [€] 
Io,HP  investment cost of heat pump system, [€] 
Io,DH investment cost of renewal of district heating substation and automation, [€] 
Io,ST  investment cost of solar thermal system, [€] 
Io,SE  investment cost of solar electricity system, [€] 
Io,radiator  investment cost of radiator heating system, either balancing of the original 

system or installation and balancing of the new system, [€]. 
 
The maintenance and renewal costs are calculated according to standard LCC calculation 
methods and procedures (Hyartt & Saari 1993) and they can be written directly in MOBO. 
For this reason they are not discussed more closely. The total residual value of the energy 
performance renovations is calculated by equation (17) 
 

Re Re Re Re Re Retot HP DH ST ven structuress s s s s s                (17) 

 
where 
ΣRestot  total residual value of the energy performance renovations, [€] 
ResHP  residual value of the heat pump system, [€] 
ResDH  residual value of the district heating system, [€] 
ResST  residual value of the solar thermal system, [€] 
Resven  residual value of the ventilation system, [€] 
Resstructures  residual value of external walls, roof and windows, [€]. 
 
The residual value of the solar electricity system is 0 % (0 €), because the technical oper-
ation time of the solar electricity system is assumed to be 25 years (Granlund 2014, Opti-
plan 2014, FInZEB project 2014, finzeb.fi). The present value of energy cost is calculated 
by equation (18) with the district heating, exhaust air heat pump and air to water heat 
pump system concepts and by equation (19) with the ground source heat pump system 
concept. The cost functions presented can be written directly into MOBO for energy cost 
calculation. 
 

 0.0611 0.1016 19.48tot DH DH ELE E BF E                     (18) 

 
where 
ΣEtot present value of energy cost, [€] 
EDH  annual energy consumption of district heating, [kWh/a] 
EEL  annual energy consumption of electricity, [kWh/a] 
BFDH basic fee of district heating, [€/a]. 
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 , 0.1016 0.0876 19.48tot GSHP AP RE ELE E E BF                    (19) 

 
where 
ΣEtot  present value of energy cost, [€] 
EAP  annual energy consumption of apartment electricity, [kWh/a] 
ERE  annual energy consumption of real estate electricity, [kWh/a] 
BFEL basic fee of the real estate electricity, [€/a]. 
 
The basic fees presented in the equations (18) and (19) already include the reductions of 
basic fee caused by different energy performance renovation measures selected in the 
optimization. If multiple renovation measures are selected simultaneously in the begin-
ning of an optimization round, then the total effect of these renovation measures is taken 
into account on the calculation of the basic fees. This can be done in many different ways, 
but one good solution is to configure a few auxiliary variables, which change according 
to the values MOBO selects for these renovation measures. In this case the effects of 
every separate renovation measure can be configured individually, which means that the 
optimization analysis becomes simpler and easier to carry out. The calculation of the dis-
trict heating basic fee with these auxiliary variables is presented in equation (20). The 
calculation of the real estate electricity basic fee used in the ground source heat pump 
system concept LCC calculation is carried out in the same way. The equation can be 
written directly into MOBO. 
 

       1 2 3 ,8871 760 690 140DH t HRBF ceil av ceil av ceil av round              (20) 

where 
BFDH  basic fee of district heating, [€/a] 
avx  auxiliary variable, x = number of the variable, [-] 
ηt,HR  efficiency of ventilation system’s heat recovery unit, [-] 
ceil  ceiling function, 0 if avx = 0, 1 if 0 < avx ≤ 1, [-] 
round  round function, 0 if 0 ≤ ηt,HR < 0.5, 1 if 0.5 ≤ ηt,HR ≤ 1, [-]. 
 
Furthermore, many additional input functions have to be used in the optimization to ob-
tain accurate results. Examples of these kind of input functions are: 

- increasing the supply air temperature from 0 °C to 0.8 °C and increasing the SPF-
value of the ventilation system from 1.5 to 1.81 kW/(m3/s), when renovation of 
ventilation energy performance renovation measure is applied in the optimization 

- changing the total area of PV-panels and solar collectors to the shading calcula-
tion, when the area of PV-panels or solar collectors is changed in the optimization 

- changing the flow rate of the solar collector circulation pump, when the area of 
solar collectors is changed in the optimization 

- changing the conductance of the solar thermal system’s heat exchanger coil, lo-
cated in the heat storage tank, when the area of solar collectors is changed in the 
optimization 

- changing the infiltration air flow rate, when additional thermal insulation of ex-
ternal walls is applied in the optimization. 
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The equation required for changing the infiltration air flow rate, when additional thermal 
insulation of external walls is applied in the optimization is presented in equation (21). 
The equation is valid, when the fixed infiltration method is applied in IDA-ICE. The rate 
of reduction in the infiltration air flow is defined according to Vainio et al. (2012). 
 

0, 0,
,inf , ,

0, ,max 0,

2
3

walls ref
v v original v original

walls ref

I I
q q q

I I
  

          

           (21) 

where 
qv,inf new infiltration air flow rate, [m3/s] 
qv,original  original infiltration air flow rate, [m3/s] 
I0,walls  investment cost of additional thermal insulation of external walls, [€] 
I0,walls,max  investment cost of additional thermal insulation of external walls, when 

maximum insulation thickness is installed, 200 mm in this study, [€] 
I0,ref investment cost of basic refurbishment of external walls, when no  

additional thermal insulation is installed, [€]. 
 
An example of configured function and formula setup of MOBO used in the LCC calcu-
lation in this study is presented in Figure 23. This setup was used in the optimization of 
the ground source heat pump system concept. The names of the functions are intentionally 
short and descriptive to make the optimization as smooth and functional as possible. The 
names of the functions are used in other functions as shown in the Figure 23 and if there 
are any typing errors in these functions, MOBO will give an error message and the opti-
mization will stop. This is why short and descriptive function names are favorable over 
long and accurate names. The reason why many formulas start with a multiplier 1 is be-
cause in the previous beta version of MOBO, formulas couldn’t be started with the pa-
rentheses. This feature should have already been corrected in the current beta version of 
MOBO, but it is still reasonable to play it safe in the optimization to avoid any unneces-
sary problems. 

 
Figure 23. The functions setup in the GSHP system concept optimization.  
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5 The cost-optimal renovation solutions in the 1960s 
apartment buildings 

5.1 Results of the optimization analysis 

5.1.1 Background 
The results are categorized and presented individually with each main heating system 
concept. The minimum energy performance requirement level according to current regu-
lations is presented along with the results of each concept. In addition, the different energy 
performance classes of the energy performance certificate are also presented as a refer-
ence. The E-value requirements of different energy performance classes were presented 
in the Table 2. The Pareto-optimal solutions of each system concept are highlighted. The 
Pareto-optimal solutions are all mathematically equally valuable, so the decision what 
solution is selected or what is the optimal solution for a particular renovation case has to 
be defined by other methods. Once the Pareto-optimal solutions are defined, the selection 
can be made by utilizing different decision making methods, such as the multi-criteria or 
interactive methods (Miettinen 2008). However, these methods and their utilization in the 
decision making process are not discussed in this study. 
 
The results are obtained using the simulation-based optimization method described in 
chapter 4. The optimization consists of multi-objective optimization analysis, where the 
minimized objective functions are the present value of life-cycle cost (25 years) and the 
E-value of the building. There are also two additional sensitivity analyzes carried out with 
the ground source heat pump system concept, which are presented in chapter 5.4. Addi-
tional sensitivity analyzes were not carried out with other system concepts due to the long 
simulation time. 
 
As the results are presented individually with different main heating system concepts, 
many recommendable renovation measures can be discovered for each concept. Further-
more, comparison of different main heating systems with different energy performance 
measures can be carried out and the cost-optimal level can be defined not only for the 
most energy efficient main heating system but also for each individual main heating sys-
tem concept. The results of the optimization analysis and the recommendable renovation 
measures are realistic and reliable, because all the cost data and technical specifications 
are based on real data received from manufacturers and research institutes. For this rea-
son, these results can be used as a guideline of cost-optimal renovation solutions in the 
1960s apartment buildings. In addition, a reasonable suggestion for a nearly zero-energy 
building energy performance requirement level of existing apartment buildings is pre-
sented. 

5.1.2 Optimization of the district heating system concept 
The optimized design variables with the district heating system concept were presented 
in the Table 19. The result data of the district heating system concept’s optimization is 
presented in Figures 24 and 25. Fig. 24 presents the present value of life-cycle cost as a 
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function of the E-value. Fig. 25 presents the investment cost as a function of the E-value. 
Furthermore, the cost-optimal solution of the system concept is also presented in the fig-
ures. Fig. 25 presents what energy performance level can be achieved with different in-
vestment costs. The figures present results of every individual simulation with the Pareto-
optimal solutions being highlighted. Total of 456 simulations were carried out with the 
district heating system concept, which is enough to form a solid Pareto front and to define 
the cost-optimal level of the concept. The solar thermal system is only studied with the 
district heating system in this study. 
 

 
Figure 24. Optimization of the district heating system, life-cycle cost presented. 
 

 
Figure 25. Optimization of the district heating system, investment cost presented. 
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The cost-optimal solution is highlighted in the Figures 24 and 25. The cost-optimal level 
of the district heating system concept is achieved with approximately 110 €/m2 invest-
ment cost. The figures show that the investment cost and the present value of life-cycle 
cost are pretty closely connected to each other in the district heating system concept, when 
the life-cycle cost function is one of the minimized functions. Fig. 25 also presents that 
the Pareto-optimal solutions of different energy performance target levels are not always 
achieved with the lowest investment cost. The results indicate that the minimum energy 
performance requirement level of new apartment buildings, E-value ≤ 130 kWh/m2,a (De-
cree on EPC 2013), can be achieved with fairly low investment and life-cycle cost. The 
higher energy performance requirement levels of new apartment buildings, such as the 
class B (E-value ≤ 100 kWh/m2,a) or A (E-value ≤ 75 kWh/m2,a) of the energy perfor-
mance certificate, are also achievable (Decree on EPC 2013). 

5.1.3 Optimization of the exhaust air heat pump system concept 
The optimized design variables with the exhaust air heat pump system concept were pre-
sented in the Table 20. The result data of the exhaust air heat pump system concept’s 
optimization is presented in Figures 26 and 27. Fig. 26 presents the present value of life-
cycle cost as a function of the E-value. Fig. 27 presents the investment cost as a function 
of the E-value. Furthermore, the cost-optimal solution of the system concept is also pre-
sented in the figures. Fig. 27 presents what energy performance level can be achieved 
with different investment costs. The figures present results of every individual simulation 
with the Pareto-optimal solutions being highlighted. Total of 456 simulations were carried 
out with the exhaust air heat pump system concept, which is enough to form a solid Pareto 
front and to define the cost-optimal level of the concept. 
 

 
Figure 26. Optimization of the exhaust air heat pump system, life-cycle cost presented. 
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Figure 27. Optimization of the exhaust air heat pump system, investment cost presented. 
 
The cost-optimal solution is highlighted in the Figures 26 and 27. The cost-optimal level 
of the exhaust air heat pump system concept is achieved with approximately 160 €/m2 
investment cost. The figures show that the investment cost and the present value of life-
cycle cost are pretty closely connected to each other in the exhaust air heat pump system 
concept as well, when the life-cycle cost function is one of the minimized functions. Fig. 
27 also presents that the Pareto-optimal solutions of different energy performance target 
levels are not always achieved with the lowest investment cost. The results indicate that 
the minimum energy performance requirement level of new apartment buildings, E-value 
≤ 130 kWh/m2,a (Decree on EPC 2013), can be achieved with fairly low investment and 
life-cycle cost. However, the highest energy performance requirement level of new apart-
ment buildings, the class A (E-value ≤ 75 kWh/m2,a) of the energy performance certifi-
cate, is unreachable with the exhaust air heat pump system concept. 
 
As a general guideline, the Pareto front of the optimization is always smoother, when 
more simulations are carried out. Furthermore, more detailed result data can usually be 
obtained with a larger population size of the genetic algorithm and with a higher number 
of simulations. The optimization algorithm setup should always be adjusted according to 
the features of the optimization problem. 

5.1.4 Optimization of the ground source heat pump system concept 
The optimized design variables with the ground source heat pump system concept were 
presented in the Table 21. The result data of the ground source heat pump system con-
cept’s optimization is presented in Figures 28 and 29. Fig. 28 presents the present value 
of life-cycle cost as a function of the E-value. Fig. 29 presents the investment cost as a 
function of the E-value. Furthermore, the cost-optimal solution of the system concept is 
also presented in the figures. Fig. 29 presents what energy performance level can be 
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achieved with different investment costs. The figures present results of every individual 
simulation with the Pareto-optimal solutions being highlighted. Total of 600 simulations 
were carried out with the ground source heat pump system concept, which is more than 
enough to form a solid Pareto front and to define the cost-optimal level of the concept. 
 

