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This old house is getting shaky 
This old house is getting old 
This old house lets in the rain 
This old house lets in the cold 
“This Ole House”, Stuart Hamblen (1954) 

 

 

 

 

Denna kåk var ganska rar 
och släppte solsken till oss in 
Den var också generös 
med fukt och kyla, regn och vind 
“Trettifyran”, Olle Adolphson (1964) 
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Preface 

Where are we heading? 

On the one hand, this is just a typical, trivial quiz-show question1; on the other 
hand, it is the most important question that we, as a society, are faced with. It 
is a question of our future that, thanks to its very generic nature, can be applied 
in all sorts of contexts – from education to economy, from equality to ecology. 
Humans are unique among the known lifeforms in that we can imagine the 
future. We are able to anticipate, plan for and worry about coming events, to 
have expectations, to make predictions and to foresee consequences. 
Therefore, we can foresee, or at least estimate, where we are heading. Based 
on that, we can determine whether or not we want to keep heading in the same 
direction and, if not, change our course accordingly. 

Current prognoses regarding Earth’s climate situation are not very positive, 
especially from the point of view of many of the living organisms on the planet. 
Seemingly small changes to the global mean surface temperature could change 
the conditions for animals and agriculture dramatically. It is clear that we have 
to change our ways and make efforts in many different areas in order to avoid 
this scenario and preserve the ecosystems for coming generations. 

It is not an overstatement to say that buildings play a big part in the lives of 
people in Europe. We use buildings for a wide range of purposes: work and 
leisure, living and storing, to keep something out or to keep something in. 
Personally, I spend every night and a fair share of my days in buildings. 
Writing this, I am in a ventilated, heated room behind triple glazed windows 
and brick walls, and you, dear reader, are most likely also in a building as you 
read these lines. Most human activities are associated with the use of energy, 
and the activities that take place in buildings are by no means an exception. 
Maintaining an acceptable indoor climate with respect to temperature and air 
quality requires quite large amounts of energy. With an increase in 
population, wealth and welfare, the total building area is bound to grow. This 
implies a great challenge, where both new and existing buildings need to 

                                                

1 From the popular Swedish television show På spåret (“On track”), where the contestants follow witty 
clues to figure out the destination of a train. 
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become more energy efficient compared to the current average level of the 
building stock. 

As you may have noticed, this thesis begins with lyrics from a song, rather than 
citing a scientist or a philosopher. This should be seen as an attempt to give a 
motivation for this research, while putting the reader in a good mood. As you 
will know – should you recognize these lyrics – both versions of the song are 
about old, ramshackle houses, which the protagonist of the song is not able to 
save from falling to pieces. It is also obvious from the lyrics that although these 
houses are very much loved by the occupants, they are not very energy efficient 
and they do not provide a good level of thermal comfort – in other words, an 
energy renovation would be appropriate. By proposing energy renovation 
measures that are both environmentally and economically sustainable, 
research (such as the current thesis) will hopefully contribute to giving 
buildings like these a new life. 
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Abstract 

The building sector accounts for around 40% of the total final energy use in 
the EU. The high energy use in the European building stock is to a large extent 
attributable to the large share of old buildings with poor energy performance. 
Energy renovation of buildings, or increased nergy efficiency through 
renovation, can therefore be considered vital in the work towards the EU 
climate and energy goals for the year 2030. Yet, the strategies and energy 
system implications of this work have not been made clear, and the rate of 
building renovation is currently very low. 

The aim of this thesis is to investigate the economic and environmental 
aspects of energy renovation strategies, both building envelope renovation 
measures and active systems, for typical residential and office buildings in 
Sweden and other European regions. Specifically, there are two main 
objectives: 

• Renovation of Swedish district-heated multi-family houses, including 
life-cycle cost and environmental analysis and impact on the local 
energy system; 

• Renovation of European residential and office buildings, including life-
cycle cost and environmental analysis and influence of climatic 
conditions. 

Buildings typical for the respective regions and the period of construction 
1945-1970 were modelled and used in simulations, in order to determine the 
general feasibility and energy saving potential of various energy renovation 
measures in European climates. A variety of systems for heating, cooling and 
ventilation were studied, as well as solar energy systems, with focus on heat 
pumps, district heating, low-temperature heating systems and air heat 
recovery. 

Compared to building renovation without energy efficiency measures, energy 
renovation can often reduce the life-cycle costs as well as the environmental 
impact. In the renovation of typical European office buildings, it is more 
profitable to aim for a heating demand of 25 kWh/(m²∙y) than 45 kWh/(m²∙y), 
as the reduction in energy costs outweighs the increase in investment costs for 
insulation. For multi-family houses in southern European climates, the more 
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ambitious renovation levels can also be more profitable, whereas for single-
family houses a moderate level is optimal. 

Solar thermal or solar photovoltaic systems can be used to reduce the 
environmental impact of buildings. Without any subsidies or feed-in tariff for 
excess electricity, these systems will not always be economically feasible for 
office buildings in Northern or Central Europe or for single-family houses. In 
renovation of multi-family houses, however, solar energy systems can reduce 
the total life-cycle costs both in Southern as well in Northern European 
climates. 

Air heat recovery and low-temperature heating were both found to have a 
larger impact in colder climates. Low-temperature heating systems improve 
the performance factor of heat pumps, particularly when the space heating 
demand is relatively high in relation to the hot water demand. In renovation 
of buildings equipped with hydronic radiators, conversion to ventilation 
radiators can reduce the supply water temperature in the heating system. 

In Swedish multi-family houses, an exhaust air heat pump can be a cost-
effective complement to district heating, whereas mechanical ventilation with 
heat recovery is more expensive but also more likely to reduce the primary 
energy use. From a system perspective, exhaust ventilation without heat 
recovery can reduce the primary energy use in the district-heating plant as 
much as an exhaust air heat pump, due to the lower electricity use. 

 

Keywords: Energy efficiency, renovation, low-temperature heating, air heat 
recovery, district heating, heat pump 
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Sammanfattning 

Byggnadssektorn står för omkring 40 % av den totala energianvändningen i 
EU. Den höga energianvändningen i Europeiska byggnader kan till stor del 
tillskrivas den stora andelen gamla byggnader med dålig energiprestanda. 
Energirenovering av byggnader, eller energieffektivisering genom renovering, 
kan därför anses utgöra en central del i arbetet mot EU:s klimat- och 
energimål för år 2030. Trots detta är det ännu inte helt klarlagt vilka strategier 
som ska tillämpas för att uppnå detta och hur det påverkar energisystemet, 
och i nuläget är renoveringstakten fortfarande väldigt låg. 

Målet med denna avhandling är att undersöka ekonomiska och miljömässiga 
aspekter av strategier för energirenovering, såväl byggnadsskalsåtgärder som 
aktiva system, för typiska bostads- och kontorsbyggnader i Sverige och i andra 
Europeiska regioner. Mer specifikt har arbetet följande två inriktningar: 

• Renovering av svenska, fjärrvärmevärmda flerfamiljshus, inklusive 
livscykelkostnadsanalys och livscykelmiljöanalys samt påverkan på det 
lokala energisystemet; 

• Renovering av Europeiska bostads- och kontorsbyggnader, inklusive 
livscykelkostnadsanalys och livscykelmiljöanalys samt påverkan av 
klimatförutsättningar. 

Byggnader typiska för respektive region och byggnadsperioden 1945-1970 
modellerades och användes i simuleringar för att fastställa den övergripande 
möjligheten och energibesparingspotentialen för olika renoveringsåtgärder i 
Europeiska klimat. En rad system för värme, kyla och ventilation studeras, 
samt solenergisystem, med fokus på värmepumpar, fjärrvärme, 
lågtemperaturvärmesystem och värmeåtervinning ur frånluft. 

Jämfört med renovering av byggnader utan energieffektiviseringsåtgärder 
kan energirenovering i många fall minska såväl livscykelkostnaden som 
miljöpåverkan. Vid renovering av typiska Europeiska kontorsbyggnader lönar 
det sig mer att renovera ner till ett uppvärmningsbehov på 25 kWh/(m²∙år) 
än 45 kWh/(m²∙år), då den minskade kostnaden för köpt energi väger upp den 
ökade kostnaden för isolering. För flerfamiljshus i södra Europa kan mer 
ambitiösa mål gällande värmebehov också vara lönsamma, medan en mer 
måttlig nivå är lämplig för småhus. 
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Solvärme- eller solelsystem kan användas för att minska byggnaders 
miljöpåverkan. Utan subventioner eller inmatningstariff för överskottsel kan 
det bli svårt att få lönsamhet i dessa system för kontorsbyggnader i Nord- och 
Centraleuropa samt för småhus. För flerfamiljshus kan solenergisystem dock 
sänka den totala livscykelkostnaden, såväl i södra som i norra Europa. 

Värmeåtervinning och lågtemperaturvärmesystem visade sig båda ha större 
inverkan i kallare klimat. Lågtemperaturvärmesystem förbättrar 
värmefaktorn för värmepumpar, i synnerhet när uppvärmningsbehovet är 
stort i förhållande till varmvattenbehovet. Vid renovering av byggnader med 
vattenburna radiatorer kan konvertering till tilluftsradiatorer sänka 
framledningstemperaturen i värmesystemet. 

I svenska flerfamiljshus kan frånluftsvärmepump vara ett kostnadseffektivt 
komplement till fjärrvärme, medan från- och tilluftsventilation med 
värmeåtervinning är dyrare men mer sannolikt att ge en minskad 
primärenergianvändning. I ett systemperspektiv kan frånluftsventilation utan 
värmeåtervinning minska primärenergianvändningen i fjärrvärmeverket lika 
mycket som en frånluftsvärmepump, tack vare den lägre elanvändningen. 

 

Nyckelord: Energieffektivitet, renovering, lågtemperaturuppvärmning, 
värmeåtervinning, fjärrvärme, värmepump 
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1 Introduction 

1.1 The European building stock 

Europe has gone through a lot of changes over the last 60 years: political 
alliances and power have shifted, borders and maps have been altered, 
demography has changed, new policies and ideas have been formed. One of 
the greatest milestones was the formation of the European Union (EU) in 1958 
– a union that to date has grown to include 28 sovereign states and that has 
been a foundation for collaboration and peace between these countries [1].  

Of the total 13,000 TWh final energy that is used within the EU-281 each year, 
around 40% – or 5000 TWh/year – is accounted for by the residential and 
service sectors, in other words by buildings [2]. This makes the building sector 
the number one energy user before transport (30%) and industry (25%). It 
also reflects the importance of buildings in our modern society, in the form of 
dwellings, offices, schools, hospitals, shops, etc. Altogether, Europeans spend 
80 – 90% of their time indoors [3]. With more than 500 million people in the 
EU [4] and 16 billion m² heated area in residential and office buildings [5], 
this helps explain the high energy use in this sector. On average, European 
residential buildings use 234 kWh/(m²∙y) of energy for heating, cooling, 
ventilation, domestic hot water (DHW), electrical appliances and lighting, of 
which 65% is for heating [5]. 

A widespread housing shortage led to a boom in building construction in many 
European countries following the Second World War. At this time, energy 
efficiency was not the first priority, until increasing energy prices and 
environmental awareness in the 1970s and 1980s gave rise to new building 
directives and energy efficiency policies, both at the national and European 
level. This has led to improved energy standards for new buildings, but the 
rate of new construction is only around 1%/year of the total building stock [6, 
7] and there remains a significant share of post-war buildings with poor 
energy performance. Figure 1 illustrates how the heat transfer coefficient (U-
value, W/(m²∙K)) of external walls is decreasing, while a majority of the 
residential buildings are more than 40 years old and have significantly higher 

                                                

1 Collective name for the 28 current member states of the European Union. 
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U-values than the newest houses [5]. This supports the statement in the 
European Energy Efficiency Directive (EED) that the existing building stock 
is the largest potential sector for energy savings, and that the rate of building 
renovation, currently at around 1%/year [8], must be increased [9]. 

 
Figure 1: Share of building stock and U-value of walls of European residential buildings, divided into 

country and age of construction [5] 

The problems with the existing building stock are not limited to the condition 
of the building envelopes, but also encompass the energy systems of the 
buildings. The predominant energy carrier for space heating in most EU 
member states is natural gas, while other fossil fuels such as coal and 
petroleum-based fuels are also used in many countries [2, 5]. Figure 2 shows 
the energy use in the residential and service sectors divided into different 
energy carriers for seven European countries and for the EU-28 on average 
[10]. Currently, direct use of fossil fuels accounts for nearly half of the total 
energy use. Adding the fact that 70% of electricity and district heating comes 
from non-renewable sources [11, 12], the share of fossil fuels in the residential 
and service sectors exceeds 75%. 
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Figure 2: Energy use per energy carrier in the residential and service sectors in seven European 
countries and in the 28 EU member states on average (2014) [10] 

Furthermore, old buildings can have a negative impact on the health of the 
people living in them. The combination of poor building envelopes, inefficient 
energy systems and high energy prices in relation to household income leads 
to some dwellings being insufficiently heated and ventilated [13-15], 
jeopardizing the health and well-being of the occupants [13, 16, 17]. This 
provides yet another motivation for making the existing building more energy 
efficient. 

1.1.1 The Swedish building stock 

Like many other countries in Europe, Sweden experienced a period of 
intensive building construction in the middle of the 20th century. The years of 
construction 1965-1974 are often called “The Million Program”, referring to a 
national goal to build one million new dwellings in ten years [18]. These 
buildings now make up a large share of the total building stock in Sweden, 
which amounts to 4.7 million dwellings [19]. Compared to other European 
countries, Swedish buildings from this period already had rather low U-values 
of external walls, as seen in Figure 1. However, the cold Swedish climate sets 
high requirements for energy efficient buildings, leaving room for further 
improvements.  
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1.2 Renovation of buildings 

1.2.1 Policies and regulations 

In 2014, the EU member states agreed on a climate and energy framework 
[20] with three quantifiable targets for the year 2030: 

1. Reducing greenhouse gas emissions by at least 40% (compared to 1990) 
2. At least 27% of the final energy use2 from renewable sources 
3. At least 27% more efficient use of primary energy (compared to 

business-as-usual projections) 

This framework is an update of the previous framework for 2020, where 20%-
targets were set in all three categories. It is also part of the more long-term 
Energy Roadmap 2050 [21], which includes a goal to reduce greenhouse gas 
emissions by 80 – 95% by 2050. 

The Energy Efficiency Directive (EED) goes deeper into the third target, 
specifying goals and directives for different sectors [22]. Regarding the 
building sector, the EED stipulates that 3% of the buildings owned by the 
central government should be renovated each year, starting January 1 2014, 
to comply at least with the minimum energy performance requirements (set 
by each member state). This can be compared to the current renovation rate, 
which is estimated to be just over 1% (for all buildings) [8]. The directive does 
not, however, refer to private or owner-occupied houses, which make up the 
majority of the residential building stock in the EU [5]. 

The Energy Performance of Buildings Directive (EPBD) focusses on buildings, 
new as well as existing [23]. The EPBD states that all buildings constructed in 
the EU from 2021 should be “nearly zero-energy” buildings, i.e. buildings with 
very high energy performance and a large share of renewable energy use. The 
exact requirements of such a building are set by each member state 
individually. Regarding the existing buildings, the EPBD states that when a 
building undergoes a “major renovation” (see 1.2.2 Definitions and concepts), 
the building should be upgraded to meet the minimum energy performance 
requirements, as long as this is feasible from a technical, functional and 
economic point of view. 

In Sweden, regulations for building construction are issued by Boverket, the 
National Board of Housing, Building and Planning. These regulations include 
                                                

2 In the actual text, the term ”final energy consumption” is used 
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guidelines for energy efficiency and maximum energy use of new and 
renovated buildings. In previous issues, four climate zones, from south to 
north, were defined to adapt the energy use levels to the average outdoor 
temperature, and buildings that use electricity for heating had to comply with 
more stringent levels [24]. Following EU regulations regarding nearly zero-
energy buildings, an update of these regulations was elaborated in 2017, 
shifting focus from final energy use to primary energy use [25]. 

1.2.2 Definitions and concepts 

Energy renovation measures can be categorized as active or passive. Passive 
energy renovation measures act on the energy demand of the building itself – 
for example, insulation of the building envelope to reduce the heating demand 
or shading of the windows to reduce the cooling demand. Active energy 
renovation measures, on the other hand, are meant to make the energy supply 
to the building more efficient, including heating, cooling and ventilation. 

The Kyoto Pyramid, a concept that was developed in Norway, describes a five-
step strategy for design of low-energy buildings [26, 27]. The idea behind it is 
that the design of buildings should follow the same principles as the Reduce-
Reuse-Recycle-concept, i.e. starting with the passive measures. Thus, the base 
of the pyramid consists of reducing energy use – heating, cooling and 
electricity. Then comes selection of energy source, preferably one that is 
renewable and energy efficient and that causes low CO₂-emissions. The last 
step is to follow up, monitor and give feedback to the users. Figure 3 shows 
the layout of The Kyoto Pyramid according to Haase et al. [26]. 

 

Figure 3: The Kyoto Pyramid for low-energy building design [26] 
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Analogous to the Reduce-Reuse-Recycle principle, management of buildings 
and other built structures could be considered to rely on the concept Repair-
Renovate-Rebuild. Following the construction phase, a building will need 
regular repairs and maintenance in order to keep the existing building parts 
and systems in working condition. Replacement of individual components can 
also be part of the maintenance – for example, changing a light bulb or a 
pump. When done properly, maintenance and repairs will postpone more 
capital intensive actions. Nevertheless, sooner or later a large share of the 
building parts and/or technical systems will be worn out and reach the end of 
their technical lifespan. At this point, the building owner can choose to either 
renovate or rebuild [28-30]. In either case, this provides an opportunity to 
update the building to comply with modern standards. Demolishing a building 
and constructing a new one in its place is, however, related with rather high 
costs, resource use, embodied energy of materials and environmental impact 
[28, 30-33]. 

The present thesis focuses on renovation, specifically energy renovation, i.e. 
renovation that involves one or more of steps 1 – 4 of the Kyoto Pyramid and 
that results in better energy performance of the building. Energy renovation 
can be further categorized based on by how much the energy use of the 
building is reduced. Deep renovation (or -retrofit/-refurbishment) is often 
used as a term for extensive energy renovation measures. There is no clear, 
internationally approved definition of what exactly a deep renovation is, but 
in Europe it usually means that the energy use of the building is reduced by at 
least 75%, alternatively that the renovation results in a primary energy use for 
heating, cooling, ventilation, DHW and lighting of less than 60 kWh/(m²∙y) 
[34]. Less common, but more precise, are the “Factor X” definitions, where X 
signifies how much the energy use is reduced by. For example, a Factor 2 
renovation reduces the energy use to ½ of what it was before, and a Factor 4 
renovation reduces the energy use to ¼ [34]. 

Furthermore, the European Commission has introduced the term major 
renovation, giving two possible definitions for the member states to choose 
from: either the renovation costs should exceed 25% of the value of the 
building, or the renovation should affect more than 25% of the building 
envelope surface area. Buildings undergoing major renovation should comply 
with minimum energy requirements as far as possible with respect to 
technical, functional and economic aspects, and high-efficiency systems 
should be considered [23]. 
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1.2.3 Primary energy, final energy and purchased energy 

The energy use of buildings normally refers to the final energy use, i.e. the 
amount of energy that is supplied to the building. It is also of interest for the 
building owner to quantify the purchased energy, which can be smaller or 
larger than the final energy, depending on the conversion systems used. In a 
larger perspective, it is relevant to assess the primary energy use, i.e. the 
amount of virgin energy resources required to produce a certain amount of 
usable energy or materials. The relation between final energy and primary 
energy is expressed through a primary energy factor (PEF), with the unit 
kWhPE/kWhFE (kWh primary energy per kWh final energy). This factor allows 
for comparison between different energy carriers, as the amount of primary 
energy needed to produce 1 kWh of electricity is – typically – not the same as 
the amount of primary energy needed to produce 1 kWh of natural gas or 
biofuel. For renewable energy sources without alternative use – for example, 
solar energy or waste – the convention is to not include the energy content of 
the energy carrier itself in the PEF, but only the non-renewable energy related 
to transport and transformation of the energy carrier [35]. Thus, these energy 
carriers can have PEFs lower than 1. In the current thesis and the appended 
papers, this convention is used throughout. 

For district heating plants with cogeneration of heat and power (CHP), there 
are different methods for allocating the primary energy use between the 
produced services. Two of the most common methods in Sweden are the 
alternative production method, which takes into account the difference in fuel 
use between CHP and separate production of heat and power, and the energy 
method, where the primary energy use is divided proportionally between heat 
and electricity according to the amount of energy produced [36]. Similarly, the 
primary energy use in waste incineration plants may be divided in different 
ways between the energy system and the waste management system. The 
Swedish Waste Management and Recycling Association has proposed to 
allocate 58.7% to the energy system and 41.3% to waste management, based 
on economic factors [37], but it is also possible to allocate 100% to the energy 
system [38]. The impact of these different allocation methods on the 
calculated primary energy use of a building is assessed in Paper 3. 

The energy use of a building can be used to classify the energy performance of 
the building in form of an energy certificate. In a survey by the Global 
Buildings Performance Network [34], an international group of experts were 
asked whether energy targets for buildings should apply to final energy, 
primary energy or both. Just over 45% of the respondents opted for using both 
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final energy and primary energy targets, while the primary energy alternative 
received just over 35% of the votes and final energy was in the minority with 
less than 20%. 

The term “energy consumption” is commonly used in official documents, such 
as the EPBD and the EED, as well as in research, including some of the here 
appended papers. Although this term is semantically wrong with respect to 
the first law of thermodynamics, as it can be interpreted as the destruction of 
energy, it is well established and should rather be interpreted as “energy use”, 
which is the term used in this thesis. Likewise, the terms “energy generation” 
and “energy production” are sometimes used for energy conversion that 
occurs in heating and cooling systems. 

1.3 Energy efficient heating, cooling and ventilation of buildings 

In general terms, efficiency can be viewed in two ways: 

1. Given a certain output, minimizing the input 
2. Given a certain input, maximizing the output 

When it comes to buildings, the output is a service – for example, a certain 
level of thermal comfort – and the input is energy – for example, heat or 
electricity. Thus, efficient energy systems for buildings can, for example, 
either allow the occupants to maintain the same level of thermal comfort at a 
lower cost, to increase their level of thermal comfort without changing the 
cost, or even to increase their level of thermal comfort while also decreasing 
the cost. The purpose and outcome of improving the energy efficiency of a 
building can therefore vary depending on the starting point. Here, the focus 
lies on decreasing the energy use, both purchased energy and primary energy, 
although the studied renovation measures may also lead to improved indoor 
climate conditions. The operational phase of a building’s “lifespan” typically 
accounts for around 90% of the building’s environmental impact due to the 
impact of used energy [33, 39, 40]. Thus, it is important to reduce energy use 
by making the buildings more energy efficient.  

The appended papers include a variety of systems for energy generation, 
distribution and emission as well as systems for ventilation. This section 
provides an overview of the systems and concepts that are the main focus of 
the papers and of this thesis: heat pumps, district heating, low-temperature 
heating, air heat recovery and solar energy systems.  
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1.3.1 Energy use in buildings 

Energy is used in buildings for many different purposes and applications, 
including heating, cooling, ventilation, DHW preparation, lighting and 
electrical appliances. In Europe, most of the energy used in buildings is for 
heating, as shown in Figure 4. The figure includes energy used for all of the 
above-mentioned services, although in building regulations, household 
electricity is often omitted. 

  
Figure 4: Average final energy use in residential (left) and office buildings (right) in Europe, divided 

into heating, DHW, cooling and electricity [5] 

As seen in the figure, the main difference between European residential 
buildings and office buildings, when it comes to total energy use, is that office 
buildings use a larger share of their energy for heating and cooling and less for 
DHW preparation. 

The heating or cooling load of a building at any given time is determined by 
the balance between heat losses and heat gains: transmission losses through 
the building envelope, heat gains or losses from/to the thermal mass of the 
building, heat losses through controlled and uncontrolled ventilation 
(infiltration), heat gains from solar irradiation and internal heat gains from 
people, lighting and electrical appliances inside the building. In order to 
obtain the total heating and cooling demand over a longer period of time, the 
thermal mass of the building must also be taken into account. The higher the 
mass and thermal capacity of the building, the more the diurnal variations in 
heating and cooling demand will level off. 

1.3.2 Heat pumps 

By using energy from air, water or the ground, heat pumps can efficiently 
convert a small electricity input to a higher heat output. The European Heat 
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Pump Association registers 750 000 – 800 000 sales of new heat pumps in 
Europe yearly [41], and in Sweden more than one million heat pumps have 
been installed in buildings [42]. Heat pumps for space heating and DHW 
preparation normally use refrigerant R407C or R410A [43, 44], which allows 
them to provide water temperatures of up to 60 – 65 °C. However, according 
to the principles of Carnot, they work more efficiently the lower the supply 
temperature on the load side [45]. Reducing the supply temperature of an 
existing space heating system can be done either by improving the building 
envelope, or by improving the distribution system itself (see section 1.3.4). The 
heat pump types studied in the appended papers include exhaust air heat 
pump (EAHP; Papers 1 – 4), air-to-water heat pump (AWHP; Papers 1, 5, 6), 
air-to-air heat pump (AAHP; Paper 1) and ground-to-water heat pump 
(GWHP; Paper 5). 

1.3.3 District heating 

In urban areas, it can often be more economical and efficient to provide 
heating and cooling via a central district heating plant. With a centralized 
system, it is possible to utilize a wider range of fuels and energy sources, 
adapting to variations in prices, availability and demand. Particularly, this 
facilitates the recycling of industrial waste heat (IWH) and energy recovery 
from incineration of secondary biomass fuels and municipal solid waste 
(MSW), and enables cogeneration of heat and electricity on a large scale. On 
the negative side, district heating limits the competition on the local heating 
market. In Europe, district heating is mainly used in the Nordic and Baltic 
countries [12, 46]. More than 85% of Swedish multi-family houses are served 
by district heating [47], which makes such systems very relevant in the 
Swedish context. 

Future district heating systems seem to be moving towards lower supply 
temperatures in order to adapt to reducing heat loads as the overall energy 
performance of the building stock is being improved [48]. Lowering the supply 
temperature would also make renewable heat sources, such as solar and 
geothermal energy, more available for district heating applications. 