 
Figure 28. Optimization of the ground source heat pump system, life-cycle cost presented. 
 

 
Figure 29. Optimization of the ground source heat pump system, investment cost pre-
sented. 
 
The progress of the optimization can be seen in the Figures 28 and 29 as the E-values of 
the first simulation rounds are over 160, because the auxiliary heating system is electricity 
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instead of district heating. When the optimization algorithm selects low ground source 
heat pump power output and high auxiliary heating power output to the optimization, the 
E-value of the building is high due to the increased electricity consumption of the auxil-
iary heating system. The optimization algorithm discovers this quickly and the optimiza-
tion process is shifted towards the lower E-values by selecting higher ground source heat 
pump power outputs to the optimization. 
 
The cost-optimal solution is highlighted in the Figures 28 and 29. The cost-optimal level 
of the ground source heat pump system concept is achieved with approximately 150 €/m2 
investment cost. The figures show that the investment cost and the present value of life-
cycle cost are pretty closely connected to each other in the ground source heat pump sys-
tem concept as well, when the life-cycle cost function is one of the minimized functions. 
Fig. 29 also presents that with the ground source heat pump system concept the Pareto-
optimal solutions of the life-cycle cost are almost identical with the Pareto-optimal solu-
tions of the investment cost. This means that the Pareto-optimal solutions of different 
energy performance target levels are typically achieved with the lowest investment cost. 
 
The results indicate that the minimum energy performance requirement level of new 
apartment buildings, E-value ≤ 130 kWh/m2,a (Decree on EPC 2013), can be achieved 
with fairly low investment and life-cycle cost. The higher energy performance require-
ment levels of new apartment buildings, such as the class B (E-value ≤ 100 kWh/m2,a) or 
A (E-value ≤ 75 kWh/m2,a) of the energy performance certificate, are also well achieva-
ble (Decree on EPC 2013). 
 

5.1.5 Optimization of the air to water heat pump system concept 
The optimized design variables with the air to water heat pump system concept were 
presented in the Table 22. The result data of the air to water heat pump system concept’s 
optimization is presented in Figures 30 and 31. Fig. 30 presents the present value of life-
cycle cost as a function of the E-value. Fig. 31 presents the investment cost as a function 
of the E-value. Furthermore, the cost-optimal solution of the system concept is also pre-
sented in the figures. Fig. 31 presents what energy performance level can be achieved 
with different investment costs. The figures present results of every individual simulation 
with the Pareto-optimal solutions being highlighted. Total of 512 simulations were carried 
out with the air to water heat pump system concept, which is enough to form a solid Pareto 
front and to define the cost-optimal level of the concept. 
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Figure 30. Optimization of the air to water heat pump system, life-cycle cost presented. 
 

 
Figure 31. Optimization of the air to water heat pump system, investment cost presented. 
 
The cost-optimal solution is highlighted in the Figures 30 and 31. The cost-optimal level 
of the air to water heat pump system concept is achieved with approximately 150 €/m2 
investment cost. The figures show that the investment cost and the present value of life-
cycle cost are pretty closely connected to each other in the air to water heat pump system 
concept as well, when the life-cycle cost function is one of the minimized functions. Fig. 
31 also presents that the Pareto-optimal solutions of different energy performance target 
levels are not always achieved with the lowest investment cost. The results indicate that 
the minimum energy performance requirement level of new apartment buildings, E-value 
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≤ 130 kWh/m2,a (Decree on EPC 2013), can be achieved with fairly low investment and 
life-cycle cost. However, the highest energy performance requirement level of new apart-
ment buildings, the class A of the energy performance certificate (E-value ≤ 75 
kWh/m2,a), is unreachable with the air to water heat pump system concept. 
 

5.1.6 Optimal energy performance renovation solutions 
The optimal energy performance renovation solutions in the case study 1960’s apartment 
building are presented in Figures 32 and 33. Only the Pareto-optimal solutions of each 
main heating system concept are presented in the figures. Fig. 32 presents the present 
value of life-cycle cost as a function of the E-value. Fig. 33 presents the investment cost 
as a function of the E-value. Furthermore, the global optimum solution of the optimization 
analysis is also presented in the figures. In addition, the initial reference solution, where 
no energy performance renovation measures are carried out during the 25-year investment 
holding period is also presented. 
 
It is important to notice that the E-value of the building is 35.7 kWh/(m2,a), when just the 
household equipment is taken into account. Furthermore, the E-value is 52.0 kWh/(m2,a), 
when both the lighting and household equipment are taken into account and if the lighting 
system is not renovated. In addition, HVAC auxiliary equipment typically add at least 9 
kWh/(m2,a) to the E-value, even if the energy performance of the equipment is as good 
as possible. So basically the E-value of the building is at least 60 kWh/(m2,a), when just 
these fixed energy consumptions are taken into account. This means that only a 60-65 % 
portion of an existing apartment building’s E-value can be influenced by the renovated 
technical systems or structural energy performance improving measures due to these 
fixed base energy consumptions. 
 

 
Figure 32. Pareto-optimal solutions in the 1960s apartment building, life-cycle cost pre-
sented. 
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Figure 33. Pareto-optimal solutions in the 1960s apartment building, investment cost 
presented. 
 
The global optimum solution is the cost-optimal solution of the ground source heat pump 
system concept. The Figure 32 shows that the ground source heat pump system is a con-
siderably better main heating system concept than the other concepts studied, because the 
cost-optimal level of the GSHP system is significantly lower than the cost-optimal level 
of the other systems. The Pareto-optimal-solutions between the district heating, exhaust 
air heat pump and air to water heat pump systems are fairly close to each other, especially 
at the higher energy performance target levels. Furthermore, all of the studied heat pump 
systems deliver better energy performance and cost-effectiveness than the district heating 
system. 
 
The investment cost of the district heating system is lower than the investment cost of the 
heat pump systems at the cost-optimal level of the system. The cost-optimal levels of the 
system concepts are discussed in chapter 5.2. The investment cost of all the system con-
cepts is very close to each other at the higher energy performance levels (E-value < 100 
kWh/m2,a). Basically this means that the same amount of money must be invested to 
improve the energy performance of the building to a certain level. In addition, all of the 
concepts provide a significant improvement over the initial reference situation, where no 
energy performance renovation measures are carried out. Minimum life-cycle cost of the 
exhaust air heat pump system concept is just a little lower than the minimum life-cycle 
cost of the district heating concept. In addition, over 100 000 euros higher investment 
cost is required to deliver equal life-cycle cost than with the district heating system. 
 
The ground source heat pump system is a considerable energy performance improvement 
over the district heating, exhaust air heat pump and air to water heat pump systems. In-
vestment cost of the heat pump system is higher, but when the investment of new district 
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heating substation and its automation is taken into account, the difference in investment 
cost decreases. In addition, if the optimization would have been carried out with the orig-
inal high-temperature radiators, it would lower the investment cost of the GSHP system 
concept even further. However, in this case the energy performance of the heat pump 
system would decrease and the energy cost would increase, respectively. 
 
It seems that the air to water heat pump system is a reasonable energy performance im-
provement over the district heating system at the cost-optimal level of the system. How-
ever, it doesn’t offer considerable improvements over either district heating or exhaust 
air heat pump system at the lower E-values (E-value < 120 kWh/m2,a). In addition, it 
doesn’t provide the same kind of performance than the ground source heat pump system, 
which seems to be best main heating system concept selection for the case study building. 
 
According to the results of the optimization analysis, if one wants to achieve the nZEB 
energy performance level of new apartment buildings (at the moment the proposed E-
value limit is 116 kWh/m2,a), defined by the FInZEB project (finzeb.fi), with the energy 
performance renovation measures, all the main heating systems studied can be used as a 
main heating system. However, it seems that the heat pump systems offer a better energy 
performance at the higher E-values and at the cost-optimal level of the systems. If the 
target is the A-class of the energy performance certificate, then the district heating and 
the ground source heat pump systems are the recommendable main heating systems. The 
cost-optimal solution of each main heating system concept meets the minimum energy 
performance requirement of the Decree on improving energy performance in renovations 
(2013/4), which is 140 kWh/(m2,a) for the studied building. The recommendable energy 
performance renovation solutions with different main heating system concepts are dis-
cussed in chapter 5.3. 
 

5.2 The cost-optimal level 
The cost-optimal level with different main heating system concepts is presented in this 
chapter. The cost-optimal level is defined in the chapter 2.2.1 as a level of energy perfor-
mance, which leads to the lowest life-cycle cost during the economical life-cycle period. 
This level can be defined individually for each main heating system concept and also for 
the entire building. Global cost-optimal solution is the cost-optimal solution of the ground 
source heat pump system concept. The cost-optimal level can be defined with the Pareto-
optimal solution that gives the lowest life-cycle cost. There are also many other solutions 
near the Pareto-optimal solution, but if the optimization analysis has been carried out 
correctly, the lowest life-cycle cost solution should be a Pareto-optimal solution. When 
the cost-optimal level is defined for all of the main heating system concepts and not just 
for the entire building, a better understanding of the cost-optimality and energy perfor-
mance of different main heating systems in existing 1960’s apartment buildings can be 
discovered. 
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The cost-optimal levels of different main heating system concepts are presented in Table 
30. The local minimum life-cycle cost of the system concept acquired from the optimiza-
tion analysis are presented in the table. In addition, all minimum solutions are also Pareto-
optimal solutions, which indicates that the optimization analysis was carried out correctly. 
 
Table 30. The cost-optimal levels of different main heating system concepts. 

 
Main heating system 

Cost-optimal level 
LCC 
[€] 

LCC 
[€/m2] 

E-value 
[kWh/m2,a] 

District heating 1 323 900 358 137 
Exhaust air heat pump 1 309 900 354 117 
Ground source heat pump 1 067 700 289 124 
Air to water heat pump 1 257 400 340 121 
(No energy performance 
measures, initial situation) 

(1 346 640) (364) (165) 

 
As the results indicate, the cost-optimal level of different renovation measures seems to 
be close to the minimum energy performance requirement level of new apartment build-
ings (E-value ≤ 130 kWh/m2,a). The cost-optimal level is close to the 120 kWh/(m2,a) E-
value region with the heat pump systems and it is just below the 140 kWh/(m2,a) with the 
district heating system, which was the minimum energy performance requirement level 
in the studied apartment building. When the cost-optimal levels of different main heating 
systems are compared to the initial reference situation, where no energy performance ren-
ovation measures are carried out, only the ground source heat pump system concept pro-
vides significant improvement in both energy performance and life-cycle cost. The air to 
water heat pump system also seems to be a good improvement over the district heating 
system, when energy performance and cost-optimality are discussed.  
 
The exhaust air heat pump system provides a noticeable improvement in energy perfor-
mance over the initial reference situation, but the total savings in life-cycle cost are only 
10 €/m2. In addition, the exhaust air heat pump system provides only a little improvement, 
4 €/m2, over the optimized district heating system. However, the cost-optimal level of the 
exhaust air heat pump system provides the lowest E-value, 117 kWh/(m2,a), of all the 
main heating systems. 
 

5.3 Recommendable energy performance renovation measures 
The recommendable energy performance renovation measures depend on the main heat-
ing system concept and on the renovation’s energy performance target level. Depending 
on the target and on the extent of the energy performance renovation, the suitable main 
heating system should be selected first. Typically this investment alone is so high that no 
other energy performance improving measures are carried out simultaneously. However, 
if the target is to carry out a major renovation and to improve the energy performance 
significantly at the same time by performing multiple energy saving measures, then the 
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selected renovation measures should be considered more closely. A good example of a 
large investment where different energy performance renovation alternatives should be 
closely considered is the renovation of building’s facades. The investment cost of addi-
tional thermal insulation of external walls is so high that the difference in investment cost 
between basic refurbishment and additional thermal insulation could be used to carry out 
other energy performance renovation measures instead of the additional thermal insula-
tion. 
 
The recommendable renovation measures in the Finnish 1960’s apartment buildings with 
different energy performance target levels and other features are presented in Table 31. 
The values of different renovation measures are acquired from the output files of the op-
timization analysis. The output files include result data of design variables and all the 
functions and equations used in the optimization for every simulation case. Basically the 
recommendable renovation measures for different energy performance target levels can 
be selected from the Pareto-optimal solutions of each main heating system concept by 
selecting the solution that is closest to the energy performance target level. 
 
Table 31. Recommendable energy performance renovation measures in the 1960s apart-
ment buildings. 