Renovation of district-heated buildings is treated in Papers 2, 3 and 4, with 
focus on the building in Paper 2 and on the district heating system in Papers 
3 and 4.  
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1.3.4 Low-temperature heating 

Traditionally, hydronic heating systems for buildings in Europe have operated 
at rather high temperatures, even up to 90 °C [49]. Such systems are 
associated with a number of drawbacks, including the scolding hazard of 
having hot, metallic surfaces in the dwelling. Also, they have a limited 
compatibility with low-temperature heat sources such as solar thermal, 
geothermal and future low-temperature district heating [48]. As buildings are 
improved with thermal insulation and better insulating windows, the required 
heat output to counteract cold downdraughts near the windows is reduced, 
and it will be possible to operate the system at a lower temperature. Today, a 
“medium” temperature is often adopted in radiator systems, while floor 
heating systems can be defined as “very low” temperature systems, according 
to the definitions listed in Table 1 [49]. 

Table 1: Classification of heating system temperature ranges [49] 

Classification Design supply 
temperature 

Design return 
temperature 

High temperature 90 °C 70 °C 
Medium temperature 55 °C 35 – 40 °C 
Low temperature 45 °C 25 – 35 °C 
Very low temperature 35 °C 25 °C 

In a traditional radiator system, a lower supply temperature can either be 
achieved by increasing the flow rate, by using a larger heat transfer area or by 
improving the heat transfer coefficient of the radiator. In new buildings, these 
parameters can easily be chosen to fit the design conditions, while in 
renovation projects the existing heating distribution system can pose a 
limitation, unless it is replaced. One alternative for renovation of traditional 
panel radiators is to convert them to ventilation radiators. This is achieved by 
installing a duct through the wall behind the radiator, guiding supply air 
between the radiator panels before it enters the room, as shown in Figure 5.  
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Figure 5: Air flow through a ventilation radiator 

An exhaust ventilation fan is used to create a pressure difference between 
indoor and outdoor air, thus driving the supply air flow. This induces forced 
convection of air through the radiators, improving the heat transfer coefficient 
and enabling a lower supply temperature [50]. Moreover, as the temperature 
of the incoming air is lower than the room temperature during the heating 
season, this allows for the supply water temperature to be further reduced. 
Another implication of the direct contact with ambient air is that the system 
is very responsive to changes in heating demand; if the outdoor temperature 
decreases, the heat output increases, and vice versa. Several studies have 
assessed the thermal comfort and energy-saving potential with low-
temperature ventilation radiators, including [50-52]. In the present thesis, 
ventilation radiators as a renovation measure are studied in Papers 1, 2 and 4. 
In Papers 5 and 6, radiant ceiling panels are used as one of the studied 
distribution systems for heating and cooling. Both of these can, in the way they 
are applied in the appended papers, be classified as very low temperature 
heating systems, according to Table 1.  
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1.3.5 Air heat recovery 

In all buildings where people live and work, the air must be circulated and 
replaced in order to maintain acceptable levels of concentration of 
contaminants. Fresh air is normally brought in from outdoors, which often 
has a different temperature than the air leaving the room. In European 
climates, this infers more or less extensive heat losses during the colder part 
of the year. There are essentially two ways of reducing these heat losses: either 
by decreasing the ventilation rate or by recovering heat from the exhaust air. 
The first alternative can only be applied intermittently, so-called demand-
controlled ventilation, as a constantly reduced ventilation rate would cause 
the indoor climate to deteriorate. This method can reduce heat losses during 
times when there are no people in the building [53]. As for the second 
alternative, two main variants of exhaust air heat recovery can be considered: 
mechanical ventilation with heat recovery (MVHR), or exhaust air heat pump 
(EAHP).  

MVHR requires two fans to balance the exhaust and supply air flows, and dual 
ventilation ducts to extract exhaust air and distribute the fresh air. This was 
very popular in new buildings in Sweden in the 1980s and 1990s, after which 
the number of new installations decreased in favor of simple exhaust 
ventilation systems [54]. In the non-residential sector, the vast majority of all 
new buildings in Sweden are equipped with MVHR. While the system can save 
energy for heating [55, 56], the fans and the heat recovery unit can be noisy, 
which in turn can be disturbing. Also, the high installation cost, particularly 
for renovation projects where room for extra ventilation ducts needs to be 
created, reduces the economic benefits [57]. An EAHP can be used in a water-
based heating system – for example, with radiators or floor heating – and can 
also be used to produce DHW. MVHR for renovation applications is studied 
in all of the appended papers, with EAHP as an alternative for air heat recovery 
in Papers 1 – 4. 

1.3.6 Solar energy systems 

Solar energy can be a convenient way of increasing the share of renewable 
energy use in buildings, in the form of either solar heating systems or solar 
photovoltaics (PV). Overall, the potential for use of solar energy in Europe is 
good [58, 59], and the production of energy from solar systems has increased 
steadily over the last decade [60]. The time-varying availability, however, 
makes energy storage technologies or combination with other energy sources 
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necessary. The use of solar PV in building renovation is studied in Papers 5 
and 6, while solar thermal is included in the scope of Paper 5. 

1.4 Simulation of buildings and energy systems 

This thesis is based entirely on simulation studies and theoretical calculations. 
The main advantages of simulation are the relatively low costs and the short 
time that it requires compared to measurements and experiments. Also, the 
use of dynamic simulation tools provides the opportunity to study the 
operation of and interaction between technical systems in detail. 

The key to all building and energy system simulation is correct input data. The 
use of incorrect data is often recognized as one of the main error sources and 
causes for the gap between predicted and actual energy performance of 
buildings [61-63]. Thus, it is important to make reasonable assumptions and, 
as far as possible, make the models represent the behavior of the real systems. 
The building models used in Papers 1, 5 and 6 were based on statistics on floor 
area and construction for typical residential and office buildings in the studied 
European regions and were verified against statistics on energy use [5, 64], 
while the building models used in Papers 2 – 4 were based on the construction 
and calibrated against the measured energy use of a multi-family house in 
Borlänge, Sweden. Models of heating, ventilation and air conditioning 
(HVAC) systems were based on data from manufacturers and/or existing, 
validated models. 

1.5 The iNSPiRe project 

iNSPiRe was a four-year research project, running 2012-2016, within the 
European Union’s Seventh Framework Programme [65]. The project scope 
included development, testing and evaluation of systemic packages for deep 
energy renovation of residential and office buildings in Europe. The aim was 
to find cost-effective renovation solutions that could reduce the energy use of 
these buildings, with a specific goal of 50 kWh/(m²∙y) primary energy use for 
heating, cooling, DHW, ventilation and lighting, which can be compared to the 
60 kWh/(m²∙y) often used as a target for deep renovation in Europe [34].  The 
systemic renovation packages included envelope renovation measures 
(insulation and windows) as well as energy generation and distribution 
systems and solar energy systems. 

In the first phase of the project, the energy demand and energy use of the 
existing building stock was assessed. Available data on building construction, 
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thermal performance and energy use for heating and cooling was used to 
create and calibrate models, which were then used in simulations to fill in the 
gaps in the statistics. These building models were then used in new 
simulations to assess the proposed energy renovation packages. Simulations 
were done for seven different locations, each representing the climatic 
conditions, in terms of heating degree-days, of a region of 2 – 7 countries [5, 
59]. The locations used in the simulations were Stockholm, Sweden (“Nordic” 
region); Gdansk, Poland (Northern Continental); Stuttgart, Germany 
(Continental); London, UK (Oceanic); Lyon, France (Southern Continental); 
Rome, Italy (Mediterranean); and Madrid, Spain (Southern Dry). The climatic 
regions and representative locations are indicated in Figure 6. 

 

Figure 6: Map of the European Union (EU-27, 2012), indicating the climatic regions and 
representative locations defined within the iNSPiRe project  
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Simulations of renovated buildings were done for single-family houses, multi-
family house and office buildings, including various sizes of the buildings, 
different energy systems and levels of heating demand. Results from the 
simulations were gathered in a publicly available database, with modifiable 
inputs for economic and environmental calculations [66]. Aside from the work 
on generic energy renovation packages, the project also included two 
demonstration cases for practical implementation and testing of the new 
technologies developed in the project. In addition, efforts were made to 
develop and verify an energy auditing tool for early stage design and planning 
of energy renovations [67]. 

1.6 Objectives 

The objective of the present thesis is to investigate possible, sustainable 
measures for energy renovation of existing European residential and office 
buildings. The analysis includes both passive energy renovation measures, 
such as envelope insulation and windows, and active systems, with special 
focus on systems with low-temperature heating and/or air heat recovery. 
Being part of a European project, the research is oriented towards renovation 
of buildings in Europe, with respect to the climate and energy goals of the 
European Union. The studies were also influenced by a Swedish perspective, 
often taking into account Swedish building regulations and energy market 
conditions, and focusing more on Swedish and Northern European climatic 
conditions. The research focuses on buildings constructed in the period 1945-
1970, as this was one of the focal periods in the iNSPiRe project and also 
includes part of the so-called “Million Program” in Swedish building 
construction. 

Including both energy, economic and environmental aspects, this research is 
intended to demonstrate examples of sustainable energy renovation and to 
outline the conditions that define whether or not a set of renovation measures 
are feasible or not with regard to such aspects. By doing so, this research 
should contribute to an increased rate of energy renovation of buildings and a 
higher share of energy efficient buildings in the European building stock. 
Specifically, the primary energy target of 50 kWh/(m²∙y) from the iNSPiRe 
project was used as a benchmark for energy efficiency.  
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Specifically, the main objectives are to: 

• Evaluate energy renovation measures with respect to requirements on 
both economic revenue and reduced environmental impact; 

• Investigate the influence of local climatic conditions on efficiency and 
profitability of building envelope renovation, air heat recovery, low-
temperature heating systems and solar energy systems; 

• Assess energy renovation of district-heated buildings, with respect to 
different allocation methods, primary energy factors and district 
heating production systems. 

The term “sustainability” is perhaps best known from the 1987 report Our 
Common Future, published by the United Nations World Commission on 
Environment and Development, where the concept of sustainable 
development was first defined [68]. Nowadays this concept is well established 
and is often considered to rely on three pillars: economic, environmental and 
social sustainability [69]. The research behind this thesis mainly concerns the 
economic and environmental aspects of sustainable building renovation, i.e. 
investment and energy costs and potential reduction in environmental impact. 
However, certain minimum levels of indoor temperature and air change rate 
are always considered, ensuring acceptable indoor climate conditions. 
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2 Method 

The results presented in this thesis were derived through simulations, using 
one or more of the simulation tools listed in section 2.1. The building models 
and energy renovation packages are described in sections 2.2 and 2.3, 
respectively. The methodologies for economic and environmental impact 
analysis are described in sections 2.4 and 2.5, respectively. More details are 
given in the respective papers. 

2.1 Simulation and calculation tools 

2.1.1 TRNSYS 

TRNSYS is a software for transient system simulations, developed at the 
University of Wisconsin, USA [70]. First released in 1975, it is now one of the 
most commonly used simulation tools in the field of thermal energy 
engineering. TRNSYS is based on a modular structure and has a graphical 
interface, where the user can connect components to build systems of varying 
size and complexity. Most of the existing components are validated, and it is 
also possible to modify and add new components, thanks to the open source 
code. The standard component library includes connections to other 
programs such as MATLAB, Excel and EES. Figure 7 shows an example of one 
of the TRNSYS models used in the included papers. 

 
Figure 7: Overview of a system model in the TRNSYS environment 
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TRNSYS was used in Papers 1 – 6 to model and simulate buildings and 
systems for heating, ventilation and air conditioning (HVAC systems). Paper 
1 also included a comparison between TRNSYS and MATLAB Simulink 
simulation results. Weather data for a “typical meteorological year” (.tmy) was 
used in all simulations, which is defined by the temperature, humidity, wind 
speed and precipitation for a specific location during the years 2000-2009 and 
solar radiation during 1991-2010 [71].  

The limitations and drawbacks relate mainly to the complexity of the tool. It 
takes quite some time to learn how to use the program, how to create systems, 
how to obtain relevant results and how to interpret them. The larger and more 
complex the system, the more time it takes for the program to find converging 
solutions. This can lead to a large number of warnings, causing the simulation 
to stop. Also, calling external programs, such as Excel, increases the 
simulation time. 

2.1.2 MATLAB 

MATLAB is a generic programming platform for engineering and scientific 
applications [72]. It was used to generate stochastic profiles for internal gains 
in residential buildings [73] in Papers 2 – 5, to create figures in Papers 5 and 
6 and to simulate district heating systems [74] in Paper 4. Furthermore, the 
integrated simulation tool Simulink [75] was used to simulate one of the three 
HVAC systems, plus the reference system, in Paper 1.  

Similar to TRNSYS, Simulink uses transient calculation methods, although 
with an adaptive rather than a fixed time step. It can be used for accurate 
simulation of buildings and energy systems, among a wide range of other 
applications. A large library of validated components and a graphic interface 
give a high degree of freedom without the need for a lot of code writing. Just 
like TRNSYS, MATLAB and Simulink are also rather complex and take a long 
time to learn. 

2.1.3 Purmo Air Simulator 

Purmo Air Simulator is an Excel tool for the calculation of radiator heat 
transfer. The model was developed by the radiator manufacturer Purmo, 
based on their own products [76], and modified by the author to be used in 
TRNSYS simulations. It was used in Papers 1 – 4 to simulate ventilation 
radiators and traditional radiators, exchanging inputs and outputs with 
TRNSYS.  
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The main advantage of Purmo Air Simulator, in the context of this research, is 
that it allows for the simulation of ventilation radiators in TRNSYS, a 
component that is otherwise missing in the TRNSYS library. By setting the 
airflow through the radiator to zero, it is also possible to simulate traditional 
radiators of the same size and design, thus making it possible to study the 
effect of retrofitting traditional radiators with supply air ducts. 

One of the limitations is that both the supply temperature and the return 
temperature of the water in the radiator are required as inputs in the model, 
while the mass flow rate can only be obtained as an output. In Papers 2 – 4 a 
constant temperature difference for the heating system was assumed, allowing 
the flow rate to vary. In Paper 1, the flow rate was controlled indirectly by 
deriving an equation for the return temperature that resulted in a constant 
flow rate [77]. Another drawback of the tool is that it is not intended for 
transient calculation, as it does not take into account the thermal mass of the 
radiator. 

2.1.4 PHPP 

PHPP is an Excel tool for the certification of passive houses and for the 
calculation of the monthly energy balance of buildings, according to ISO 13790 
[78, 79]. In Papers 1 and 5, PHPP was used to calculate the required insulation 
thicknesses to achieve the desired levels of heating demand in simulations 
with TRNSYS and MATLAB Simulink. PHPP can also be used to calculate the 
energy use of various HVAC systems as well as contributions of solar energy 
systems. 

Compared to dynamic simulation tools, PHPP has the advantage of requiring 
a relatively short learning period, as well as a nearly instantaneous calculation 
of results. The outputs are given as both yearly and monthly balances, and 
include heating and cooling loads and demands, as well as detailed results on 
heat gains and heat losses. PHPP has been shown to produce fairly good 
estimates, compared to TRNSYS, of heating and cooling demands of European 
residential buildings,  and can be regarded as a simpler alternative to more 
complex simulation tools for the pre-design of new buildings and renovation 
projects [80]. 

The main limitation with PHPP is that is uses a static calculation method and 
a single-zone model. In order to compensate for inaccuracies, it intentionally 
overestimates heating and cooling loads. Also, it includes only a limited 
number of HVAC systems.  
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2.2 Building models 

In this section, the building models of each of the appended papers are 
described: two single-family house (SFH) models, four multi-family house 
(MFH) models and one office building model.  

2.2.1 Boundary conditions 

The building types, climates and internal gains from people used in the 
included papers are listed in Table 2. Papers 1, 5 and 6 were completed within 
the framework of the iNSPiRe project and therefore had a European 
perspective with different climates, while Papers 2, 3 and 4 focused on 
Swedish conditions. 

Table 2: Building types, climates, internal gains from people, set temperatures for heating, cooling 
and DHW and ventilation rates for the included papers. *For office buildings, set temperatures of 21 
°C and 25 °C were used for heating and cooling, respectively, with a nighttime setback of -2 °C for 
heating and +2 °C for cooling. No DHW preparation was considered for the offices, and the total 

ventilation rate was set to 1.48 h-1. For residential buildings, the DHW set point refers to the 
minimum temperature in the lower part of the DHW storage. 

Paper Building 
type(s) Climate(s) 

Internal 
gains, 
W/pers 

Heating/cooling 
set point, °C 

DHW set 
point, °C 

Ventilation 
rate, h-1 

1 SFH Stockholm, Gdansk, 
London, Stuttgart, 
Lyon, Rome, Madrid 

115 20/- - 0.5 

2 MFH Stockholm 120 22/- 55 0.5 
3 MFH Stockholm 120 22/- 55 0.5 
4 MFH Västerås 120 22/- 55 0.5 
5 SFH, 

MFH & 
Office 

Rome 120 20/25* 45* 0.4* 

6 Office Stockholm, Gdansk, 
London, Stuttgart, 
Lyon, Rome, Madrid 

120 21/25* - 1.48 

In Papers 2 – 6, the occupants (or office workers) were assumed to contribute 
120 W/person, corresponding to an activity level of “seated, very light writing” 
for an adult male, according to ISO 7730 [81]. In the same standard, a 
metabolic rate of 100 W is categorized as “seated at rest”. In Paper 1, the 
internal gains from people were set to 115 W/person, based on the SFH model 
from IEA/SHC Task 44 [82]. Clearly, a person’s activity level is not constant 
throughout the day, and even less so comparing diurnal and nocturnal 
activities. For residential buildings, activities can be anything from sleeping or 
watching TV to vacuum cleaning or working out, which makes it very difficult 
to decide on a representative average metabolic rate. For offices (Paper 4), 120 
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W/person can be considered a good assumption, as all the people working 
there are adults and have some form of desk job. 

Set temperatures for heating have been found to vary between different 
regions and types of buildings [13-15], and it can be argued that in many 
households the indoor temperature is neither the same in all the rooms nor 
constant throughout the day [64]. For simplicity, these possible variations are 
often not taken into account. In the papers included here, the set temperature 
was always assumed to apply to the whole building and at all times (with 
exception for a nighttime setback for the offices), regardless of the climate, 
and the focus was instead on making a fair comparison between the studied 
renovation solutions, using the same boundary conditions. 

2.2.2 Single-family house models 

The building models used in Papers 1 and 5 were based on the same two-story 
SFH model, be it with some variations and differences in the different studies. 
The house was defined within the iNSPiRe project as a typical European SFH, 
based on statistics on floor area and construction [64]. The wall construction 
and window types were selected to be representative for the respective climate 
and the period of construction 1945-1970 [5]. The models were verified 
against statistics on energy use in the studied regions [5, 64]. In Papers 1 and 
5, all seven climate locations of the iNSPiRe project were used (see Figure 6 
and Table 2). 

In Paper 1, a single-zone model was used, where the unheated attic was 
excluded and the ceiling of the 1st floor exchanged heat directly with the 
ambient. By also excluding the solar gains of the roof, this simplified model 
was found to have a less than 3% difference in heat load and annual heating 
demand compared to a model with one zone per floor and one zone for the 
attic, for the climate of London, UK. The heated floor area of the studied 
building was 78 m². The building was modelled as a semi-detached house, 
taking the western wall to be adiabatic. 

In Paper 5, the area was increased to 100 m², and the ground floor and the 1st 
floor were modelled as separate zones. The building was modelled as a 
detached house with a heated attic, which was part of the 1st floor zone in the 
model, and an unheated cellar. The cellar was not included in the model, but 
was accounted for by using the ground temperature as the boundary condition 
for the ground floor and adding a thermal bridge between the ground floor 
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and the cellar. The difference between the single-zone model used in Paper 1 
and the 2-zone models used in Paper 5 is illustrated in Figure 8.  

 

Figure 8: Layout of the single-family house models used in Papers 1 (left) and 5 (right). The single-
zone model used in Paper 1 represented a semi-detached house with an unheated attic (not 

included in the model), while the model used in Paper 2 had two zones, one for the ground floor and 
one for the first floor and attic, representing a detached house with unheated cellar (not included in 

the model). 

2.2.3 Multi-family house models 

The building models used in Papers 2 – 4 were based on the construction of a 
Swedish multi-family house from the early 1970s. The model used in Papers 2 
and 3 represented a four-story building with an unheated attic, slab-on-grade 
ground floor and a heated floor area of 4700 m², while in Paper 4 the house 
had three floors plus a heated cellar and a total heated area, including 
stairwells and cellar, of 3900 m². In the model, the living area was represented 
by nine zones, each comprising three apartments: three zones for the ground 
floor, three zones for the top floor and three zones for the middle floor. No 
heat transfer was assumed between the apartment zones. In addition, there 
were three zones for the stairwells and one zone for the attic. To get results for 
the whole building, results for the apartment and stairwell zones in the middle 
were multiplied to represent additional middle zones, as shown in Figure 9. 
This was done both vertically and horizontally, i.e. to make the building model 
both taller (Papers 2 and 3) and wider (Papers 2 – 4). The model was verified 
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against the measured yearly energy use of a building in Borlänge, Sweden, 
with the same construction. 

 

Figure 9: Layout of the multi-family house model used in Papers 2 – 4. Nine living zones and three 
stairwell zones (yellow/green/blue) were included in the model. Results for the middle zones were 
multiplied to represent additional zones (striped) and render results for the whole building. a) View 

from front: multiplication of middle floor zones to make the building taller; b) View from above: 
multiplication of middle zones to make the building wider. 

The buildings studied in these papers were assumed to be connected to a 
district heating network, as this is the most common heating system in multi-
family houses in Sweden [47]. In Papers 2 and 3, the model was simulated 
with climate data for Stockholm, with a yearly average temperature 0f 6.0 °C, 
while in Paper 4 climate data for Västerås,  with a yearly average temperature 
0f 7.5 °C, was used. 

Paper 5 included simulation of typical European MFHs, based on surveys on 
floor area, construction types and energy use in different regions [5, 64]. 
Similar to the SFH, the wall construction and window types were selected to 
be representative for the respective climate and the period of construction 
1945-1970. Results were derived for a building with five floors, slab-on-grade 
ground floor and a total heated area of 500 m². Simulations were done for the 
seven climate locations defined within the iNSPiRe project (see Figure 6 and 
Table 2).  
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2.2.4 Office building model 

The office building models used in Papers 5 and 6 were defined within the 
iNSPiRe project as typical European office buildings, with regard to floor area, 
construction and energy use in different regions [5, 64]. Wall construction and 
window types were selected to be representative for the respective climate and 
the period of construction 1945-1970. Simulations were done for all seven 
climate locations defined within the iNSPiRe project (see Figure 6 and Table 
2) for office buildings with five floors and a heated area of 1620 m². Similar to 
the MFH model of Papers 2 – 4, the office building model had three floors with 
adiabatic connections between them, and results for the middle floor were 
multiplied by three to represent two additional middle floors, as illustrated in 
Figure 10. 

 

Figure 10: Layout of the office building model used in Paper 6. The model had three floors 
(yellow/green/blue) with two zones on each (north and south). Results for the middle floor were 

multiplied by three to represent two additional floors (striped). 

2.3 Energy renovation packages 

This section gives an overview of the energy renovation packages used in the 
appended papers. In Papers 1, 5 and 6, the new windows and the insulation 
thicknesses were selected with a bottom-up approach to reach the same 
specific levels of heating demand (70, 45, 25 or 15 kWh/(m²∙y)) in all climates, 
which of course requires different windows and insulation thicknesses in the 
respective climates. Figure 11 shows the average heating demand in existing 
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buildings of the studied types constructed in 1945-1970 in the studied climatic 
regions, calculated for a heating set temperature of 21 °C [66]. In Papers 2 – 
4, the approach was rather top-down, and the heating demand was merely a 
result of the selected envelope renovation measures. 

 

Figure 11: Average heating demand of existing buildings of the studied types in different climates, 
assuming a room temperature of 21 °C during the heating season [66] 

In all cases, the buildings were assumed to be in need of renovation. That is, it 
was assumed that the windows would have to be replaced, that the façade 
needed repairs and that the HVAC systems had reached the end of their 
technical lifetime. Thus, the labor costs for replacing the windows were 
excluded, and exterior insulation of the façade was assumed to be performed 
in conjunction with the repairs. Table 3 lists the renovation levels, envelope 
renovation measures, HVAC systems and solar energy systems used in the 
appended papers. More details regarding the envelope renovation measures 
are given in section 2.3.1, followed by descriptions and layouts of the HVAC 
systems in section 2.3.2.  
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Table 3: Renovation levels, envelope renovation measures, HVAC systems and solar energy 
systems used in the appended papers 

Paper Building 
type(s) 

Renovation 
levels, 
kWh/(m²∙y) 

Envelope 
renovation 
measures 

HVAC systems Solar 
energy 

1 SFH 25, 15 Windows, roof 
insulation and 
wall insulation 

AAHP + MVHR; 
EAHP + ventilation radiators; 
AWHP + ventilation radiators; 
AWHP + panel radiators 
 

- 

2 MFH - 0: - 
1: Windows 
2: Windows, 
roof insulation 
and wall 
insulation 

DH + traditional panel radiators; 
DH + MVHR panel radiators; 
DH + EAHP (space heating) and 
panel radiators; 
DH + EAHP (space heating, 
DHW) and panel radiators; 
DH + EAHP (space heating, 
DHW) and ventilation radiators 
 

- 

3 MFH - - DH + traditional panel radiators; 
DH + MVHR panel radiators; 
DH + EAHP (space heating, 
DHW) and panel radiators 
 

- 

4 MFH - Windows, roof 
insulation and 
wall insulation 

DH + traditional panel radiators; 
DH + MVHR panel radiators; 
DH + EAHP (space heating, 
DHW) and panel radiators 
 

- 

5 SFH, 
MFH, 
OFF 

70, 45, 25, 
15 

Windows, roof 
insulation and 
wall insulation 

AWHP + RC + MVHR; 
GWHP + RC + MVHR; 
Gas boiler + Split unit + 
RC/radiators + MVHR; 
Pellet boiler + Split unit + 
radiators + MVHR 
 

ST and 
PV 

6 OFF 45, 25 Windows, roof 
insulation and 
wall insulation 

AWHP + FC/RC + MVHR; 
Gas boiler + Split unit + FC/RC + 
MVHR; 
Pellet boiler + Split unit + FC/RC 
+ MVHR 

PV 

 

2.3.1 Envelope renovation measures 

In Paper 1, two renovation levels were used, complying with standards from 
the Passive House Institute for passive houses and EnerPHit renovation, 
respectively [83]. According to these standards, a passive house should have 
an annual heating demand of ≤ 15 kWh/(m²∙y) and an EnerPHit house in a 
“cool-temperate” climate should have a heating demand of ≤ 25 kWh/(m²∙y). 
In the paper, these levels were met for cases which included mechanical 
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ventilation with heat recovery (MVHR). For other cases, the same envelope 
renovation measures were applied, resulting in a higher heating demand. 