Energy perfor-
mance target 
level, E-value 
[kWh/m2,a] 

Main 
heating 
system 

 
1 

 
2 

 

 
3 

 
4 

 
5 

 
6 

 
LCC 
[€/m2] 

 
IC 

[€/m2] 

140 (minimum 
requirement) 

GSHP 94 170 0 250 2.5 No 289 150 

130 (C-class) GSHP 94 170 0 250 2.5 No 289 150 
120 GSHP 130 160 0 400 2.5 No 294 161 
110 GSHP 150 170 0 350 1.0 No 318 199 

100 (B-class) GSHP 70 160 0 150 2.5 Yes 346 251 
90 GSHP 73 170 0 250 1.0 Yes 366 288 

75 (A-class) GSHP 70 170 150 350 1.0 Yes 428 383 
1 = power output of the heat pump system, [kW] 
2 = area of PV-panels, [m2] 
3 = thickness of additional thermal insulation of external walls, [mm] 
4 = thickness of additional thermal insulation of roof, [mm] 
5 = window replacement, U-value, [W/m2 K] 
6 = renovation of ventilation system 
LCC = present value of life-cycle cost, 25 years, [€/m2] 
IC = investment cost, [€/m2] 
 
The ground source heat pump system is the clear choice as the main heating system at 
any energy performance target level. The current regulations concerning energy perfor-
mance renovations require that the E-value of the building must be 0.85 times the original 
E-value after the renovation measures. In the studied apartment building’s case this means 
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that the minimum requirement level of the renovation measures is 0.85 x 165 kWh/(m2,a) 
= 140 kWh/(m2,a). The presented selection of renovation measures meets this require-
ment level clearly. The cost-optimal level of the ground source heat pump system was 
below 130 kWh/(m2,a), so the C-class of the energy performance certificate is also met 
with the cost-optimal design solution of the ground source heat pump system concept. 
Furthermore, the cost-optimal level of all the main heating system concepts studied is 
below the 140 kWh/(m2,a) minimum energy performance requirement level. This means 
that all of the cost-optimal renovation solutions of different main heating system concepts 
can be carried out and they meet the current minimum energy performance requirement 
level of the Decree on improving energy performance in renovations (2013/4). 
 
The investment in additional thermal insulation of roof seems to be profitable. A common 
thickness of additional roof insulation is approximately 150-400 mm in all Pareto-optimal 
solutions. However, it seems that there is no reason to invest in additional thermal insu-
lation of external walls. The B-class of the energy performance certificate (E-value ≤ 100 
kWh/m2,a) and even the 90 kWh/(m2,a) value can be achieved with more optimal energy 
performance renovation measures than the additional thermal insulation of external walls. 
The renovation of ventilation system seems to be a more recommendable solution than 
the additional thermal insulation of external walls. The improvements in indoor air quality 
and thermal comfort included in the renovation of ventilation system were not taken into 
account in this study. The renovation of the ventilation system is required in the optimal 
B-class renovation solutions with the ground source heat pump system. 
 
Window replacement is also required at the lower E-values (< 100 kWh/m2,a). However, 
even in the optimal B-class solution (E-value ≤ 100 kWh/m2,a) the window replacement 
was not the optimal renovation measure. The optimal solution was to carry out the basic 
refurbishment of windows and invest the additional investment cost required to carry out 
the window replacement in other renovation measures. If the windows are replaced, it 
seems that the window type with U-value of 1.0 W/m2K is sufficient and there is no need 
to invest in windows with lower U-values. 
 
The solar electricity system seems to be a reasonable investment in existing apartment 
buildings. The maximum or almost maximum PV-panel area was selected in all Pareto-
optimal design solutions. Many previous studies have found the solar electricity systems 
to be an unreasonable solution especially in residential buildings. However, the results of 
the optimization analysis indicate that even with the current investment cost level they 
are a profitable solution over many other more common energy performance renovation 
measures applied nowadays. The profitability of the solar electricity systems will increase 
even more as the investment cost of the systems decreases (Paatero 2013, Viitanen 2014). 
 
The recommendable energy performance renovation measures with other main heating 
system concepts are presented in Tables 32, 33 and 34 for a reference. However, when 
the overall optimal renovation solutions in the 1960’s apartment buildings are discussed, 
the ground source heat pump system is the optimal choice as the main heating system of 
the building.  
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Table 32. Recommendable energy performance renovation measures with the district 
heating system. 

Energy perfor-
mance target 
level, E-value 
[kWh/m2,a] 

Main 
heating 
system 

 
1 

 

 
2 

 
3 

 
4 

 
5 

 
6 

 
LCC 
[€/m2] 

 
IC 

[€/m2] 

140 (minimum 
requirement) 

DH 170 0 300 2.5 34 No 358 111 

130 (C-class) DH 170 0 300 1.0 66 No 373 151 
120 DH 170 0 300 2.5 34 Yes 394 220 
110 DH 170 0 300 2.5 40 Yes 394 221 

100 (B-class) DH 160 0 350 1.0 60 Yes 407 259 
90 DH 170 100 250 2.5 56 Yes 429 301 

75 (A-class) DH 170 200 450 1.0 90 Yes 470 380 
1 = area of PV-panels, [m2] 
2 = thickness of additional thermal insulation of external walls, [mm] 
3 = thickness of additional thermal insulation of roof, [mm] 
4 = window replacement, U-value, [W/m2 K] 
5 = area of solar collectors, [m2] 
6 = renovation of ventilation system 
LCC = present value of life-cycle cost, 25 years, [€/m2] 
IC = investment cost, [€/m2] 
 
Table 33. Recommendable energy performance renovation measures with the exhaust air 
heat pump system. 

Energy perfor-
mance target 
level, E-value 
[kWh/m2,a] 

Main 
heating 
system 

 
1 

 
2 

 

 
3 

 
4 

 
5 

 
6 

 
LCC 
[€/m2] 

 
IC 

[€/m2] 

140 (minimum 
requirement) 

EAHP 39 170 0 250 2.5 -2.1 354 158 

130 (C-class) EAHP 39 170 0 250 2.5 -2.1 354 158 
120 EAHP 39 170 0 250 2.5 -2.1 354 158 
110 EAHP 39 170 0 500 1.0 -4.0 368 195 

100 (B-class) EAHP 39 170 150 500 2.5 -2.3 398 255 
90 EAHP 39 170 150 400 0.8 -2.1 416 298 

75 (A-class) EAHP - - - - - - - - 
1 = power output of the heat pump system, [kW] 
2 = area of PV-panels, [m2] 
3 = thickness of additional thermal insulation of external walls, [mm] 
4 = thickness of additional thermal insulation of roof, [mm] 
5 = window replacement, U-value, [W/m2 K] 
6 = temperature of the exhaust air after the evaporator, [°C] 
LCC = present value of life-cycle cost, 25 years, [€/m2] 
IC = investment cost, [€/m2] 
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Table 34. Recommendable energy performance renovation measures with the air to water 
heat pump system. 

Energy perfor-
mance target 
level, E-value 
[kWh/m2,a] 

Main 
heating 
system 

 
1 

 
2 

 

 
3 

 
4 

 
5 

 
6 

 
LCC 
[€/m2] 

 
IC 

[€/m2] 

140 (minimum 
requirement) 

A2WHP 70 170 0 100 2.5 No 340 149 

130 (C-class) A2WHP 70 170 0 100 2.5 No 340 149 
120 A2WHP 70 170 0 100 2.5 No 340 149 
110 A2WHP 63 167 100 450 2.5 No 386 233 

100 (B-class) A2WHP 53 170 0 500 2.5 Yes 394 258 
90 A2WHP 45 170 50 450 2.5 Yes 432 327 

75 (A-class) A2WHP - - - - - - - - 
1 = power output of the heat pump system, [kW] 
2 = area of PV-panels, [m2] 
3 = thickness of additional thermal insulation of external walls, [mm] 
4 = thickness of additional thermal insulation of roof, [mm] 
5 = window replacement, U-value, [W/m2 K] 
6 = renovation of ventilation system 
LCC = present value of life-cycle cost, 25 years, [€/m2] 
IC = investment cost, [€/m2] 
 
The results of the optimization analysis indicate that the higher than cost-optimal energy 
performance target levels can be achieved with many different combinations of energy 
performance improving measures. According to the optimization analysis, the solar elec-
tricity system seems to be one of the best energy performance measures. However, it has 
to be taken into account that the results of the optimization are valid, when all of the 
produced solar electricity can be used on-site. If excessive electricity is produced and it 
cannot be used on-site, the results of the optimization regarding the solar electricity sys-
tem will change. The solar thermal system seems to be a reasonable renovation measure 
with the district heating system. The typical optimum solar collector area is 30-60 m2 
depending on the application and energy performance target level. The profitability of the 
solar thermal system depends heavily on the price of the energy, which it replaces. For 
this reason the solar thermal system is usually profitable with the district heating system, 
but is seldom profitable with the modern heat pump systems that are operating at high 
SPF-values (> 3). 
 
The maximum heat pump power output was selected in every Pareto-optimal solution. 
Furthermore, the optimal limitation temperature of the exhaust air after the evaporator 
seems to be below 0 °C. Decreasing the temperature of exhaust air allows the use of a 
larger heat pump system. The optimal solution is definitely not the +5 °C exhaust air 
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limitation temperature and the 30 kW exhaust air heat pump power output originally di-
mensioned by Nibe and Retermia in the HP4NZEB project. The results indicate that even 
higher heat pump power output could be used, when the limitation temperature of the 
exhaust air is set to -2.0…-4.0 °C. However, the freezing of the exhaust air heat exchanger 
must be taken into account in this case. The exhaust air temperature of -4 °C is basically 
the minimum temperature as many large-scale exhaust air heat pump systems cannot op-
erate below -10 °C evaporating temperatures (Nibe 2014, Jämä 2014, IVT 2014). A min-
imum of 6…7 °C temperature difference between the exhaust air and the evaporating 
temperature is required due to the two heat exchangers between them. 
 
The optimization algorithm would select even higher exhaust air heat pump power output 
with the -2.1…-4.0 °C limitation temperatures, but this is not possible, because the max-
imum power output of the heat pump system was limited to 39 kW in the optimization. 
There would be potential for a 50-60 kW exhaust air heat pump system in the studied 
apartment building instead of a 39 kW system, if the power output of the exhaust air heat 
pump system and the limitation temperature of the exhaust air were dimensioned differ-
ently. 
 

5.4 Sensitivity analyzes 

5.4.1 Background 
Two sensitivity analyzes have been carried out with the ground source heat pump system, 
which was the most energy efficient main heating system concept. First analysis studies 
the effect of selected interest rate on the results of the optimization. The second analysis 
studies the effect of single-objective optimization instead of multi-objective optimization 
on the results of the optimization. Only the life-cycle cost of the building is minimized in 
the single-objective optimization. The results are then compared to the result data of the 
multi-objective optimization to see if there is even lower life-cycle cost solution to be 
achieved. 

5.4.2 Effect of interest rate selection 
The selected nominal interest rate was 5.1 % in the actual optimization analysis. With a 
2.0 % inflation, the real interest rate used in the optimization was 3.0 %. The interest rate 
sensitivity analysis was carried out by selecting a 9.1 % nominal interest rate. With the 
same 2.0 % inflation, the real interest rate used in the sensitivity analysis is 7.0 %. This 
significant increase in interest rates gives a clear understanding of the effects of interest 
rate selection. With a higher interest rate level more profit is expected from the energy 
performance improving investment. In addition, transactions happening in the future have 
less impact on the present value calculation of life-cycle cost. The further the transaction 
takes place in the future, the less impact it has on the total present value of life-cycle cost. 
The interest rates and present value factors used in the life-cycle cost calculation of the 
sensitivity analysis are presented in Table 35. In addition, the interest rates and present 
value factors used in the life-cycle cost calculation of the ground source heat pump system 
concept in the original optimization analysis are present in the same table. 
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Table 35. Interest rates and present value factors used in the optimization and sensitivity 
analyzes of the ground source heat pump system concept. 

Original optimization analysis 
Nominal interest rate 5.1 % 
Inflation 2.0 % 
Escalation for energy prices 1.0 % 
Real interest rate (equation 6) 3.0 % 
Escalated real interest rate (equation 7) 2.0 % 
Holding period of investments 25 a 
Running time period of annual maintenance costs 23 a 
Present value factor of maintenance costs (equation 8) 16.38 a 
Present value factor of energy costs (equation 9) 19.48 a 
Present value factor of single payment transaction, taking place in the 
year 15 (equation 10) 

 
0.64 

Present value factor of single payment transaction, taking place in the 
year 20 (equation 10) 

 
0.55 

Present value factor of the residual value of investment after 25 years 
(equation 10) 

 
0.47 

Additional sensitivity analysis 
Nominal interest rate 9.1 % 
Inflation 2.0 % 
Escalation for energy prices 1.0 % 
Real interest rate (equation 6) 7.0 % 
Escalated real interest rate (equation 7) 5.9 % 
Holding period of investments 25 a 
Running time period of annual maintenance costs 23 a 
Present value factor of maintenance costs (equation 8) 11.31 
Present value factor of energy costs (equation 9) 12.90 
Present value factor of single payment transaction, taking place in the 
year 15 (equation 10) 

 
0.36 

Present value factor of single payment transaction, taking place in the 
year 20 (equation 10) 

 
0.26 

Present value factor of the residual value of investment after 25 years 
(equation 10) 

 
0.19 

 
The optimization analysis was carried out again with the new interest rate levels and pre-
sent value factors presented in the Table 35. The present value factors of different trans-
actions are considerable lower than in the actual optimization analysis. This means that 
the investment cost becomes more important in the life-cycle cost calculation. The results 
of the sensitivity optimization analysis with the higher interest rates are presented in Fig-
ures 34 and 35. Fig. 34 presents the present value of life-cycle cost as a function of the E-
value. Fig. 35 presents the investment cost as a function of the E-value. Furthermore, the 
cost-optimal solutions of the original optimization analysis and the new sensitivity anal-
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ysis are also presented in the figures. The figures present results of every individual sim-
ulation with the Pareto-optimal solutions being highlighted. Total of 512 simulations were 
carried out with the ground source heat pump system concept in the sensitivity analysis 
optimization, which is enough to form a solid Pareto front and to define the new cost-
optimal level of the concept. In addition, the Pareto-optimal solutions of the original op-
timization analysis are also presented in the figures for comparison. 
 

 
Figure 34. Optimization of the ground source heat pump system concept with the 3.0 % 
and 7.0 % real interest rates, life-cycle cost presented. 
 

 
Figure 35. Optimization of the ground source heat pump system concept with the 3.0 % 
and 7.0 % real interest rates, investment cost presented. 



89 
 

Fig. 35 presents what energy performance level can be achieved with different investment 
cost. It can be seen that the difference in investment cost is approximately 20 €/m2 be-
tween the cost-optimal solutions of the original optimization and the sensitivity optimi-
zation analyzes with the investment cost of the cost-optimal solution being lower in the 
sensitivity analysis. The new cost-optimal level with the higher interest rate is presented 
in Table 36 in addition to the cost-optimal level of the original optimization analysis of 
the ground source heat pump system. Furthermore, new recommendable energy perfor-
mance renovation measures for different energy performance target levels are presented 
in Table 37. 
 
Table 36. The cost-optimal level of the ground source heat pump system concept with the 
3.0 % and 7.0 % real interest rates. 

 
Main heating system 

Cost-optimal level (3.0 %) 
LCC 
[€] 

LCC 
[€/m2] 

E-value 
[kWh/m2,a] 

Ground source heat pump 1 067 700 289 124 
(No energy performance 
measures, initial situation) 

(1 346 640) (364) (165) 

 
Main heating system 

Cost-optimal level (7.0 %) 
LCC 
[€] 

LCC 
[€/m2] 

E-value 
[kWh/m2,a] 

Ground source heat pump 898 860 - 910 450 243 - 246 146 - 124 
(No energy performance 
measures, initial situation) 

(1 018 703) (276) (165) 

 
Table 37. Recommendable energy performance renovation measures in the 1960s apart-
ment buildings with a 7.0 % real interest rate. 

Energy perfor-
mance target 
level, E-value 
[kWh/m2,a] 

Main 
heating 
system 

 
1 

 
2 

 

 
3 

 
4 

 
5 

 
6 

 
LCC 
[€/m2] 

 
IC 

[€/m2] 

140 (minimum 
requirement) 

GSHP 83 85 0 100 2.5 No 244 139 

130 (C-class) GSHP 81 170 0 300 2.5 No 246 146 
120 GSHP 136 168 0 300 2.5 No 254 161 
110 GSHP 127 170 0 350 1.0 No 279 195 

100 (B-class) GSHP 80 155 0 100 2.5 Yes 324 253 
90 GSHP 80 170 0 100 1.0 Yes 351 288 

75 (A-class) GSHP 76 170 150 500 1.0 Yes 431 386 
1 = power output of the heat pump system, [kW] 
2 = area of PV-panels, [m2] 
3 = thickness of additional thermal insulation of external walls, [mm] 
4 = thickness of additional thermal insulation of roof, [mm] 
5 = window replacement, U-value, [W/m2 K] 
6 = renovation of ventilation system 
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LCC = present value of life-cycle cost, 25 years, [€/m2] 
IC = investment cost, [€/m2] 
 
The higher interest rate shifts the cost-optimal solution of the optimization analysis to-
wards the higher E-values. The overall effect of the interest rate is quite significant. The 
E-value of the new cost-optimal solution with the higher 7.0 % real interest rate is ap-
proximately 20 % higher than it was with the 3.0 % real interest rate. Furthermore, the 
initial reference situation, where no energy performance measures are carried out, shifts 
closer to the cost-optimal level and Pareto front with the higher interest rate. This would 
be even more significant, if the other main heating system concepts were optimized again 
with the higher interest rate as well. Then all of the system concepts would not have nec-
essarily been better options than the initial reference situation. 
 
However, it should be noticed that even though the cost-optimal solution of the sensitivity 
analysis optimization shifts towards the higher E-values, the cost-optimal level of the 
present value of life-cycle cost is almost unchanged to the E-value of 124 kWh/(m2,a) as 
shown in the Figure 34 and in the Table 36. The E-value of 124 kWh/(m2,a) was the cost-
optimal level of the original optimization analysis with the 3.0 % real interest rate. So 
basically more Pareto-optimal solutions are discovered with the higher interest rate, but 
the decrease in the present value of life-cycle cost is negligible. 
 
The recommendable renovation measures are not very different with the higher interest 
rate level. The major difference is only at the cost-optimal level of the optimization. With 
the higher 7.0 % real interest rate the optimal area of PV-panels is approximately 80-90 
m2 in the cost-optimal solution, when it was the maximum 170 m2 with the 3.0 % real 
interest rate. Furthermore, the optimal dimensioning of the heat pump system’s power 
output seems to be a little lower at the cost-optimal level and also at the higher E-values, 
but a little higher at the higher energy performance target levels (E-value ≤ 100 
kWh/m2,a), respectively. 
 
The major effect of the higher interest rate is that the transactions happening in the future 
have less impact on the present value of life-cycle cost. This can also be seen from the 
results of this sensitivity analysis. The present value factor of the energy cost was 19.48 
a with the 3.0 % real interest rate and the same factor was only 11.31 a with the 7.0 % 
real interest rate. Basically this means that the reduction in energy cost is 42 % by simply 
altering the interest rate. This reduction means that the energy performance and energy 
savings of the selected concept have to be that much better compared to the initial refer-
ence solution. Furthermore, the investment cost starts to play a major role with the higher 
interest rates and the reference solution is always closer to the cost-optimal solutions of 
the optimized concepts. 
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5.4.3 Use of single-objective optimization 
The second sensitivity analysis studies the effect of single-objective optimization on the 
results. Only the life-cycle cost of the building is minimized in the single-objective opti-
mization. The algorithm used in the single-optimization analysis was the Omni-Opti-
mizer. Total of 512 simulations were carried out in the single-objective optimization with 
a population size of 16. The setup of the selected optimization algorithm is presented in 
Table 38. 
 
Table 38. The optimization algorithm setup in the single-objective optimization. 
Algorithm Omni-Optimizer 
Population Size 16 
Generations 32 
Mutation Probability 0.05 
Crossover Probability 0.8 

 
The results of the single-objective optimization of the ground source heat pump system 
concept are presented in Figure 36 with the optimal solution being highlighted. Further-
more, the cost-optimal solutions of the single- and multi-objective optimization analyzes 
are also presented in Fig. 36. In addition, the Pareto-optimal solutions of the multi-objec-
tive optimization are also presented in the figure for comparison. The interest rates and 
present value factors of the single-objective optimization are identical with the multi-
objective optimization analysis, so the results are fully comparable. 
 

 
Figure 36. Optimization of the ground source heat pump system’s life-cycle cost with the 
multi- and single-objective optimization. 
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The results of the optimization indicate that there are no benefits to be gained with the 
single-objective optimization over the multi-objective optimization. The cost-optimal so-
lution of the multi-objective optimization is practically the same as the optimal solution 
of the single-objective optimization. The result graph of the single-optimization is a little 
different, because the only objective of the optimization algorithm is to minimize the life-
cycle cost. It doesn’t matter what the energy performance of the concept is in this optimi-
zation method, because the only thing that matters is the minimum life-cycle cost. How-
ever, the same life-cycle cost level can also be achieved using the multi-objective optimi-
zation analysis. 
 
The optimization algorithm needed 494 simulations to find the minimum life-cycle cost. 
The recommendable energy performance renovation measures are the same as the recom-
mendable measures with the multi-objective optimization analysis presented in the Table 
31. Basically the only difference between the cost-optimal solutions is to install 150 mm 
additional thermal insulation to the roof instead of 250 mm shown in the Table 31. A 
more detailed comparison between the results of the single- and multi-objective optimi-
zation analyzes is presented in Table 39. 
 
 
Table 39. The cost-optimal level achieved with different optimization methods. 

 
Main heating system 

Cost-optimal 
level, LCC (25 a) 

[€/m2] 

Investment cost 
[€/m2] 

E-value 
[kWh/m2,a] 

Ground source heat pump, 
single-objective optimization 

288.6 149 124 

Ground source heat pump, 
multi-objective optimization 

288.8 150 124 

(No energy performance 
measures, initial situation) 

(364) (89) (165) 
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6 Proposal for a reasonable nZEB level in existing 
apartment buildings 

 
A reasonable suggestion for a nearly zero-energy building energy performance require-
ment level of existing apartment buildings is presented in this chapter. There is enough 
result data obtained from this study to determine a reasonable nearly zero-energy building 
level for existing apartment buildings. The cost-optimal level of energy performance ren-
ovation measures is approximately at the minimum energy performance requirement level 
of new apartment buildings. With the heat pump systems the cost-optimal level is a little 
below and with the district heating system a little above the E-value of 130 kWh/(m2,a), 
which is the minimum energy performance requirement level of new apartment buildings 
at the moment (NBCF D3 2012). 
 
According to the calculations and analyzes carried out in this study, the recommendable 
nZEB level for existing apartment buildings is approximately at the average cost-optimal 
level of the main heating system concepts studied, which is approximately the minimum 
energy performance target level of new apartment buildings. When the small sensitivity 
analyzes carried out with the interest rate selection are taken into account, the recom-
mendable nZEB level for existing apartment buildings is: 

o E-value = 130 kWh/(m2,a). 
 
The recommendable nZEB level is presented in Figure 37 along with recommendable 
energy performance improving measures. Furthermore, the current minimum energy per-
formance requirement level of renovations is also presented in Fig. 37 along with the 
current proposal for nZEB in new apartment buildings. 

 
Figure 37. Recommendable energy performance renovation measures with different main 
heating systems and proposal for the nZEB level in existing apartment buildings (EAB). 
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Table 40. Description of which energy performance measures correspond to each point 
in Figure 37. 

Point 1 2 3 4 5 6 7 
 
 

District 
heating 
system 
(DH) 

large PV-
panel area, 
additional 
thermal in-
sulation of 
roof, 30-40 

m2 solar 
collector 

area 

point 1 + re-
placement 

of windows, 
60-70 m2 

solar collec-
tor area 

point 1 + 
renovation 
of ventila-
tion sys-

tem 

point 3 + 
40-50 m2 
solar col-
lector area 

point 4 + 
replace-
ment of 

windows, 
60-65 m2 
solar col-
lector area 

point 3 + 
additional 
thermal in-
sulation of 

external 
walls, 55-65 

m2 solar 
collector 

area 

point 6 + 
window 
replace-
ment, 90 
m2 solar 
collector 

area 

 
Exhaust 
air heat 
pump 
system 

(EAHP) 

large PV-
panel area, 
additional 
thermal in-
sulation of 
roof, maxi-
mum heat 

pump power 
output 

can be 
achieved 
with the 
measures 

presented in 
point 1 

can be 
achieved 
with the 
measures 
presented 
in point 1 

point 1 + 
replace-
ment of 

windows 

point 1 + 
additional 
thermal 

insulation 
of external 

walls 

point 5 + re-
placement 

of windows 

unreacha-
ble with 
the main 
heating 
system 
concept 

 
Ground 
source 
heat 

pump 
system 
(GSHP) 

large PV-
panel area, 
additional 
thermal in-
sulation of 
roof, heat 

pump power 
output  

(60 %)* 

can be 
achieved 
with the 
measures 

presented in 
point 1 

point 1, 
heat pump 

power 
output  

(80 %)* 

point 3 + 
replace-
ment of 

windows, 
heat pump 

power 
output 

(>90 %)* 

point 1 + 
renovation 
of ventila-
tion, heat 

pump 
power 
output  

(45 %)* 

point 5 + re-
placement 

of windows, 
heat pump 
power out-

put  
(45 %)* 

point 6 + 
additional 
thermal 

insulation 
of exter-
nal walls, 
heat pump 

power 
output  

(45 %)* 
 

Air to 
water 
heat 

pump 
system 

(A2WHP) 

large PV-
panel area, 
additional 
thermal in-
sulation of 
roof, heat 

pump power 
output  

(45 %)* 

can be 
achieved 
with the 
measures 

presented in 
point 1 

can be 
achieved 
with the 
measures 
presented 
in point 1 

point 1 + 
additional 
thermal 

insulation 
of external 
walls, heat 

pump 
power 
output 

(40 %)* 

point 1 + 
renovation 
of ventila-
tion sys-
tem, heat 

pump 
power 
output  

(33 %)* 

point 5 + 
additional 
thermal in-
sulation of 

external 
walls, heat 

pump power 
output  

(30 %)* 

unreacha-
ble with 
the main 
heating 
system 
concept 

* = dimensioning power of the heat pump system from the total dimensioning heating 
power of the building 
REF = no energy performance improving measures. 
 