In Paper 2, three renovation levels were used: 

0. Basic renovation and repairs to maintain functionality of the building, 
no energy efficiency measures; 

1. Level 0 +  better windows and balcony doors, flow-reducing water taps 
and shower heads; 

2. Level 1 + insulation of roof and façade. 

Level 0 from above was used for the case study in Paper 3, and level 2 was used 
in Paper 4. 

In Paper 5, four renovation levels were defined, resulting in heating demands 
of 70, 45, 25 and 15 kWh/(m²∙y), respectively. For simulation of SFHs and 
MFHs, all four levels were applied, while for office buildings two levels were 
used: 45 and 25 kWh/(m²∙y). These levels were achieved by improving the 
thermal properties of the windows and adding insulation to the roof and 
external walls. In addition, MVHR with a thermal efficiency of 85% was used 
for all office buildings (OFF) as well as for SFH and multi-family houses 
(MFH) with a heating demand of 25 and 15 kWh/(m²∙y), and for the SFH in 
the Northern Continental and Nordic climates with a heating demand of 45 
kWh/(m²∙y). 

Paper 6 followed the methodology from Paper 5 for office buildings. In 
addition to the two renovation levels defined there, a reference case was 
simulated, representing a renovation without energy efficiency measures to 
maintain functionality of the building.  

The required insulation thicknesses and U-values of windows to achieve 
heating demands of 70, 45, 25 or 15 kWh/(m²∙y) for the studied building types 
and climates from Papers 5 and 6 are listed in Table 4. For the single-family 
houses (SFH), ground floor and cellar perimeter insulation was added in some 
cases to reduce the heat losses to the ground.   
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Table 4: Required U-values of windows and additional insulation to achieve the desired levels of 
heating demand for single-family houses (SFH), multi-family houses (MFH) and office buildings 

(OFF) in the studied European climates. *50-100 mm ground floor insulation; **50-100 mm ground 
floor and cellar perimeter insulation 

Climate Renovation 
level 

Window U-values, 
W/(m²∙K)  Added insulation in renovation, mm 

(façade; roof) 
SFH MFH OFF  SFH MFH OFF 

S. Dry 70 2.67 2.67 -  101; 201 10; 10 - 
 45 2.67 2.67 2.67  63; 163 * 20; 20 0; 15 
 25 2.67 2.67 2.67  89; 189 * 30; 30 20; 20 
 15 1.05 2.67 -  100; 200 * 60; 60 - 
Mediterranean 70 2.67 2.67 -  40; 40 0; 0 - 
 45 2.67 2.67 2.67  120; 180 0; 50 0; 0 
 25 2.67 2.67 2.67  60; 60 * 20; 20 10; 10 
 15 2.67 2.67 -  80; 180 * 30; 30 - 
S. Continental 70 2.67 2.67 -  65; 165 * 20; 20 - 
 45 2.67 2.67 2.67  120; 220 * 40; 40 12; 0 
 25 1.05 1.05 2.67  128; 228 * 40; 40 35; 45 
 15 1.05 1.05 -  215; 315 ** 70; 70 - 
Oceanic 70 2.67 2.67 -  91; 191 * 20; 20 - 
 45 1.05 2.67 2.67  129; 229 * 40; 40 10; 10 
 25 1.05 1.05 2.67  165; 265 * 40; 40 40; 50 
 15 1.05 1.05 -  344; 444 ** 70; 70 - 
Continental 70 2.67 2.67 -  228; 328 * 30; 30 - 
 45 1.05 2.67 2.67  214; 314 ** 80; 80 15; 22 
 25 1.05 1.05 1.05  240; 340 ** 50; 50 80; 80 
 15 1.05 1.05 -  400; 500 ** 90; 90 - 
N. Continental 70 1.05 2.67 -  113; 213 ** 50; 50 - 
 45 1.05 2.67 2.67  124; 224 ** 140; 140 27; 27 
 25 1.05 1.05 1.05  400; 500 ** 80; 80 65; 70 
 15 1.05 1.05 -  400; 500 ** 130; 130 - 
Nordic 70 1.05 2.67 -  80; 150 ** 0; 0 - 
 45 1.05 2.67 2.67  80; 150 ** 100; 100 24; 24 
 25 1.05 1.05 1.05  400; 500 ** 40; 40 130; 130 
 15 1.05 1.05 -  400; 500 ** 60; 60 - 
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2.3.2 HVAC systems 

All of the appended papers include some form of comparison between 
different HVAC systems. In all cases, the HVAC systems were set to provide 
ventilation and space heating, and in some cases domestic hot water (DHW) 
and/or cooling was also included. The models used were either validated 
standard models from the simulation tool library or based on data from 
manufacturers. This section summarizes and describes the layouts of the 
HVAC systems from each paper. 

The four HVAC systems studied in Paper 1 are shown in Figure 12. The studied 
systems were: 

A. Air-to-air heat pump (AAHP), mechanical ventilation with heat 
recovery (MVHR) and an electric radiator as backup heater; 

B. Exhaust air heat pump (EAHP) and ventilation radiators; 
C. Air-to-water heat pump (AWHP), exhaust ventilation and ventilation 

radiators; 
D. Air-to-water heat pump (AWHP), exhaust ventilation and traditional 

panel radiators (reference system). 

  

  

Figure 12: Layout of the four HVAC systems studied in Paper 1: A) AAHP and MVHR with electric 
radiators as backup room heater; B) EAHP and ventilation radiators; C) AWHP and ventilation 

radiators; D) AWHP with traditional radiators 
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In this paper, the HVAC systems provided ventilation and space heating, while 
DHW and cooling were omitted. The heat pump in system A is connected in 
series with the heat recovery unit as one compact heating unit, extracting heat 
from the exhaust air and supplying heat to the building via the ventilation 
system. The principle of a ventilation radiator is described in section 1.3.4. 
Systems A and B were chosen as novel and innovative alternatives to a 
traditional heat pump system such as the one in system D (reference system). 
System C was included to highlight the effects of low-temperature heating on 
the seasonal performance factor (SPF) of the heat pump. 

Figure 13 shows the layout of the five HVAC systems studied in Paper 2: 

0. District heating with exhaust ventilation and traditional panel radiators 
(reference system); 

A. District heating with MVHR and traditional panel radiators; 
B. District heating with EAHP for space heating and traditional panel 

radiators; 
C. 1) District heating with EAHP for space heating and DHW preparation 

and traditional panel radiators; 
2) District heating with EAHP for space heating and DHW preparation 
and ventilation radiators. 

These systems were chosen to provide a set of feasible renovation options for 
a district-heated multi-family house, including different variants of combining 
DH with EAHP. Just as in Paper 1, system C2 was included to investigate the 
effects of adding a low-temperature heating device to a heat pump system. All 
systems were set to provide ventilation, space heating and DHW, while cooling 
was left out of the scope due to the cold climate. This was also the case in 
Papers 3 and 4. 
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Figure 13: Layout of the HVAC systems studied in Paper 2: 0) District heating with exhaust 
ventilation and traditional radiators (reference system); A) District heating + MVHR; B) District 

heating + EAHP for space heating; C) District heating + EAHP for space heating and DHW. System 
C was done in two variants: with traditional panel radiators (1) and with ventilation radiators (2). 

Three of the HVAC system models from Paper 2 were used in Paper 3: 

A. District heating with exhaust ventilation and traditional panel 
radiators; 

B. District heating with MVHR and traditional panel radiators; 
C. District heating with EAHP for space heating and DHW preparation 

and traditional panel radiators. 

Paper 4 also had the HVAC system models in common with Paper 2: 

A. District heating with MVHR and traditional panel radiators; 
B. District heating with exhaust ventilation and traditional panel 

radiators; 
C. District heating with EAHP for space heating and ventilation 

radiators; 
D. District heating with EAHP for space heating and DHW preparation 

and ventilation radiators. 
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Paper 5 treated combinations of four heating and cooling systems and three 
distribution systems: AWHP, ground source heat pump (GSHP), pellet boiler 
and gas boiler in combination with radiators, radiant ceiling panels and fan 
coils. In the systems with boilers or radiators, split units were used to cover 
the cooling demand. The study also included combinations with solar thermal 
and/or PV panels (not shown in the figure) on the roof and/or façade of the 
building. Electricity from the PV panels was used for the generation units, 
ventilation systems, pumps, valves and backup heater. Excess electricity was 
assumed to be fed to the grid. A thermal energy storage tank was used for 
DHW preparation and space heating. The ventilation system included heat 
recovery in all of the office buildings and in the residential buildings where it 
was necessary to achieve the desired level of heating demand. A generic layout 
of the systems studied in Paper 5 is shown in Figure 14. 

The HVAC systems were chosen because they were thought to be suitable for 
the European market and for typical European residential and office 
buildings. Robust systems with promising potential for energy saving were 
favored. DH was excluded since it is not very common outside the northern 
regions of Europe, as was EAHP since it is not compatible with MVHR. Low-
temperature heating was applied in the form of radiant ceiling panels. Sizing 
of the heating and cooling systems was done based on the maximum of the 
peak heat load and the peak cooling load. 

 

Figure 14: General layout of the HVAC systems studied in Paper 5 
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The analysis in Paper 6 was limited to office buildings, and thus the layout of 
the HVAC systems differed somewhat from those in Paper 5. As DHW 
preparation was not considered, both the storage tank and the solar thermal 
panels were excluded. The number of generation devices was limited to three: 
AWHP, pellet boiler and gas boiler, which were simulated in combination with 
radiant ceiling panels or fan coils. Solar PV panel installations on the roof or 
façade were considered, and electricity from the PV system was treated the 
same way as in Paper 5. A generic layout of the systems studied in Paper 6 is 
shown in Figure 15. 

 

Figure 15: General layout of the HVAC systems studied in Paper 6 

2.4 Economic analysis 

Two different methods for economic evaluation of the studied renovation 
measures were used in the appended papers: life-cycle cost analysis (LCCA) 
and discounted payback (DPB). In both of these, the net present value (NPV) 
method is used to calculate the value of future expenses and income, taking 
into account the rate of increased value of money. 

LCCA is a well-established method for the comparison of costs related to a set 
of options, including both investment and use over a certain reference period 
of study (RPS). The option with the lowest life-cycle cost (LCC) is considered 
to be the best one. The comprehensive nature of this method has made it very 
popular in building research [84], and it is also included in the EU guidelines 
for cost calculation of buildings [85].  
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None of the appended papers included a comparison between energy 
renovations and no renovation at all, as the studied buildings were assumed 
to be in need of renovation. The baseline for comparison was that the building 
should be habitable and that desired levels of indoor temperature and air 
change rate should be provided over a period of 30 years, which is likely not 
possible for buildings that are already over 40 years old unless they are 
renovated. 

LCCA was used in Papers 2, 5 and 6. In all of the studied cases, the costs of 
different energy renovation options were compared to each other and to a 
renovation without energy efficiency measures. The period of study started at 
the point of investment and installation, and included 30 years of use of the 
building. The analysis included costs for investment, installation, purchased 
energy, maintenance, reinvestment and residual value of products. The 
economic analysis did not include costs for end-of-life treatment of disposed 
materials, economic subsidies for renovation, feed-in tariff for excess 
electricity from solar PV panels or increased value of the building after 
renovation. 

DPB was used in Paper 2, as a supplement to the LCCA. Just as in conventional 
payback calculations, the DPB period of an investment is defined as the time 
it takes to reach break-even and balance income with initial costs. The 
difference is that the DPB method uses discounted returns, reducing the value 
of future costs and income in the calculations and thereby delaying the point 
of break-even [86]. Unlike LCCA, no period of study is defined; the time frame 
of the study is instead determined by the results of the calculation, and no 
consideration is given to the time beyond that period. Thus, LCCA gives a 
better overview in the longer perspective. Neither of the methods includes 
environmental costs. 

The costs of energy and technical systems can of course vary between 
countries and regions. In Papers 5 and 6, the same costs were used throughout 
all of the studied cases, as the locations used were intended to represent a 
climatic region and not just one country. 

Papers 2 and 6 included economic sensitivity, changing one parameter at a 
time (ceteris paribus). This method highlights the impact of individual 
parameters on the results and provides a range of different outcomes, 
although it does not assess the probability of different outcomes.  



36 | Environmental impact analysis 

 

 

2.5 Environmental impact analysis 

Different forms of environmental impact analysis were included in Papers 2 – 
6 in order to provide a more comprehensive view on the sustainability of 
energy renovation of buildings. The primary energy factors (PEF) and factors 
for emissions of CO₂-equivalents for the different energy carriers used in these 
papers are listed in Table 5. 

Table 5: Primary energy factors (PEF) and factors for emissions of CO₂-equivalents used in Papers 
2 – 6. *Paper 3 included a comparison between primary energy factors from different sources. 

**Paper 4 included comparisons between different types of district heating systems; the presented 
range represents the yearly average values, although in the model the fuel use and thereby the 

impact factors would vary on an hourly basis. 

Paper Energy carrier 
PEF, 
kWhPE/kWhFE 

CO2-eq. em., 
g/kWh 

2 District heating 0.79 89 
 Electricity 1.74 – 3.00 36 – 1000 
3 District heating 0.03 – 1.50* - 
 Electricity 1.30 – 2.60* - 
4 District heating 0.17 – 0.46** 44 – 142** 
 Electricity 2.38 345 
5, 6 Electricity 2.88 480 
 Natural gas 1.19 220 
 Wood pellets 0.19 50 

Similar to LCCA, life-cycle assessment (LCA) is a method for addressing the 
environmental impact of a product or a service over its whole lifetime. 
Although it has been used in building research since 1990 [87], its application 
in the area of renovation has been limited, especially for non-residential 
buildings and in combination with LCCA [87, 88]. 

Paper 2 included a limited LCA, analyzing the primary energy use and 
emissions of CO₂-equivalents of three different energy renovation levels and 
five HVAC system combinations. The analysis was limited to the operational 
phase, over an RPS of 30 years, and did not include embodied energy of 
materials. A sensitivity analysis was performed on the environmental impact 
factors for electricity, comparing Swedish electricity mix to Nordic mix and 
electricity from 100% NRE sources. 

In Paper 3, the analysis was limited to primary energy use of different HVAC 
systems (Figure 13) during one year of operation. Paper 3 treated the influence 
of different methods for the allocation of primary energy use within district 
heating systems (DHSs) with combined heat and power (CHP) production, as 
well as different methods for allocation between the energy system and waste 
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management in DHSs based on municipal solid waste (MSW) incineration 
[89-91]. The comparison also included PEFs for DH and electricity for 
Finland, Denmark, Norway and the European average, as the EPBD grants the 
use of primary energy factors (PEFs) based on national or regional average 
values [23]. 

In Paper 4, the change in primary energy use and emissions of CO₂-
equivalents following the energy renovation of a building were assessed in the 
context of a typical Swedish DHS. Four different types of DHSs, with varying 
production mixes, were included in the study, as described in Table 6. The 
analysis was limited to the primary energy use and CO₂-eq. emissions of the 
DHS during one year of operation, and did not include the embodied energy 
of materials in the building elements and HVAC systems used in the 
renovation. 

Table 6: Characteristics of the DHSs studied in Paper 4, including share of the market, share of 
heat/electricity production, total annual heat production and shares of fuels and energy sources 

 DHS I DHS II DHS III DHS IV 
System characteristics     
   Share of the DH market 27.5% 10.0% 18.5% 44.0% 
   Share of heat/electricity prod. 100/0% 76/24% 87/13% 82/18% 
   Total heat prod.,  GWh/year 13 000 5 000 11 000 23 000 
Shares of fuels/energy sources     
   Fossil fuels 6% 38% 22% 14% 
   Secondary biofuels 67% 16% 17% 61% 
   Municipal solid waste (MSW) 5% 21% 55% 15% 
  Industrial waste heat (IWH) 20% 22% 4% 4% 
  Electricity 3% 1% 1% 5% 
     

The environmental analyses in Paper 6 included a limited LCA, focusing on 
four impact categories: climate change (kg CO₂-eq.), NRE use (kWh), 
particulate matter formation (kg PM2.5-eq.) and freshwater eutrophication 
(kg P-eq.). The database presented in Paper 5 covers the same categories, plus 
human toxicity, acidification, freshwater ecotoxicity, land use and water 
resource depletion. The four categories used in Paper 6 were considered 
enough for a synthesis of the results, as they cover the main environmental 
impact categories: climate change, NRE use, human health effects (particulate 
matter formation) and effects on the ecosystem (freshwater eutrophication). 
In addition, Papers 5 and 6 both addressed the primary energy target of the 
iNSPiRe project of 50 kWh/(m²∙y), referring to energy used for heating, 
cooling, ventilation and lighting. For residential buildings, the target also 
comprehended energy for DHW preparation. The LCAs in these papers were 
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performed according to the guidelines proposed by the Joint Research Center 
of the European Commission [92], using the SimaPro software [93] and the 
Ecoinvent life-cycle inventory database [94]. The reference flow was the 
heated floor area of the building, and the functional equivalence between the 
scenarios was their compliance with requirements regarding indoor 
temperature, DHW, lighting and ventilation. PEFs were set according to 
CEDNRE – cumulative energy demand, non-renewable, resulting in PEFs of 
2.88 kWhPE/kWhFE for electricity, 1.19 kWhPE/kWhFE for natural gas and 0.19 
kWhPE/kWhFE for wood pellets. All PEFs and environmental indicators were 
assumed to be the same for all locations and constant over the whole RPS. 
European production mix (ENTSO-E) was assumed for all electricity use. 
Deposited materials, both the products replaced in the renovation and the new 
products at the end of their service life, were assumed to be landfilled. The 
system boundaries of the LCAs in Papers 5 and 6 are illustrated in Figure 16. 

 

Figure 16: System boundaries of the LCAs in Papers 5 and 6  
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3 Results and analysis 

In this section, the main results from the appended papers are presented, 
along with a brief analysis. The section is divided into two subsections: 
Swedish multi-family houses and European residential and office buildings. 
Each subsection treats the economic and environmental aspects of energy 
renovation of Swedish (Papers 2 – 4) and European buildings (Papers 1, 5 and 
6), respectively, along with results regarding the energy performance of HVAC 
systems with low-temperature heating and/or air heat recovery in different 
climates. 

Papers 2 – 4 all used similar building models and HVAC systems, with some 
differences. In section 3.1 below, only results for the HVAC systems common 
for all three papers are included: 

• District heating and exhaust ventilation with energy efficient fans (“DH 
+ exh.”); 

• DH and mechanical ventilation with heat recovery (“DH + MVHR”); 
• DH and exhaust air heat pump, with the heat pump covering part of the 

space heating and domestic hot water (DHW) loads and district heating 
as backup (“DH + EAHP”). 

Results for the DH + EAHP system with ventilation radiators are also included 
in order to assess the effect on the seasonal performance factor (SPF) of the 
heat pump of using a low-temperature heating system. More details are given 
in the respective paper.  
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3.1 Swedish multi-family houses 

Figure 17 shows the life-cycle cost (LCC), primary energy (PE) use and 
emissions of CO₂-eq. of the Swedish multi-family house (MFH) studied in 
Paper 2, for three renovation levels and three HVAC systems. Paper 2 included 
three different configurations of the system with DH and EAHP, all of which 
displayed similar results. The envelope renovation packages resulted in 
heating demands of 108 kWh/(m²∙y) (reference case; no additional insulation 
or improved windows), 76 kWh/(m²∙y) (new windows) and 52 kWh/(m²∙y) 
(new windows + additional insulation of roof and façade). 

 
Figure 17: Life-cycle cost, primary energy use, emission of CO2-equivalents, and non-renewable 

energy use for different renovation levels and HVAC systems of a Swedish MFH 

While more extensive envelope renovation reduces both LCC and 
environmental impact compared to the reference case (renovation level 0), the 
most ambitious renovation level is not the most profitable. Adding insulation 
of the roof and façade (renovation level 2), the extra investment costs are 
larger than the reduction of the energy costs for the systems with heat pumps. 
Compared to the reference system (0) for the same renovation level, the heat 
pump system reduces the LCC by up to 19% (level 0), the PE use by up to 23% 
(level 1) and the emissions of CO₂-eq. by up to 35% (level 1). The system with 
MVHR is similar to the heat pump system in terms of environmental impact, 
but has higher LCC than the reference system. The iNSPiRe primary energy 
target of 50 kWh/(m²∙y) was not applied specifically in this study, but could 
be achieved with either the MVHR system (49 kWh/(m²∙y)) or one of the heat 
pump systems (48 – 52 kWh/(m²∙y)) for renovation level 2.  
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Varying the investment and maintenance costs, interest rate and energy price 
growth, ceteris paribus (one parameter at a time) had almost no influence on 
the ranking of the studied HVAC systems, except that reducing the overall 
investment costs by 20% would make the system with MVHR more profitable 
than the reference system. Even by combining all parameter variations (not 
included in paper), the heat pump systems have the lowest life-cycle costs and 
the MVHR system the highest in almost all cases.  

The discounted cash flows of the combinations studied in Paper 2 are 
illustrated in Figure 18; the point of break-even for each combination occurs 
when the respective line crosses the reference line (blue). Within the RPS of 
30 years, the combinations with MVHR never reach break-even. For 
renovation level 0, this HVAC system was found to never pay back, whereas 
the DPB periods for renovation levels 1 and 2 were 41.8 years and 44.4 years, 
respectively. The heat pump system had the shortest DPB periods, with 3.3 
years for renovation level 0, 13.3 years for level 1 and 22.6 years for level 2. 

 

Figure 18: Discounted cash flow (in 1000s of €, i.e. k€) for each of the studied renovation packages 
in Paper 2 over a period of 30 years, compared to the reference case 
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Figure 19 shows the seasonal performance factor (SPF) of an EAHP with 
ventilation radiators in relation to the SPF of the same heat pump with 
traditional radiators, for the studied building and climate in Paper 2. Here, the 
low-temperature system improves the SPF of the heat pump by up to 17%, with 
the largest improvement for the case with the least insulated building 
envelope (renovation level 0). The main reason for this is that the DHW 
demand constitutes a larger share of the total heating demand after the 
improvements of the building envelope. Thus, the impact of installing 
ventilation radiators is smaller for the better renovated cases (renovation level 
1 and 2). 

 

Figure 19: Relative SPF of exhaust air heat pump with/without ventilation radiators in a Swedish 
multi-family house for three different renovation levels in the climate of Stockholm 
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Figure 20 shows the thermal energy supplied with DH and EAHP for space 
heating and DHW for the MFH studied in Paper 2. To the left is the case 
without envelope renovation measures, and to the right is the case with new 
windows and insulation of roof and façade. This figure illustrates two things: 
that the share of the heating demand covered by the heat pump is larger for 
the building with the better envelope; and that the possibility to use the heat 
pump for DHW preparation increases the time that the heat pump can be 
used, particularly for the case with the better building envelope. In the system 
where the heat pump is used for space heating only, there is effectively no heat 
recovery during summer in the renovated building. This is also the case with 
the MVHR system. In this study, the heat pump covered a relatively small 
share of the DHW demand, as it was set to primarily provide space heating 
and secondarily preheat water for DHW use. 

 

  
  
Figure 20: Thermal energy supplied for space heating and DHW by district heating and EAHP for 
the multi-family house in Paper 2. Left: without envelope renovation measures; Right: with new 

windows and insulation of façade and roof. 
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Figure 21 shows the changes in primary energy use of four typical Swedish 
district heating systems (DHS I – IV) of renovating a multi-family house. DHS 
I is a heat-only system with a large share of secondary biofuels and some IWH 
and other energy sources. DHS II includes fossil- and biofuel-based combined 
heat and power (CHP) as well as IWH and heat-only municipal solid waste 
(MSW) incineration. DHS III mainly consists of MSW heat-only and CHP, 
while DHS IV includes heat-only and CHP with a larger share of biofuel and 
less fossil fuel than DHS III. The average PEFs for the four DHSs were 0.17, 
0.46, 0.30 and 0.30 kWhPE/kWhFE, respectively, although the actual primary 
energy use varied hourly in the model according to energy demand and 
production. 

The energy renovation packages all include insulation of roof and façade, 
better insulating windows and flow-reducing taps, resulting in purchased 
energy (DH + electricity) with the three HVAC systems (DH+exh., 
DH+MVHR, DH+EAHP) amounting to 79 + 4 kWh/(m²∙y), 56 + 5 
kWh/(m²∙y) and 45 + 11 kWh/(m²∙y), respectively. Compared to the existing 
building with DH and exhaust ventilation, the total amount of purchased 
energy is reduced after renovation by 35% with the new exhaust air fans, 51% 
with DH and MVHR, and 56% with DH and EAHP. 

 

Figure 21: Change in primary energy use of four typical Swedish district heating systems (DHS I – 
IV) as effect of renovating a multi-family house with three different HVAC systems 
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The system with EAHP gives the largest reduction in purchased energy and 
thereby the largest reduction in primary energy use due to lower heat 
production in the district heating plant. However, as a consequence, it also 
gives the largest increase in primary energy use due to reduced electricity 
production from CHP in DHS II – IV, and it gives the largest increase in 
primary energy use due to changed electricity use in the building. The largest 
reduction in total primary energy use is obtained with the MVHR system, as 
the MVHR gives a smaller increase in electricity use than the EAHP. The 
installation of new exhaust air fans is the only option that reduces electricity 
use compared to the reference case (the existing building) and is thereby close 
to the other systems when it comes to total primary energy change, even 
though it results in a much smaller reduction in purchased energy. 

In Paper 3, the primary energy use of a district-heated MFH renovated with 
three different HVAC systems was assessed by applying 16 different methods 
for the allocation of primary energy use and calculation of PEFs. The district 
heating systems include biomas-based cogeneration plants (“Bio”) and 
incineration of municipal solid wastes (“MSW”), plus primary energy factors 
for Denmark, Norway, Finland and the European average. The allocation of 
primary energy use in combined heat and power (CHP) plants is done either 
based on the amount of energy produced in the form of heat and power 
(“Energy” method) or based on the amount of fuel that would have been 
required to produce as much heat and power in individual plants 
(“Alternative”). In waste incineration plants, the allocation is either 100% to 
the energy system or 58.7%/41.3% between the energy system and the waste 
management. 

No energy renovation of the building envelope was included. The resulting 
purchased energy (DH + electricity) with the three HVAC systems (DH + exh., 
DH + MVHR, DH + EAHP) was 134 + 4 kWh/(m²∙y), 108 + 8 kWh/(m²∙y) 
and 82 + 17 kWh/(m²∙y), respectively. Table 7 shows a summary of the 
primary energy analysis.  
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Table 7: Primary energy analysis of the studied HVAC systems in Paper 3, ranking the systems 
based on primary energy use for 16 different methods for the allocation of primary energy use and 

calculation of primary energy factors (PEFs) for district heating and electricity. 