Table 40 presents what are the general guidelines with different energy performance im-
proving measures to achieve a certain energy performance target level. The Figure 37 and 
Table 40 present that it is not very difficult to achieve the proposed nZEB level of existing 
apartment buildings (point 2) with the heat pump systems. All of the studied heat pump 
systems deliver sufficient energy performance improvements along with the solar elec-
tricity system to meet the proposed nZEB level of existing apartment buildings. Further-
more, the proposed nZEB level (point 2) can also be achieved with fairly low life-cycle 
cost with the district heating system as well. If the proposed E-value of the nZEB level of 
existing apartment buildings was considerably lower than the proposed 130 kWh/(m2,a), 
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then the investment and life-cycle cost would be higher and the nearly zero-energy build-
ing level would not be reasonable or cost-effective anymore. 
 
The Decree on improving energy performance in renovations (2013/4), which includes 
the current regulations for improving energy performance in renovations, sets the energy 
performance target level for existing apartment buildings at 0.85 x the initial E-value of 
the building. The nearly zero-energy building definition for existing apartment buildings 
presented in this study means that approximately 10 % increase in energy performance is 
required compared to the current regulations and minimum requirements to improve the 
existing apartment building stock to the nZEB level. According to the FInZEB project, 
the proposed E-value of the nZEB level of new apartment buildings is 116 kWh/(m2,a) at 
the moment (finzeb.fi). 
 
This means that the difference between the E-values of new apartment buildings, defined 
by the FInZEB project (finzeb.fi), and existing apartment buildings, defined by this study, 
is approximately 11 %. This rather small difference becomes reasonable, when the effect 
of additional thermal insulation of the building envelope on the overall energy perfor-
mance of the building is taken into account. The additional thermal insulation of the build-
ing envelope does not have a significant impact on the overall energy performance or on 
the E-value of the building, as this study clearly presents. Especially the additional ther-
mal insulation of external walls, which is a significant investment, is not a recommenda-
ble energy performance improving measure. Furthermore, this view has been confirmed 
in numerous recent studies as well (Saari et al. 2010, Vainio et al. 2012). When this aspect 
is taken into account, it is justified to set the energy performance target level of existing 
nearly zero-energy apartment buildings fairly close to the energy performance target level 
of new nearly zero-energy apartment buildings defined by the FInZEB project (finzeb.fi). 
 
The proposed nZEB level of existing apartment buildings, Ebuilding = 130 kWh/(m2,a), is 
applicable to all existing apartment buildings, even though only a typical 1960s apartment 
building was studied in this thesis. This is due to the fact that the energy performance of 
the 1970s, 1980s and 1990s apartment buildings is typically better than the energy per-
formance of the 1960s apartment buildings, because of the building regulations that came 
into force in 1976. For this reason the E-value of the cost-optimal level of renovation 
measures is probably even lower than the E-value of the cost-optimal level determined in 
this study. Basically this means that the proposed E-value of the nZEB level should be 
easier to achieve in the newer apartment buildings.  
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7 The usability and reliability of the optimization analy-
sis 

7.1 The usability of optimization analysis in energy performance 
renovations 

The simulation-based optimization analysis is an efficient and useful tool in the designing 
process of energy performance renovations. The optimization method used in this study, 
MOBO, is a new optimization software that works well and can be utilized in multi-ob-
jective building performance optimization analyzes. There was an unlimited budget re-
served for energy performance renovation measures to point out all possible solutions. 
However, in real life the situation is different. There is always a limited budget reserved 
for energy performance improving measures. Furthermore, all of the renovation 
measures, such as the basic refurbishment of external walls, window replacement or the 
heat pump investment, are not carried out simultaneously in the beginning of the invest-
ment holding period. 
 
The actual situation might be that the external walls or windows of the existing building 
are renovated in the first year, the renovation of the heating system is necessary after five 
or ten years and the solar energy systems are installed after three or eight years. The prof-
itability of an energy performance renovation investment should always be analyzed with 
other long-term renovation measures planned to be carried out. The question is what 
should be carried out and where should be invested. These kind of complex and diverse 
situations can be solved with the optimization analyzes. The properly carried out optimi-
zation analysis will give optimal solutions for these kind of problems and also many rec-
ommendable renovation options, if compromises have to be made. 
 
Different energy performance renovation scenarios and variations can be carried out with 
the optimization analysis. In addition, various sensitivity analyzes with different interest 
rates, investment costs and different technical specifications of the HVAC systems can 
be carried out. A good example of a typical optimization problem is how to invest a cer-
tain amount of money, for example 200 000 euros, to gain maximum energy performance 
improvements and energy savings during the holding period of the investment. Further-
more, when there is a certain demand for the return on investment and there are many 
different energy performance measures that can be carried out, determining the optimal 
solution without optimization analysis becomes difficult and time-consuming. In addi-
tion, once the simulation model has been created and the optimization algorithm has been 
configured, different sensitivity analyzes and optimization scenarios can be carried out 
with minimal effort. This makes updating the initial optimization analyzes possible in the 
future. 
 
In a more large-scale vision, the energy performance optimization could be used to define 
entire renovation concepts for residential buildings of different eras. This study defines 
the cost-optimal energy performance renovation solutions for the apartment buildings 
built in the 1960’s. However, cost-optimal renovation solutions and measures could be 
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defined for apartment buildings built in the 1950’s, 1970’s and 1980’s with the optimiza-
tion analysis as well. This would take the different aspects and features of apartment 
buildings built in different eras into account. Optimization analysis could also be used by 
authorities and consultants to define new energy performance regulations, minimum re-
quirement levels and guidelines for energy performance renovations. Even the cost-opti-
mal concepts to renovate the existing residential buildings of different eras to nearly zero-
energy buildings could be defined by the simulation-based optimization analysis. 
 
Furthermore, optimization analysis of energy performance renovations could also be used 
not just in residential buildings, but in all types of buildings. Cost-optimal renovation 
solutions could be defined for existing office buildings, schools, nursery schools, com-
mercial buildings and even hospitals. This would require a huge amount of cost and other 
data to be processed, but it is possible to be carried out with the optimization analysis. As 
the existing buildings cover approximately 40 % of the total energy consumption and the 
renovation of existing buildings is approximately 50 % of the whole construction busi-
ness, it would be reasonable to define cost-optimal and recommendable renovation con-
cepts for all existing building types and not just for residential buildings. With the modern 
simulation-based optimization methods, defining these concepts utilizing the optimiza-
tion analysis is possible. 
 

7.2 The usability and reliability of the results 
The usability and reliability of the results depend heavily on the accuracy of the initial 
data used in the optimization analysis. The actual optimization with MOBO seems to be 
a well-functioning and reliable process. Different optimization algorithms work well and 
the results of the optimization are versatile and accurate. In addition, there were no major 
problems or errors with the optimization analyzes carried out in this study. All the minor 
problems that occurred during the optimization were solved almost immediately. So ba-
sically the results of the optimization analysis are as accurate and usable as the data used. 
The most important data in the optimization of life-cycle cost is the cost data. The cost 
data has a significant impact on the results and it must be as accurate as possible to obtain 
reliable results. 
 
The cost estimates always include some kind of tolerance in the price, so perfectly accu-
rate cost data of different energy performance improving measures is practically impos-
sible to use. The real cost of an energy performance renovation measure carried out in a 
building is known only after the renovation measure has been carried out and the renova-
tion is completed. For this reason, it would be reasonable to carry out a few sensitivity 
analyzes to point out the effect of cost data used in the LCC calculation on the results. 
This is recommendable if a major energy performance renovation of the building is going 
to be conducted and there are many different alternatives that can be carried out, such as 
an investment in a heat pump system, renovation of ventilation system, replacement of 
windows or investment in solar energy systems. 
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The interest rates used in the optimization analysis also have a significant impact on the 
results of the life-cycle cost calculation. Increasing the interest rate means that more profit 
is wanted from the energy performance renovation investment. This means that more en-
ergy efficient measures must be selected to maintain the same energy performance level 
than with the lower interest rate. Furthermore, the development of increasing energy and 
general prices is practically impossible to predict. The inflation and escalation of energy 
price percentages used in studies and analyzes are always just estimates. It is impossible 
to accurately predict the situation in 20, 25 or 30 years. For this reason, the longer the 
period of analysis is the more inaccuracy is also related to the results. VTT Technical 
Research Centre of Finland (2014) has estimated that with a 25-30 year holding period 
there is as much as 20-25 % inaccuracy possibility related to the results of the analysis, 
caused by the long investment holding period alone. The effect of interest rates and the 
holding period of investments selected in the optimization analysis are practically as im-
portant as the cost data used in the analysis to obtain usable and reliable results. 
 
The use of an accurate simulation model of the building examined is also important, even 
though the accuracy of the model doesn’t have as significant impact on the results as the 
accuracy of the cost data has, if the main features of the model are in order. The more 
detailed simulation model is used the more accurate energy consumption results are ob-
tained. Even the small features of the simulation model might have a significant impact 
on the energy consumption of the building. A good example of this is the usage profile of 
the blinds in windows. If the blinds are drawn throughout the year, the solar radiation 
gains during the heating season might be as much as 50-60 % lower than in the situation, 
where the blinds are open in the heating season and drawn only during the summer time 
to avoid excessive increase in indoor air temperature. This approach is actually closer to 
the real life situation as the blinds are typically open during the heating season. 
 
One important aspect in the energy performance simulation of buildings is the usage pro-
files of internal heat gains. This aspect has a significant impact on the results of the energy 
simulation and for this reason also on the results of the optimization analysis. If the energy 
performance target of the analyzed residential building is set by using the current defini-
tion of the E-value, then there are no problems with the simulation as the internal gains 
and their usage profiles are standardized and fixed. However, if other analyzes are carried 
out with the real usage profiles of the internal heat gains, it must be taken into account in 
the energy simulation. Especially the usage profiles of lighting and household equipment 
have a significant impact on both the E-value and the utilization rate of solar-based elec-
tricity production. Using more detailed usage profiles makes the whole analysis different 
and more complicated. However, the effects of these more detailed usage profiles are not 
discussed in this study, as the energy performance calculation of residential nearly zero-
energy buildings is also carried out using the standardized usage profiles of internal heat 
gains defined in the current NBCF, part D3 (2012). 
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7.3 Restrictions and challenges of the optimization analysis 
The major downside of the optimization analysis is the long simulation time. Carrying 
out a complete analysis for a specific building takes several days, depending on the sim-
ulation method used. If additional sensitivity analyzes are carried out, this makes the 
overall optimization process even more time-consuming. The positive side in this is that 
the optimization process itself is automatic and the person carrying out the optimization 
doesn’t need to regularly monitor the progress of the optimization. Basically all that is 
needed is to configure the simulation and optimization programs according to the objec-
tive of the optimization, start the optimization and collect the results when they are ready. 
In more organized optimization analyzes, several computers should be used to carry out 
the different optimization scenarios, such as the basic optimization and a few sensitivity 
analyzes, simultaneously. 
 
Another problem with the simulation-based optimization at the moment is combining the 
optimization and simulation software as a one well-functioning tool. Both simulation and 
optimization software are still individual programs and it takes a considerable amount of 
time, effort and understanding of computer science to combine them as entity. The simu-
lation-based optimization analyzes are basically conducted mainly by universities and 
other research institutes solely for research purposes at the moment. Configuring the op-
timization and simulation software is simply too complex and time-consuming for large-
scale use by engineering and consulting companies. This feature will definitely change in 
the near future, when more time is spent in the development of both simulation and opti-
mization software. MOBO and IDA-ICE form an extremely usable tool to carry out sim-
ulation-based optimization analyzes, even though setting up the optimization and simu-
lation software requires time and effort at the moment. 
 