DHS 
Allocation 
method 
CHP 

Allocation 
energy 
system/waste 
management 

PEFel./ 
PEFDH 
ratio 

Ranking of HVAC systems based on 
PE use 

Lowest Intermed. Highest 
Bio Alternative - 59.0 DH+exh. DH+MVHR DH+EAHP 
MSW Alternative 58.7/41.3% 54.3 DH+exh. DH+MVHR DH+EAHP 
Bio Energy - 47.2 DH+exh. DH+MVHR DH+EAHP 
MSW Energy 58.7/41.3% 40.8 DH+exh. DH+MVHR DH+EAHP 
MSW Alternative 100/0% 32.6 DH+exh. DH+MVHR DH+EAHP 
MSW Energy 100/0% 27.2 DH+exh. DH+MVHR DH+EAHP 
MSW Alternative 58.7/41.3% 5.4 DH+MVHR DH+exh DH+EAHP 
MSW Energy 58.7/41.3% 4.2 DH+MVHR DH+EAHP DH+exh 
MSW Alternative 100/0% 3.3 DH+MVHR DH+EAHP DH+exh 
Denmark   3.1 DH+MVHR DH+EAHP DH+exh 
MSW Energy 100/0% 2.4 DH+EAHP DH+MVHR DH+exh 
Finland   2.4 DH+EAHP DH+MVHR DH+exh 
Europe av.  2.2 DH+EAHP DH+MVHR DH+exh 
Bio Alternative - 2.1 DH+EAHP DH+MVHR DH+exh 
Bio Energy - 1.6 DH+EAHP DH+MVHR DH+exh 
Norway   0.9 DH+EAHP DH+MVHR DH+exh 

The system with DH and exhaust ventilation and the system with DH and 
EAHP both have the lowest primary energy use in six of the included cases, 
and the system with DH and MVHR in four cases. The variation is clearly 
related to the ratio between the PEFs: when the PEF for electricity is very high 
compared to the PEF for DH, the system with DH and exhaust ventilation 
gives the lowest primary energy use, as this system has the lowest electricity 
use of the three. For the lowest ratios between PEF for electricity and PEF for 
DH, the system with EAHP gives the lowest primary energy use, while the 
system with MVHR is the best in the cases with a slightly higher ratio and 
comes in as second best in all the other cases. 
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3.2 European residential and office buildings 

Figure 22 shows the energy use of the HVAC systems studied in Paper 1 for an 
SFH with two renovation levels in seven European climates, in relation to the 
reference system, air-to-water heat pump (AWHP) with traditional panel 
radiators. Renovation level 1 and 2 correspond to a heating demand of 25 
kWh/(m²∙y) and 15 kWh/(m²∙y), respectively, with heat recovery. The lowest 
energy use, for all cases, was achieved with the system with air-to-air heat 
pump (AAHP) and mechanical ventilation with heat recovery (MVHR). 
Compared to the reference system, this system reduced the purchased energy 
for heating and ventilation by up to 36% (for renovation level 2 in the Nordic 
and Northern Continental climates). The second largest energy savings, up to 
23%, were achieved with exhaust air heat pump (EAHP) and ventilation 
radiators. Both the system with MVHR and the system with EAHP generated 
larger energy savings in the colder climates. 

 

Figure 22: Relative change in energy use, compared to the reference system, of the HVAC systems 
studied in Paper 1 for an SFH with two renovation levels in seven climates 

Converting the existing radiators to ventilation radiators, the energy use of the 
AWHP is reduced by -3% to -8% compared to the reference system. The 
reduced water temperature in the radiator system increases the seasonal 
performance factor (SPF) of the heat pump by up to 9%, with the largest 
improvements for the colder climates and the better insulated building 
envelope (level 2). This trend differs from the results of Paper 2, where the 
heat pump was also used for DHW preparation.  
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The two renovation levels used in Paper 1 were defined to achieve heating 
demands of 15 kWh/(m²∙y) and 25 kWh/(m²∙y) with air heat recovery through 
MVHR. Thus, for the cases without MVHR the heating demands were higher 
than 15 kWh/(m²∙y) and 25 kWh/(m²∙y). The effect of using MVHR in the 
studied climates, using a ventilation rate of 0.4 h-1, is shown in Figure 23. The 
climatic regions are represented by Stockholm, (Nordic), Gdansk (Northern 
Continental), Stuttgart (Continental), London (Oceanic), Lyon (Southern 
Continental), Rome (Mediterranean) and Madrid (Southern Dry). 

 
Figure 23: Space heating demand covered with air heat recovery (MVHR) for seven European 

locations, in relation to the yearly average outdoor temperature 

Just as low-temperature heating, MVHR was found to have a larger impact in 
colder climates, covering up to 24.5 kWh/(m²∙y) of the total heating demand. 
The heating demand covered with MVHR was almost exactly the same for 
both the 15 kWh/(m²∙y) cases and the 25 kWh/(m²∙y) cases, and the figure 
shows an average of these. In climates with a larger difference between indoor 
and outdoor temperature, the ventilation losses will be larger, leaving more 
room for improvement through air heat recovery. 
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Figure 24 shows the LCC for a SFH and a MFH with air-to-water heat pump 
and radiant ceiling panels (AWHP+RC) or gas boiler, split unit and radiators 
(GAS+RAD) in a Mediterranean climate (Rome), as presented in Paper 5. The 
costs are divided into investment costs for envelope renovation, windows, 
heating and cooling systems, energy distribution systems and ventilation 
systems, maintenance costs for new systems and final energy costs for heating, 
cooling, DHW preparation and electricity.  

 

Figure 24: Life-cycle cost over 30 years for energy renovation of a single- or multi-family house (5 
floors) with AWHP and radiant ceiling (RC) panels or gas boiler and radiators in a Mediterranean 

climate and for heating demands of 15, 25, 45 and 70 kWh/(m²∙y) 

For the MFH, the overall trend is that reducing the heating demand to 25 
kWh/(m²∙y) or even 15 kWh/(m²∙y) by adding MVHR and more insulation 
also reduces the total costs. For the SFH, a moderate level of renovation 
measures seems optimal, as the extra costs for MVHR and additional 
insulation are larger than the reduction in the energy costs. This could be a 
consequence of the higher surface-to-volume (S/V) ratio of the SFH, i.e. the 
area of the building envelope in relation to the heated volume, which means 
that envelope insulation has a relatively large impact on the total costs. The 
studied SFH (detached house, two floors, 100 m² floor area) has an S/V ratio 
of 0.87, while the MFH (five floors, 500 m² floor area) has an S/V ratio of 
0.52.  
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The investment costs with solar energy systems (not presented in the paper) 
are around 2 – 3 €/(m²∙y) higher for the MFH and up to 8 €/(m²∙y) for the 
SFH. Due to the reduced costs for purchased energy, the total annualized costs 
for the MFH are reduced by up to 7 €/(m²∙y) with solar energy systems in 
Northern Europe and are up to 17 €/(m²∙y) lower in Southern Europe. For the 
SFH, the total costs increase from less than 0.5 €/(m²∙y) to 6 €/(m²∙y), not 
taking into account any income for excess electricity fed to the grid. 

Figure 25 shows the LCC of the office building renovation packages studied in 
Paper 6 for Nordic (Stockholm), Continental (Stuttgart) and Mediterranean 
(Rome) climates, including air-to-water heat pump and fan coils (AWHP+FC) 
and gas boiler, split unit and fan coils (GAS+FC).  

 

Figure 25: Life-cycle cost over 30 years for different energy levels and energy generation and 
distribution systems (without PV) for the office building studied in Paper 6 in the Nordic, Continental 

and Mediterranean climates 

Similar to the MFH (Figure 24), the lower renovation levels with more 
insulation have the lowest total costs, due to the reduced costs for purchased 
energy. Compared to the reference case, where the building is renovated 
without energy performance improvements, the total costs are reduced by up 
to 11% in the Nordic climate, 19% in the Continental climate and 9% in the 
Mediterranean climate with the studied energy renovation packages. 
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The 45 kWh/(m²∙y) case with gas or pellet boiler in the Nordic climate is quite 
sensitive to variations in economic parameters; the total costs exceed those for 
the reference case if investment costs increase by 20%, if the interest rate is 
increased from 4% to 5%, if energy prices decrease by 20% or if the energy 
price growth is decreased from 2% to 1%. For the other cases and climates, 
however, the costs are below the reference regardless of such variations 
(investment costs and energy prices ±20%, interest rate and annual energy 
price growth ±1 percentage point, ceteris paribus). 

With solar PV panels on the roof or the façade (not shown in the figure), the 
energy costs decrease by up to 1.6 €/(m²∙y) in the Nordic climate, 1.8 €/(m²∙y) 
in the Continental climate and 2.6 €/(m²∙y) in the Mediterranean climate (for 
the AWHP system), while the annualized investment and maintenance costs 
increase from 1.3 €/(m²∙y) for the smallest roof array to 4.2 €/(m²∙y) for the 
largest façade configuration. In the Nordic and Continental climates, the total 
annualized costs increase by 0.2 – 3.0 €/(m²∙y) (maximum increase for the 
largest façade configuration in the Nordic climate), while in the 
Mediterranean climate the total costs vary from a 0.4 €/(m²∙y) reduction with 
81 m² PV on the roof to a 2.2 €/(m²∙y) increase with 162  m² PV on the façade, 
not taking into account any feed-in tariffs for excess electricity fed to the 
electricity grid.  
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Figure 26 shows the climate change impact for an SFH with AWHP and RC 
panels in a Mediterranean climate (Rome), as presented in Paper 5. The 
comparison includes combinations of 14 m² solar thermal (ST) panels and/or 
24 m² PV panels on the roof (inclination 30°, azimuth 45°) and/or façade 
(inclination 90°, azimuth 45°) of the building, which can be set in relation to 
the 100 m² floor area. The cases with no ST or PV panels correspond to the 
LCC results for the AWHP system presented in Figure 24. The climate change 
impact is divided into impact from fabrication and replacements of materials, 
operational phase, transport, landfill and end-of-life treatment and reduction 
due to excess electricity from PV panels to the electricity grid.  

 

Figure 26: Climate change impact for different energy levels and configurations of PV and ST for 
the SFH with AWHP and RC panels studied in Paper 5 in a Mediterranean climate 

The total climate change decreases with the heating demand of the building, 
due to the reduced impact from the operational phase. However, going from 
25 kWh/(m²∙y) to 15 kWh/(m²∙y), there is almost no difference, as this 
reduction is counteracted by the increased impact from the fabrication of 
additional insulation. Adding PV and ST, the climate change impact can be 
further reduced, particularly if both systems are used in combination. Both PV 
and ST reduce the impact of the operational phase, and feeding excess 
electricity from the PV system to the grid gives an additional reduction. The 
difference between façade- and roof-mounted ST systems is negligible in this 
climate, while the climate change impact reduction from feeding excess 
electricity to the grid is larger with roof-mounted PV systems.  
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Figure 27 shows the climate change impact for different renovation levels and 
energy generation and distribution systems for typical European office 
buildings in Nordic, Continental or Mediterranean climates (Paper 6). The 
comparison includes combinations without PV and with 162 m² PV panels, 
corresponding to 0.10 m² per m² floor area, mounted on the roof with an 
inclination of 30°. 

 

Figure 27: Climate change impact for different energy levels and HVAC systems (without PV) for 
the office building studied in Paper 6 in the Nordic, Continental and Mediterranean climates 

Similar to the case with the SFH (Figure 26), the operational phase constitutes 
the largest share of the total climate change impact, particularly for the 
reference cases without energy renovation, which have the highest energy use. 
Hence, renovating to a lower heating demand results in a lower climate change 
impact. Compared to the reference case, the studied systemic renovation 
packages result in up to 79% lower climate change impact. In terms of other 
environmental impact categories, the studied systems give up to 89% lower 
non-renewable energy use, 66% lower particulate matter formation and 76% 
lower freshwater eutrophication.  
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Figure 28 shows the primary energy use for the SFH studied in Paper 5, in the 
Mediterranean climate, in relation to the iNSPiRe primary energy target of 50 
kWh/(m²∙y). Results for renovation packages with AWHP and RC panels and 
for gas boiler and radiators are shown, including combinations without solar 
energy systems, with 14 m² roof-mounted solar thermal panels and with 24 
m² façade-mounted PV panels. The PEFs used in this study were 2.88 
kWhPE/kWhFE for electricity and 1.19 kWhPE/kWhFE for natural gas. 

 

Figure 28: Primary energy use for the SFH studied in Paper 5 in the Mediterranean climate in 
relation to the iNSPiRe primary energy target of 50 kWh/(m²∙y) 

In order to have a net primary energy use lower than 50 kWh/(m²∙y), 
including the reduction from feeding excess electricity from the PV system to 
the grid, it is necessary to include some form of solar energy system in the 
renovation. The only case where it is possible to reach the target without solar 
energy is the house with a heating demand of 15 kWh/(m²∙y) with AWHP and 
RC panels.  
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Figure 29 shows the primary energy use for typical European office buildings 
in Nordic, Continental and Mediterranean climates with air-to-water heat 
pump and fan coil (AWHP+FC) or pellet boiler, split unit and fan coil 
(PELL+FC) and roof-mounted PV panels with an area of 81 m² or 162 m². The 
line indicates the primary energy target used in the iNSPiRe project, 50 
kWh/(m²∙y).  