A minor problem at the moment is also the usability of the optimization software, even 
though this aspect has improved significantly over the last year. To set up the simulation 
software with the optimization software to correspond the calculation phase wanted to be 
carried out is pretty complex. This can be carried out by using input functions in MOBO, 
but using these input functions still requires a comprehensive understanding of the simu-
lation tool and its features, such as IDA-ICE, used in the optimization. If the simulation 
tool doesn’t adapt efficiently and fast enough to the altering situations defined by the 
optimization algorithm, the simulation might crash and abort the entire optimization pro-
cess. Even though the simulation wouldn’t crash, the results of the optimization might not 
be reliable and usable. There are many small features and values included in the energy 
simulation of IDA-ICE that have to be altered in every simulation round according to the 
parameters used in MOBO in that particular optimization round. These values can be 
changed using the input functions of MOBO, but configuring these input functions 
properly requires attention as they have to be configured correctly to ensure proper and 
problem-free simulation during the optimization analysis. 
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8 Conclusions 
The objective of this study was to determine the cost-optimal energy performance im-
proving renovation solutions in typical Finnish 1960’s apartment buildings. The research 
method used to determine the cost-optimal solutions was the simulation-based optimiza-
tion analysis. Cost-optimal renovation measures were studied for different main heating 
systems that are typically used in Finnish apartment buildings. All typical energy perfor-
mance improving measures carried out in existing Finnish apartment buildings were taken 
into account in this study. In addition, the energy performance and cost-optimality of 
different heat pump systems were studied closely. 
 
The main conclusion of the study is that reasonable and cost-optimal renovation guide-
lines and concepts can be defined for the Finnish 1960’s apartment buildings using the 
results of this study. In addition, general guidelines for energy efficient and cost-effective 
renovation measures can also be defined in existing apartment buildings built in the 
1970’s and 1980’s. Furthermore, the results of this study will help to define a reasonable 
energy performance target level of nZEB for existing Finnish apartment buildings. A pro-
posal for a reasonable energy performance target level of nZEB in existing Finnish apart-
ment buildings was defined at 130 kWh/(m2,a) in this study, which is the current mini-
mum energy performance requirement level of new apartment buildings. This is approx-
imately a 10-15 % improvement over the current minimum energy performance require-
ments of the Decree on improving energy performance in renovations (2013/4). 
 
According to this study, the heat pump systems are the most profitable and recommend-
able renovation measures in the existing 1960’s apartment buildings, when the overall 
energy performance and cost-optimality are discussed. Especially the ground source heat 
pump system proved to be a very recommendable main heating system concept in the 
studied 1960’s apartment building. Furthermore, all of the studied heat pump systems 
delivered better energy performance and cost-effectiveness than the district heating sys-
tem, which was the original main heating system of the studied building. 
 
According to the results, the E-value of the heat pump systems’ cost-optimal level was 
approximately 10-15 % lower than the E-value of the district heating system’s cost-opti-
mal level. The cost-optimal solutions of the studied main heating system concepts met 
the current minimum energy performance requirement level of the Decree on improving 
energy performance in renovations (2013/4). In addition, the cost-optimal solutions of the 
heat pump systems also met the proposed nZEB target level, E-value = 130 kWh/(m2,a), 
of existing apartment buildings. 
 
The investment cost of the reference solution, where no energy performance improving 
measures are carried out, was approximately 90 €/m2. The cost-optimal level of the dis-
trict heating system concept was achieved with approximately 110 €/m2 investment cost. 
The cost-optimal levels of the ground source and air to water heat pump system concepts 
were achieved with approximately 150 €/m2 investment cost and the cost-optimal level 
of the exhaust air heat pump system concept was achieved with approximately 160 €/m2 
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investment cost. Furthermore, the E-value of the cost-optimal level was the lowest (117 
kWh/m2,a) with the exhaust air heat pump system concept. 
 
The ground source heat pump system is the recommendable main heating system, if the 
energy performance target level is higher than the E-value of the cost-optimal level. The 
proposed nZEB level of new apartment buildings, Ebuilding ≤ 116 kWh/(m2,a) (finzeb.fi), 
could be achieved with approximately 185 €/m2 investment cost, which is approximately 
a 23 % increase in investment cost over the cost-optimal solution of the ground source 
heat pump system concept. The class B of the energy performance certificate, Ebuilding ≤ 
100 kWh/(m2,a) (Decree on EPC 2013), could be achieved with approximately 250 €/m2 
investment cost, which is approximately a 67 % increase in investment cost over the cost-
optimal solution of the ground source heat pump system concept. The highest energy 
performance target level of the Finnish apartment buildings, the class A of the energy 
performance certificate, Ebuilding ≤ 75 kWh/(m2,a) (Decree on EPC 2013), could be 
achieved with approximately 380 €/m2 investment cost with both the district heating and 
the ground source heat pump system. This is approximately a 153 % increase in invest-
ment cost over the cost-optimal solution of the ground source heat pump system and ap-
proximately a 245 % increase in investment cost over the cost-optimal solution of the 
district heating system. 
 
It should be noticed that even though the investment costs of the higher energy perfor-
mance target levels are considerably higher than the investment cost of the reference so-
lution, where no energy performance improving measures are carried out, the average 
increase in the community fees of the building during the 25-year holding period is not 
drastic. In fact, the proposed nZEB level of existing apartment buildings, Ebuilding = 130 
kWh/(m2,a), can be achieved with a decrease in the community fees with all the heat 
pump systems. The average annual decrease in the community fees is approximately 0.4 
€/m2 with the exhaust air heat pump system, 1.0 €/m2 with the air to water heat pump 
system and 3 €/m2 with the ground source heat pump system. With the district heating 
system, the average annual increase in the community fees is approximately 0.4 €/m2. 
 
Even the class B of the energy performance certificate, Ebuilding ≤ 100 kWh/(m2,a) (Decree 
on EPC 2013), can be achieved with a decrease in the community fees, when the optimal 
energy performance improving measures are selected. The average annual decrease in the 
community fees is approximately 0.7 €/m2 with the ground source heat pump system and 
with the optimal energy performance improving measures presented in the Table 31. If 
the energy performance target level of the renovation was the class A of the energy per-
formance certificate, Ebuilding ≤ 75 kWh/(m2,a) (Decree on EPC 2013), the average annual 
increase in the community fees would be approximately 2.6 €/m2 with the cost-optimal 
solution of that energy performance target level. This would mean an average annual in-
crease of 130 €/a in the community fee of a 50 m2 apartment. 
 
The recommendable energy performance improving measures are investments in the heat 
pump systems and also in the solar-based energy production systems according to this 
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study. A recommendable renovation measure is also to invest in additional thermal insu-
lation of the roof. However, additional thermal insulation of the external walls is not a 
recommendable energy performance improving measure in existing apartment buildings. 
Replacement of windows is a recommendable renovation measure in many cases and 
typically it has to be carried out as well, because the original windows of the building are 
in such a bad condition. Typically the renovation measures regarding the external walls 
and windows of the building are carried out for other reasons, such as to repair structural 
damages or because of the poor condition of the structures. 
 
The renovation of the ventilation system is also not a recommendable renovation measure 
at the moment, when cost-effectiveness is discussed. However, the quality aspects, such 
as improved indoor air quality and thermal comfort, should always be taken into account, 
when the renovation of the ventilation system is considered. 
 
Sensitivity analyzes indicated that the selection of interest rate has a moderate impact on 
the recommendable energy performance improving measures. The effect of interest rate 
selection becomes clearer, when different renovation concepts are compared. According 
to the results, the noticeable difference between the high and low interest rates is the 
dimensioning of the solar electricity system’s PV-panel area. More cost-effective Pareto-
optimal solutions are discovered with the higher interest rate, because the effect of energy 
consumption and production becomes less important in the LCC calculation. The use of 
the single-objective optimization has practically no effect on the results of the optimiza-
tion analysis. The conclusion is that additional sensitivity analyzes should always be car-
ried out, when large-scale renovation measures are planned. 
 
The simulation-based optimization analysis proved to be an extremely effective method 
to define the cost-optimal energy performance renovation solutions of different concepts 
in existing apartment buildings. The optimization software used in this study, MOBO, is 
a functional and efficient tool to carry out single- and multi-objective optimization ana-
lyzes. The general conclusion is that MOBO and IDA-ICE can be effectively used in the 
designing process of energy performance renovation measures and concepts. Further-
more, according to this study, the simulation-based building performance optimization 
can be used as a part of everyday overall designing process of buildings, including archi-
tectural, structural, HVAC, electrical and energy performance aspects. 
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Appendix 1. Detailed descriptions of the structure mate-
rials and their main features. 
 

Table A1.1. Detailed description of the structure materials of external walls. 

Structure D,mm 
λ, 

W/mK 
ρ, 

kg/m³ 
cp, 

J/kgK 
R, 

m²K/W 
1 Thermal resistance (inner)     0.13 
2 Plaster 10 1 1800 1000 0.010 
3 Burnt tile 120 0.650 1500 1000 0.185 
4 Thermal insulation 75 0.063 25 1030 1.190 
5 Burnt tile 60 0.650 1500 1000 0.092 
6 Plaster 10 1 1800 1000 0.010 
7 Thermal resistance (exterior)     0.04 

Total U-value 0.60 W/m²K    
  

Table A1.2. Detailed description of the structure materials of roof. 

Structure D,mm 
λ, 

W/mK 
ρ, 

kg/m³ 
cp, 

J/kgK 
R, 

m²K/W 
1 Thermal resistance (exterior)     0.04 
2 Burnt tile 20 0.650 1500 1000 0.031 
3 Foamed plastic insulation 107 0.040 20 1450 2.675 
4 Concrete 150 2.000 2400 1000 0.075 
5 Plaster 10 0.9 1700 1000 0.011 
6 Thermal resistance (inner)     0.10 

Total U-value 0.34 W/m²K    
 

Table A1.3. Detailed description of the structure materials of base floor, which is con-
nected to the ground. 

Structure D,mm 
λ, 

W/mK 
ρ, 

kg/m³ 
cp, 

J/kgK 
R, 

m²K/W 
1 Thermal resistance (inner)     0.17 
2 Plastic carpet 5 0.17 1200 1400 0.029 
3 Lightweight concrete block 20 0.14 500 1000 0.148 
4 Concrete 200 2.000 2400 1000 0.100 
5 Polystyrene insulation 72 0.04 20 1450 1.800 
6 Ground layer 500 2 2000 1000 0.250 

Total U-value 0.40 W/m²K    
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Table A1.4. Detailed description of the structure materials of internal walls. 

Structure D,mm 
λ, 

W/mK 
ρ, 

kg/m³ 
cp, 

J/kgK 
R, 

m²K/W 
1 Thermal resistance (inner)     0.13 
2 Gypsum board 13 0.21 700 1000 0.062 
3 Wooden frame (at 600 mm) + air gap 70 0.390 1.2 1006 0.179 
4 Gypsum board 13 0.21 700 1000 0.062 
5 Thermal resistance (inner)     0.13 

Total U-value 1.78 W/m²K    
 

Table A1.5. Detailed description of the structure materials of intermediate floors. 

Structure D,mm 
λ, 

W/mK 
ρ, 

kg/m³ 
cp, 

J/kgK 
R, 

m²K/W 
1 Thermal resistance (inner)     0.13 
2 Plastic carpet 5 0.17 1200 1400 0.029 
3 Lightweight concrete block 20 0.14 500 1000 0.148 
4 Concrete 250 2.000 2400 1000 0.125 
5 Thermal resistance (inner)     0.13 

Total U-value 1.78 W/m²K    
 

Table A1.6. Detailed description of the structure materials of external doors. 

Structure D,mm 
λ, 

W/mK 
ρ, 

kg/m³ 
cp, 

J/kgK 
R, 

m²K/W 
1 Thermal resistance (inner)     0.13 
2 Wood 70 0.13 500 1600 0.538 
3 Thermal resistance (exterior)     0.04 

Total U-value 1.41 W/m²K    
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Appendix 2. Technical specifications of the heat pump 
systems used in the energy performance simulations. 
 

Table A2.1. Technical specifications of the NIBE F1345 heat pump system (Nibe 2014). 
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Table A2.2. Technical specifications of the NIBE F2300 heat pump system (Nibe 2014). 
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Table A2.3. Technical specifications of the Mitsubishi CAHV P500YA-HPB heat pump 
system (Scanoffice 2014). 
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Appendix 3. Full technical specifications of the solar 
thermal system used in the energy performance simula-
tions. 
 

Table A3.1. Solar thermal system and its full technical specifications (Savosolar 2014b). 
Specification Description / Value 

Make and model Savosolar SF100-03-DS / SF100-03-DE flat plate 
collector, Full Al Direct Flow MPE Absorber 

Type of construction Flat Plate Solar Thermal Collector 
Absorber type Full Al Double Harp 

External dimensions / collector 2057 x 1059 x 98 mm 
Gross area / collector 2057 x 1059 mm2 (2.18 m2) 

Aperture area / collector 2000 x 1001 mm2 
Absorber area / collector 2000 x 1001 mm2 

Efficiency η0 = 0.92 (solar radiation conversion factor), 
a1 = 1.8 W/(m2 K), a2 = 0.036 W/(m2 K2) 

Stagnation temperature 176 °C 
Incident angle modifier K (50 °C) = 0.95 

Absorber coating MEMO 3 layer selective PVD coating 
Absorptance 96 +/- 2 % 
Emissivity 5 +/- 2 % 

Header tube DS ϕ22 / DE ϕ18 
Max. operating pressure 1000 kPa (10 bar) 

Pressure drop 910 Pa @ 82 kg/h 
Thermal insulation 50 mm mineral wool 

Glass covering Sunarc tempered solar safety AR glass 
Solar transmittance of the 

glass / Thickness 
96.1 % / 3.2 mm (AR) 

Liquid content 1.9 liters 
Weight empty 35 kg 

Tilt angle 0-90° for rooftop and free standing setup 
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Figure A3.2. Dimensions of the solar thermal collectors (Savosolar 2014b). 

 
Figure A3.3. Construction of the solar thermal collectors (Savosolar 2014b). 
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Appendix 4. Full technical specifications of the solar 
electricity system used in the energy performance sim-
ulations. 
 

 
Figure A4.1. Full technical specifications of the solar electricity system (Q-Cells 2014).
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Appendix 5. Technical description of the ideal heat stor-
age tank model in the IDA-ICE ESBO plant. 
 
Operation of a real heat pump system 
A typical modern real heat pump system, which is operating at variable condensing tem-
peratures and with an exchange valve is presented in Figure A5.1. Fig. A5.1 presents 
operation of a typical ground source heat pump system with main key features being 
highlighted. Fig. A5.1 represents typical operating conditions of the heat pump system in 
the heating season, not the operating conditions at the dimensioning outdoor temperature, 
which is not realized during the entire heating season in most years. The operating con-
ditions described in this technical description represent the typical operating conditions 
of different applications realized in operation of real heat pump systems. 
 

 
Figure A5.1. Heat pump system with an exchange valve and variable condensing temper-
ature operation. 
 
When the outdoor temperature is -5 °C, which is a typical outdoor temperature in South-
ern Finland during the winter time, the typical operating temperatures in the heating sys-
tem are for example 34 °C (supply water) and 26…28 °C (return water) in a low-temper-
ature heating system, such as low-temperature radiator or water-based floor heating sys-
tem. A low-temperature heating system is typically always selected when it is possible, 
if a heat pump system is selected as the main heating system of the building. 
 
In the Figure A5.1 the supply water temperature of the ventilation heating system is 34 
°C and the return water temperature is 28 °C when the outdoor temperature is -5 °C. Low-
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temperature heating coils with dimensioning temperatures of 45/35 °C are used in the air 
handling units, which is reasonable as a heat pump system is selected as the main heating 
system of the building. The supply water temperature control (heating curve) of the ven-
tilation system is set to be a little steeper than the supply water temperature control of the 
space heating system, which is a typical situation in many cases. The operating tempera-
tures of the space heating system are 30 °C (supply) and 26 °C (return) at the -5 °C out-
door temperature. The lower supply water temperature of the space heating system is 
realized using a shunt valve, where the supply and return waters of the heating system are 
mixed, and an additional circulation pump. The more detailed descriptions of the heat 
pump system and heat storage tanks are presented below. 
 
3* = Heat pump system. The heat pump system is heating either domestic hot water 
(DHW) or heating systems (ventilation and space heating) at a time, it is not heating both 
at the same time. Typically the DHW heating is prioritized and when the heating demand 
of the DHW occurs, the heat pump system heats DHW. The exchange between the heating 
of different systems is controlled via the exchange valve. When the exchange valve 
switches the heating from one temperature level to another, the condensing temperature 
of the heat pump system changes to correspond the new temperature level of the heating 
system (variable condensing temperature operation). This means that the heat pump sys-
tem can change the temperature level it is required to heat between low and high (heating 
systems  DHW) fast, practically in 15-60 seconds. 
 
Two separate heat storage tanks are used to gain maximum benefits from the low-tem-
perature heating system. If only one heat storage tank was used, the heat pump system 
would have to operate at high condensing temperatures throughout the year, because the 
heating of DHW requires high temperatures to maintain the DHW temperature at or over 
55 °C at all times. As the heat pump system is not heating both of the heat storage tanks 
(heating systems and DHW) at the same time, a separate heat storage tank is required for 
the ventilation and space heating system as well. Otherwise there would be no water cir-
culation in the heating system when the heat pump system is heating DHW and the heat-
ing coils of the air handling units would freeze in this case. 
 
When the heat pump system is heating the high-temperature DHW storage tank (supply 
water 60°C), the return water temperature circulating back to the heat pump system is 
approximately 53 °C. Then again, when the heat pump system is heating the low-temper-
ature storage tank of the heating systems (supply water 34 °C), the return water tempera-
ture circulating back to the heat pump system is approximately 26 °C in this case. 
 
2* = High-temperature heat storage tank. The high-temperature heat storage tank is 
used for DHW heating. The temperature of the tank is above 50 °C throughout the year 
and the average temperature of the tank is approximately 55 °C. Typically there is an 
extra shunt in the DHW system as well to ensure that the DHW temperature delivered to 
the water points is always below 65 °C. According to recent studies (Han et al. 2008, Fan 
& Furbo 2012, Spur et al. 2006, Haller et al. 2009, Cruickshank & Harrison 2010), in a 
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stationary situation, when the heat storage tank is fully loaded, the temperature difference 
between the bottom and the top of the tank is typically just 2-4 °C, depending on the shape 
and height of the storage tank. In typical dynamic operating conditions, not in the dimen-
sioning conditions, when a moderate or average consumption of domestic hot water oc-
curs in the building for some time and the heat pump system starts to heat the high-tem-
perature DHW tank, the temperature difference between the bottom and the top of the 
tank increases a little bit and is approximately 5-8 °C. This happens because the domestic 
cold water at +5 °C temperature is mixed in the DHW at the bottom of the tank. This is 
demonstrated in the Figure A5.1, where the temperature difference between the bottom 
and the top of the tank is 5 °C in the average DHW consumption conditions. 
 
1* = Low-temperature heat storage tank. The low-temperature heat storage tank is 
used for ventilation and space heating. The temperature of the tank is controlled according 
to the outdoor temperature via a specific heating curve. During the summer time, when 
heating of ventilation and spaces is not required, the temperature of the storage tank is 
approximately 20 °C. During the heating season, the temperature of the tank changes 
according to the outdoor temperature. An example of a typical temperature control of the 
low-temperature heat storage tank is presented in Figure A5.2. The figure presents the 
heating curve of the storage tank, when a low-temperature heating system is utilized in 
both space heating and ventilation heating systems. 
 

 
Figure A5.2. The temperature control of the low-temperature heat storage tank according 
to the outdoor temperature. 
 
In typical operating conditions presented in the Figure A5.1, when the outdoor tempera-
ture is -5 °C, the supply and return water temperatures of the ventilation heating system 
are 34/28 °C. The temperatures of the space heating system are 30/26 °C at the same time, 
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respectively. The lower supply water temperature of the space heating system is mixed 
with the shunt valve (S). The temperature of the return water circulating back to the low-
temperature heat storage tank is somewhere between 26…28 °C, depending on the flow 
rates of the ventilation and space heating systems. With these kind of supply and return 
water temperatures, the temperature profile of the low-temperature heat storage tank is 
very close to the temperature profile presented in the Figure A5.1, where the temperature 
difference between the bottom and the top of the tank is 8 °C (top 34 °C, middle 30 °C 
and bottom 26 °C). 
 
Operation of a heat pump system in the IDA-ICE ESBO plant 
The heat pump system model setup and the heat pump system connection to the ideal heat 
storage tank model in the IDA-ICE ESBO plant are presented in Figure A5.3.  
 

 
Figure A5.3. The ideal heat storage tank model in the IDA-ICE ESBO plant. 
 
The temperature profile of the storage tank can be seen in the Figure A5.3. The bottom 
part of the tank is at lower temperature and the top part of the tank is at higher tempera-
tures as the colors of the tank model indicate. The space heating system is connected to 
the bottom of the storage tank (Zone hot water), ventilation heating system to the middle 
of the tank (AHU hot water) and the DHW heating system to the top of the tank (Domestic 
hot water). These connections are all on the right side. The heat pump system and the top 
heating system (auxiliary heating system) are connected to the tank from the left side. 
 
The heat storage tank model used in the actual energy simulation is generated using tem-
perature layers. There can be a total of 1-50 temperature layers in one heat storage tank 
model, depending on the desired temperature profile of the heat storage tank. The more 
temperature layers are in the tank model, the more detailed temperature profile of the tank 
model can be achieved. Basically this means that if the desired height of the heat storage 
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tank is for example 2.0 meters and there are 50 temperature layers selected in the tank 
model generation, there is an individual temperature layer with its own specific features 
and temperature in every 40 mm throughout the entire height of the tank model. 
 
The temperature profile of the storage tank model is formed using these temperature lay-
ers. The temperature profile is formed from the heat exchange between these layers 
through mixing and stratification phenomena. When heat is delivered to the bottom of the 
tank model by the heat pump system, the stratification and mixing phenomena between 
the temperature layers transfer the heat towards the top of the storage tank, as would 
happen in a real situation. However, defining the correct mixing and/or stratification fac-
tors is an extremely time-consuming process and requires a lot of effort and thorough 
understanding of the heat transfer in a closed heat storage tank. 
 
In addition, the major problem in this situation would be the fact that the basic user inter-
face of the ESBO plant only includes one heat storage tank for heating and one for cool-
ing. There is a possibility to add the second heat storage tank in the ESBO plant model as 
well, but this feature is not an option in the basic user interface of the IDA-ICE ESBO 
plant. Basically this means that the operation of a real heat pump system with two separate 
heat storage tanks, the high- and low-temperature tanks, couldn’t be correctly simulated 
with the IDA-ICE ESBO plant simulation software. In this case the temperature profile 
of the heat storage tank model would be unnecessary high throughout the year. This 
means that the annual performance of the heat pump system (the SPF-value) would de-
crease significantly and the overall energy consumption of the building would be sub-
stantially higher than it would be with a modern and well-functioning heat pump system 
with variable condensing temperature operation. 
 
These aforementioned problems can be solved by using the ideal heat storage tank model 
in the energy performance simulation. The main difference between the ideal and the real 
heat storage tank models in the IDA-ICE ESBO plant is that there is no significant heat 
transfer between the different temperature layers caused by the mixing and stratification 
phenomena. When the realistic heat transfer inside the tank is discussed, the ideal heat 
storage tank model doesn’t represent a real heat storage tank for this reason. However, 
due to the fact that there is no significant heat transfer between the temperature layers, 
the ideal heat storage tank model actually represents a two separate heat storage tank 
model presented in the Figure A5.1. The bottom part of the ideal tank model represents 
the low-temperature storage tank and the top part of the tank model represents the high-
temperature storage tank. 
 
A more detailed description of the ideal heat storage tank model is presented in Figure 
A5.4, where the key features of the tank model are highlighted to correspond the operation 
of the real ground source heat pump system presented in the Figure A5.1. 
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Figure A5.4. The ideal heat storage tank model with key features in the IDA-ICE ESBO 
plant. 
 
The operation of the heat pump system and the ideal heat storage tank model presented 
in the Figure A5.4 is extremely close to the operation of the real heat pump system pre-
sented in the Figure A5.1. The ideal heat storage tank model can be divided into a low-
temperature (1*) and into a high-temperature (2*) heat storage tanks as presented in the 
Figure A5.4. A more detailed description of the operation is presented below. 
 
3* = Heat pump system. The heat pump system in the IDA-ICE ESBO plant is heating 
either the upper part of the heat storage tank model (2*, DHW) or heating systems (1*, 
ventilation and space heating) at a time, it is not heating both at the same time. When the 
energy simulation is started, the supply and return water connection pipes of the heat 
pump system are continuously moving up and down (=y) in the heat storage tank through 
different temperature layers throughout the entire simulation time period, heating the lay-
ers according to the temperature of the layer. The condensing temperature of the heat 
pump system is continuously changing according to the required temperature level of the 
layer. This means that the condensing temperatures are low at the bottom layers of the 
storage tank (30-40 °C) and high at the top layers of the tank (55-65 °C). So the heat 
pump system is actually heating either heating systems (1*) or DHW (2*), but not both 
at the same time. For this reason the heat pump system in the IDA-ICE ESBO plant op-
erates as a real heat pump system equipped with an exchange valve to heat either DHW 
or heating systems (Figure A5.1). Other features regarding the operation of the heat pump 
system are similar as explained in the description of the real heat pump system. 
 
Because there is no significant heat transfer between the different temperature layers, the 
temperature profile of the ideal heat storage tank is approximately as presented in the 
Figure A5.4, when the outdoor temperature is -5 °C. Even though it is unrealistic that the 
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temperature is 34 °C at a relatively high point in the storage tank and then suddenly 53 
°C at just a 50-200 mm higher point, the ideal heat storage tank operates like two separate 
tanks for this reason and corresponds to the operation of the real heat pump system pre-
sented in the Figure A5.1 very accurately. The essential features of the tank model, such 
as the volume, height, shape and the number of temperature layers in the tank model can 
be configured by the user before the tank model used in the energy simulation is gener-
ated. 
 
2* = Upper part of the ideal heat storage tank. The upper part of the ideal heat storage 
tank is used for DHW heating and it operates as the high-temperature heat storage tank 
presented in the Figure A5.1. The temperature of the upper part of the tank is above 50 
°C throughout the year and the average temperature of the upper part of the tank is ap-
proximately 55 °C. There is a shunt (=S) in the DHW connection pipes to ensure that the 
DHW temperature is at a desired level throughout the simulation time period (55 °C in 
the Figure A5.4). In typical dynamic operating conditions, the temperature difference be-
tween the lower part and the upper part of the tank is approximately 5-8 °C. This is 
demonstrated in the Figure A5.4, where the temperature difference between the lower 
part and the upper part of the tank is 5 °C in average DHW consumption conditions. 
 
1* = Lower part of the ideal heat storage tank. The lower part of the ideal heat storage 
tank is used for ventilation and space heating and it operates as the low-temperature heat 
storage tank presented in the Figure A5.1. The temperature of the lower part of the tank 
is controlled according to the outdoor temperature via a specific heating curve (controller 
also shown in the Figure A5.4). During the summer time, when heating of ventilation and 
spaces is not needed, the temperature of the lower part of the storage tank is approxi-
mately 20 °C. During the heating season, the temperature of the lower part of the tank 
varies according to the outdoor temperature. The same temperature control can be applied 
to the lower part of the ideal heat storage tank model as presented in the Figure A5.2, for 
example. 
 
In typical operating conditions presented in the Figure A5.4, when the outdoor tempera-
ture is -5 °C, the supply and return water temperatures of the ventilation heating system 
are 34/28 °C. The temperatures of the space heating system are 30/26 °C at the same time, 
respectively. The lower supply water temperature of the space heating system is mixed 
with the shunt valve (=S). The temperature of the return water circulating back to the 
lower part of the ideal heat storage tank is somewhere between 26 °C from the space 
heating system and 28 °C from the ventilation heating system. With these kind of supply 
and return water temperatures, the temperature profile of the lower part of the ideal heat 
storage tank model is very close to the temperature profile presented in the Figure A5.4, 
where the temperature difference between the bottom and the top is 8 °C (top part 34 °C, 
middle part 30 °C and bottom part 26 °C). 
 
When the energy simulation is started, the supply and return water connection pipes of 
the ventilation and space heating systems are continuously moving up and down (=y) in 
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the heat storage tank through different temperature layers throughout the entire simulation 
time period. The supply water connection pipes are taking the heat from the temperature 
layer of which is closest to the supply water temperature control setting of the heating 
curve. If the temperature of the layer is above the temperature setting of the controller, 
the supply water temperature is adjusted using an additional shunt (=S) so that the supply 
water temperature setting of the temperature controller (heating curve) is achieved. This 
is demonstrated in the Figure A5.4. 
 
If the supply water temperature of the ventilation or space heating system is required to 
be 60 °C for example, then the supply water connection pipe of the heating system moves 
(=y) up to the top of the tank and takes heat from the top temperature layers of the tank, 
where the temperature of the layers is 60-65 °C. The supply water is also shunted (=S), if 
additional supply water temperature adjustment is required. 
 
4* = Top heating system. The top heating system in the IDA-ICE ESBO plant is heating 
the upper part of the heat storage tank. The dimensioning heating power and temperatures 
of the top heating system are adjusted according to the features of the simulation model 
and base heating system (heat pump system). The top heating system is only heating, 
when the heating power output of the base heating system is insufficient. Typical example 
of this is operation at low outdoor temperatures or at high DHW consumption conditions. 
 
The supply and return water temperatures of the top heating system are defined according 
to the dimensioning temperatures of the heating and DHW systems. When high-temper-
ature heating systems are applied, such as 80/50 °C or 70/40 °C, the dimensioning tem-
peratures of the top heating system are set according to these temperature levels. When 
low-temperature heating systems are applied, such as 45/35 °C, then the dimensioning 
temperatures of the top heating system are set according to the DHW heating system, 
respectively. This is demonstrated in the Figure A5.4, where the dimensioning tempera-
tures of the top heating system are 65/55 °C. In addition, the top heating system is only 
heating, when auxiliary heating power is required. 
 
The conclusion 
Due to the features presented in this technical description, the operation of the heat pump 
system and ideal heat storage tank model is very close to the operation of the real heat 
pump system with two separate heat storage tanks. Numerous different test simulations 
have been carried out during this study to confirm, if the ideal heat storage tank model 
could be used to simulate the performance of modern heat pump systems. All the test 
simulations were carried out using real technical specifications of the heat pump systems. 
The results of these test simulations indicate that the ideal heat storage tank model is 
working well and the annual performance of the heat pump systems (ground source, ex-
haust air and air to water) corresponds very well to the performance of real heat pump 
systems. 
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The seasonal performance factor (SPF-value) of the test simulations corresponds very 
accurately to the SPF-value of real heat pump systems operating with two separate heat 
storage tanks and with an exchange valve. For this reason the ideal heat storage tank 
model of the IDA-ICE ESBO plant is suitable for energy performance calculation of mod-
ern heat pump systems. It is a preferable option over the real heat storage tank model, if 
the real performance of a modern heat pump system is pursued. Even though there is no 
exchange valve in the ESBO plant heat pump model, the ideal heat storage tank model 
works as a “switchboard” between the low- and high-temperature heat storage tanks and 
therefore simulates the performance of a heat pump system equipped with an exchange 
valve. 
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 Appendix 6 (1/3)
 
 
 
   
Appendix 6. Cost data used in the energy performance 
optimization analysis. 
 
The cost data used in the energy performance optimization analysis is presented in the 
following tables. The cost data presented represents the total cost of the energy perfor-
mance measure, so the data also includes the installation and supporting modifications of 
the system or measure and everything else required. It is mentioned separately in the ta-
bles, whether the VAT is included in the price or not. 
 
Table A6.1. The cost data of energy performance renovation measures regarding struc-
tures of the building (Vainio et al. 2012). 

 
Structure 

Basic 
refurbishment 

[€/wall-m2] 

50 mm additional 
thermal insulation 

[€/wall-m2] 

100 mm additional 
thermal insulation 

[€/wall-m2] 

VAT 
(24 %) 

included 
External 

walls 
65.93 176 200.64 No 

 
Structure 

Basic 
refurbishment 

[€/roof-m2] 

200 mm additional 
thermal insulation 

[€/roof-m2] 

400 mm additional 
thermal insulation 

[€/roof-m2] 

VAT 
(24 %) 

included 
Roof - 10.53 20.05 No 

 
Structure 

Basic 
refurbishment 
[€/window-m2] 

Replacement of 
windows, U-value 

1.0 W/(m2 K) 
[€/window-m2] 

Replacement of  
windows, U-value  

0.8 W/(m2 K) 
[€/window-m2] 

VAT 
(24 %) 

included 

Windows 167.8 384 444 No 
 
 
Table A6.2. The cost data of energy performance renovation measures regarding heat 
pump systems (Tikka 2014, Nibe 2014, Retermia 2014, Castren 2014, Scanoffice 2014). 

Heat 
pump  
system 
(make) 

Investment cost, 
cost estimate 1 

[€ / €/kW] 

Investment cost, 
cost estimate 2 

[€ / €/kW] 

Average investment 
cost in the studied 

apartment building 
(3700 m2) [€/kW] 

VAT 
(24 %) 

included 

Ground 
source 
(Nibe) 

 
145 000 / 1090 

 
160 000 / 1025 

 
1058 

 
Yes 

Exhaust air 
(Nibe /  

Retermia) 

 
80 000 / 2050 

 
100 000 / 2565 

 
2308 

 
Yes 

Air to  
water 

(Scanoffice 
/ Nibe) 

 
110 000 / 854 

 
120 000 / 933 

 
893 

 
Yes 
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The cost estimates 1 and 2 presented in the Table A6.2 are different investment cost esti-
mates of the heat pump systems received from the heat pump manufacturers. The cost 
estimates include the installation of the heat pump system with all the necessary equip-
ment required to install the system and to connect it to the existing heating system of the 
building. There are two different cost estimates, because it is difficult to give an accurate 
estimate without detailed HVAC plans of the renovation measure. 
 
Table A6.3. The cost data of energy performance renovation measures regarding venti-
lation system (Leander 2014, Oy Swegon Ab 2014). 

 
Ventilation 

system (make) 

 
Investment 

cost,  
[€ / €/floor-m2] 

Annual 
maintenance 
cost (change 

of filters) [€/a] 

Percentage of ducts, 
air devices, silencers 
etc. from the total in-

vestment cost (installa-
tion cost excluded) [%] 

 
VAT 

(24 %) 
included 

Centralized 
CAV-system 

(Swegon) 

 
341 500 / 110 

 
200 

 
65 (for calculation of re-

sidual value) 

 
Yes 

Centralized 
VAV-system, 

demand 
controlled 
application 

(Swegon WAS) 

 
 

443 800 / 143 

 
 

200 

 
 

35 (for calculation of re-
sidual value) 

 
 

Yes 

 
The cost data of the solar-based energy production systems is mainly based on the cost 
data of realized solar energy projects. Additional cost information was gathered from var-
ious recent studies carried out by VTT Technical Research Centre of Finland. 
 
Table A6.4. The cost data of energy performance renovation measures regarding solar 
energy systems (Sweco 2014, Finnish Consulting Group 2014, Optiplan Oy 2014, 
Granlund Oy 2014, FInZEB project 2014, VTT Technical Research Centre of Finland 
2014). 

 
Solar  

energy  
system 

Investment 
cost, cost 
range 1 

[€/panel*-
m2] 

Investment 
cost, cost 
range 2 

[€/panel*-
m2] 

Investment 
cost, cost 
range 3 

[€/panel*-
m2] 

Average investment 
cost in the studied 

apartment building 
(3700 m2) 

[€/panel*-m2] 

 
VAT 

(24 %) 
included 

Thermal 560-650 580-730 620-780 675 Yes 
Electricity 194-257 197-269 212-340 263 Yes 

* = PV-panel area in the solar electricity system and solar collector area in the solar ther-
mal system. 
 
The cost ranges 1, 2 and 3 presented in the Table A6.4 are different investment cost ranges 
of the solar-based energy production systems gathered from realized projects. All of the 
costs presented include the installation of the solar energy system with all the necessary 
equipment required to install the system and to connect it to the existing electricity system 
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of the building. There are three different cost ranges, because the investment cost of the 
solar energy systems depend highly on the features of the building and there isn’t one 
exact cost that can be used in every building and in every implementation. 
 
The cost data of the measures regarding the radiator heating system is based on cost-
estimate received from Iivonen (2014) and Rettig Group Oy Ab (2014). The cost estimate 
of the new radiator heating system includes new radiators, new radiator valves, new radi-
ator connection pipes to the main heating pipes and new zone control valves. New main 
heating pipes are not included in the cost estimate. 
 
The cost estimate of the existing radiator heating system’s balancing includes everything 
required to carry out the balancing measure, such as new radiator valves and new zone 
control valves. All the cost estimates include the installation of new radiators and equip-
ment and also the uninstallation and demolition of the original radiators, valves and other 
equipment that are replaced. The cost estimates also include the necessary HVAC plan-
ning required to carry out the balancing of the existing radiator heating system or the 
installation and balancing of the new radiator heating system. The cost data regarding the 
radiator heating system is presented in Table A6.5. All the costs presented are total costs 
including everything required to carry out the measure. 
 
 
Table A6.5. The cost data of energy performance renovation measures regarding radiator 
heating system (Iivonen 2014, Rettig Group Oy Ab 2014). 

 
Measure 

Investment 
cost, cost 
estimate 

[€] 

Investment 
cost, cost 
 estimate 

[€/m2] 

 
Notifications 

VAT 
(24 %) 

included 

Balancing of existing 
radiator heating  

system 

 
26 300 

 
7 

All the pipes are 
original 

 
Yes 

Installation and bal-
ancing of new low-
temperature radiator 

heating system 

 
135 000 

 
37 

All the main heating 
pipes are original, ra-

diator connection 
pipes are renewed 

 
Yes 

 
 