 

Figure 29: Primary energy use for the office building studied in Paper 6 in the Nordic, Continental 
and Mediterranean climates in relation to the iNSPiRe primary energy target of 50 kWh/(m²∙y) 

For the buildings with a heating demand of 25 kWh/(m²∙y), this target can 
always be achieved, although for the AWHP systems, PV is required. For the 
buildings with a heating demand of 45 kWh/(m²∙y), the target can be achieved 
for all cases except the AWHP system in the Continental climate. In the Nordic 
climate, it can be achieved for this heating demand with AWHP if the 
reduction in primary energy use by feeding excess electricity from the PV 
system to the grid is included. With a gas boiler (not shown in the figure), the 
primary energy use is slightly lower than with AWHP, while the primary 
energy use with a pellet boiler is substantially lower.  
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4 Discussion 

In order to be sustainable, energy renovation of buildings should ideally give 
economic, environmental and social benefits, and at least not make the 
building worse in any of these aspects. The results presented in this thesis give 
examples of energy renovations that reduce both the costs and the 
environmental impact of buildings, without compromising the indoor climate. 
Thermal comfort was not studied explicitly, although a certain minimum 
indoor temperature as well as standard air change rates were always set as a 
condition for the studied renovation packages. In many cases, the thermal 
comfort in European buildings will be improved after an energy renovation, 
as the better thermal properties of the building envelope will allow the 
occupants to keep a higher, more stable indoor temperature at an affordable 
cost. Other possible, positive effects include better air quality with new 
ventilation systems, reduced draft with pre-heating of air through mechanical 
ventilation with heat recovery (MVHR) or ventilation radiators and reduced 
overheating with better shading strategies. However, the energy savings 
calculated in the included papers are based on the presumption that certain 
indoor conditions must be maintained, both temperature and air change rate, 
i.e. they do not reflect the change in energy use when going from a building 
with poor indoor conditions to one with good indoor conditions. 

In simulation studies it is always important to be able to validate or verify the 
models that are used in order to ensure meaningful and accurate results. The 
appended papers were all based on simulation studies where the building 
models are intended to represent typical buildings in the respective climates 
rather than specific, existing buildings. This is particularly true in the papers 
with a European perspective, where climate data for one location is used to 
represent up to seven countries, and one building model represents the 
average construction type in these countries over a period of 15 years. Hence, 
the exact numbers in the results are less important than the overall trends and 
the relations between different renovation options. The strength in this 
approach, on the other hand, is that it provides information about suitable 
renovation strategies on a building stock level, which can then be used to go 
into detail with individual buildings and renovation projects. 
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When performing a life-cycle cost analysis (LCCA) for a building, it is natural 
to assume a rather long perspective. The reference period of study (RPS) in 
the included life-cycle cost and environmental analyses was set to 30 years, 
which can be considered short for buildings, as they normally have a much 
longer lifetime than that. Many life-cycle studies on buildings use RPSs of 50 
years or more [87]. However, with a longer perspective comes a larger 
uncertainty in terms of assumptions about the future. Also, the current 
building owner is probably not very interested in what the costs are in 50 – 60 
years. In that sense, the payback period can be of more interest for the owner, 
or the life-cycle cost over a shorter period.  

Regarding buildings within district heating (DH) networks, it is important to 
consider energy system effects. A research study on a similar heating system 
as used in Papers 2 – 4 showed that this type of combination of heat pump 
and district heating substation increases the return temperature for district 
heating from the building [95]. Hence, if the use of heat pumps in district-
heated buildings escalates, the return temperature to the DH plant can be 
increased, which is not optimal for the efficiency of DH production. Future 
DH systems, however, should use lower supply temperatures and be more 
adapted to the use of heat pumps and renewable energy sources [48]. Another 
issue with the renovation of district-heated buildings is that reducing heat 
production limits the cogeneration capacity for electricity in combined heat 
and power (CHP) plants [55, 96]. As reflected by the results from Paper 4, this 
effect reduces primary energy savings from renovation, as it implies that 
alternative electricity production is required to meet the demand, especially 
when the electricity use of the building is also increased. 

One important factor that can determine whether or not an energy renovation 
takes place is the type of tenure of the building. A majority of the residential 
buildings in the EU are owner occupied [5], but some countries, including 
Sweden, Germany and France, have significant shares of rental apartments. If 
the tenants pay for their own heating and electricity, reducing the energy costs 
is not a very strong incentive for the building owner, and if the energy costs 
are included in the rent there is no incentive for the tenants to reduce their 
energy use [97]. In owner-occupied apartments, the obstacle is rather to have 
everyone in the building agree on the common renovation measures [97].  
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While the overall environmental impact of a building relates mainly to the 
operational phase and decreases the more the energy use is reduced, the 
optimal level of energy renovation with respect to economic aspects differs 
with building typology as well as climatic conditions. For office buildings, it 
was found profitable to renovate to a lower heating demand. This was also the 
case for the studied multi-family house in a southern European climate, while 
for the single-family house in the same climate a moderate level of energy 
renovation resulted in a lower life-cycle cost. In the iNSPiRe reports on 
systemic renovation packages for single- and multi-family houses, similar 
conclusions could be drawn for all of the seven studied climates, although in 
the Northern European climates the profitability of very low energy demand 
in multi-family houses is lower than in Southern Europe [98, 99]. The 
difference between the single-family house and the larger buildings could be 
due to the higher surface-to-volume ratio of the single-family house, i.e. the 
area of the building envelope in relation to the heated volume (0.87, compared 
to 0.52 for the multi-family house). A relatively large area of external walls 
means that the investment costs for insulation will have a relatively large 
impact on the total costs.  

Renovating a building can have positive effects not only on the indoor climate 
and the energy costs, but also on the value of the building. The fact that this 
has not been taken into account in the current research means that the 
economic results could be considered to be on the conservative side, and that 
the actual economic incentives for energy renovation could potentially be 
larger than what is shown here. 

When discussing the energy performance of buildings, we often look at the 
purchased energy or the final energy demand, and in cost calculations the goal 
function is to minimize the energy bill for the building owner. While the final 
energy use is a good indicator of how much it costs to heat and ventilate a 
building, it says little or nothing about the environmental impact of these 
activities. Primary energy targets for buildings are necessary to ensure that the 
building sector develops in the desired direction when it comes to reaching the 
climate and energy goals. However, primary energy factors (PEFs) of, for 
example, electricity and district heating depend on the energy sources and will 
therefore vary regionally as well as over time. Detailed calculations of primary 
energy use can therefore at best be performed for a region, for example, a 
district heating network, and calculations for a single building based on 
average PEFs should be seen as indicative rather than conclusive. 
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Another point regarding the energy use of buildings is which types of energy 
use to include. Normally, the energy demand and energy use of a building 
include energy for heating, cooling, ventilation, DHW and – sometimes – 
lighting, but not electrical household appliances. Nevertheless, the use of 
electrical appliances is not entirely separated from the heating and cooling 
demands, as the energy used in household appliances is added to the house in 
the form of heat. Changing to more energy-efficient appliances therefore 
increases the heating demand. In the appended papers, this was taken into 
account by assuming relatively low heat gains from electrical appliances, even 
for the reference cases without any other energy-saving measures. 

The results from Paper 3 clearly demonstrate that the range of variations 
depending on the assumptions regarding PEFs can be very wide indeed. 
Consequently, the conclusions regarding choice of energy systems may be very 
different, especially when different energy carriers, such as district heat and 
electricity, are involved. In this paper, the different assumptions resulted in 
PEF ratios between electricity and district heating of 0.9 – 59. In the primary 
energy analysis in Paper 2, the corresponding range was 2 – 4, and in Paper 4 
it was 5 – 14. Going to the higher end of the range from Paper 3, the results on 
primary energy use with different heating and ventilation systems from these 
papers would be altered. In general, more work is needed to define and decide 
which methods to use in order to make such studies valid and comparable. 

In Papers 5 and 6, the energy demand for cooling was found to be reduced 
after renovation, due to the new shading strategies. In Southern European 
climates, it still constituted a significant share of the total energy demand of 
the building, in some cases even larger than the heating demand. For 
residential buildings in the colder climates, the cooling demand was slightly 
higher for the cases with the lower heating demand, while for residential 
buildings in Southern Europe, as well as for office buildings, there was no clear 
correlation between heating and cooling demand after renovation. In any case, 
the reduced costs for heating when reducing the heating demand from, for 
example, 25 kWh/(m²∙y) to 15 kWh/(m²∙y) were larger than the increased 
costs for cooling.  
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The approach from the iNSPiRe project, as used in Papers 1, 5 and 6, was to 
define renovation levels “bottom-up”, i.e. first setting specific levels of heating 
demand (70, 45, 25 and 15 kWh/(m²∙y)) and then selecting renovation 
measures to reach those levels. The meaning of these renovation levels can be 
better understood by setting them in relation to the number of heating degree 
days in the respective regions. Assuming a base temperature of 15 °C, the 
number of heating degree days in the studied climates ranges from around 
1000 in the “Mediterranean” (Rome) and “Southern Dry” (Madrid) climates 
to 3000 in the “Nordic” climate (Stockholm) [59]. In order to achieve a certain 
level of heating demand in a Nordic climate, it is therefore necessary to reduce 
the base temperature of the building much more than in a Southern European 
climate by applying more insulation and better windows, as shown in Table 4. 

Similar to the renovation levels, the iNSPiRe approach to HVAC system design 
was to use the same systems in all climates. Consequently, the analysis did not 
incorporate district heating systems, as the use of district heating is mainly 
concentrated to Northern Europe, and exhaust air heat pumps (EAHP) were 
not investigated, as they are not compatible with MVHR. Furthermore, the 
heat pumps were selected to represent “average” heat pumps available on the 
market, with respect to nominal coefficient of performance (COP). Using one 
performance template each for air-to-water heat pump and ground source 
heat pump, they were then scaled up or down according to the heating or 
cooling load, assuming the COP to be independent of the capacity. In reality, 
larger heat pumps would normally have a higher COP, which would improve 
the results for the heat pump systems in large buildings and cold climates.  

In the cost calculations in Papers 5 and 6, the same costs were used for all of 
the studied regions. This was based on the assumption that although the costs 
may vary from one country to another, they relate to the purchasing power in 
terms of household income, which means that the relative costs of renovation 
are more or less the same anywhere in Europe. Moreover, each of the studied 
regions includes several countries, which means that the variation of costs 
within a single region could be as large as the difference between two regions. 
Thus, applying different costs for different regions would not necessarily give 
more accurate results. 
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In Papers 2 – 4, the performance and capacity of the EAHP were based on data 
for one of the leading products on the market, provided by the manufacturer. 
Depending on renovation level, the type of radiators used and whether it was 
used for both space heating and DHW or for space heating only, the EAHP 
covered 35% – 50% of the heating demand of the building. During the heating 
season, the heat pump ran at full capacity, while during the summer, it was 
used intermittently for DHW preparation (in two of the studied 
configurations). The summer use of the heat pump, and thereby the total share 
of heating demand covered, could have been increased by changing the control 
settings, as in this case the heat pump was set to prioritize space heating and 
to then maintain a temperature of 40 °C at 1/3 of the height of the DHW 
preparation tank, which means that most of the time district heating was 
required as backup for DHW preparation. From a primary energy perspective, 
however, it is more important to reduce the peak demand of district heating 
during winter than to eliminate the summer demand, as the winter peak loads 
will often be covered by fossil fuels [100].  

For the solar thermal (ST) and photovoltaic (PV) systems in Papers 5 and 6, 
no subsidies or income from produced energy was assumed, placing the 
economic calculations for solar energy systems on the conservative side. Many 
European governments and energy companies apply some form of economic 
incentives for the installation of solar energy systems and/or production of 
electricity from PV systems and other renewable energy sources [101]. Adding 
that to the analysis, the economic feasibility of solar energy systems in 
renovations can be significantly improved. 

 

  



62 | Conclusions 

 

 

 

5 Conclusions 

In the present thesis, energy efficient renovation strategies for Swedish and 
European residential and office buildings from the period 1945-1970 are 
investigated. Building envelope renovation measures, HVAC systems and 
solar energy systems are evaluated in terms of economic and environmental 
aspects, with focus on low-temperature heating systems and air heat recovery. 
Special attention is also given to renovation of district-heated multi-family 
houses in Sweden. 

With respect to environmental as well as economic aspects, energy efficiency 
measures should be a natural part of all building renovations regarding the 
building envelope and/or HVAC systems. In a life-cycle perspective, a certain 
level of energy renovation reduces the costs of a building renovation project, 
while also reducing the primary energy use and greenhouse gas emissions. In 
the renovation of typical European office buildings, it is more profitable to aim 
for a heating demand of 25 kWh/(m²∙y) than 45 kWh/(m²∙y). Here, the 
reduction in energy costs and investment costs for the energy generation 
system outweighs the increase in investment costs for insulation. For multi-
family houses in Southern European climates, the more ambitious renovation 
levels can also be more profitable, whereas for single-family houses and 
Northern European multi-family houses, a more moderate level is optimal.  

Air heat recovery has a larger impact on the energy use of buildings in colder 
climates, where there are larger ventilation heat losses to cover. Hence, such 
systems are more cost-efficient in Northern European climates than in 
Southern Europe. Air heat recovery via exhaust air heat pump (EAHP) can be 
used year-round, since the heat pump can also produce DHW, while 
mechanical ventilation with heat recovery (MVHR) can be used only during 
the heating season. In warm climates and in well-insulated houses, the useful 
period for the MVHR will be much shorter than for the EAHP. Low-
temperature heating systems improve the performance factor of EAHPs and 
other heat pumps, particularly in cold climates and when the space heating 
demand is relatively high in relation to the DHW demand.  
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By applying adequate strategies for deep energy renovation, it is possible to 
achieve a primary energy use of less than 50 kWh/(m²∙y) for heating, cooling, 
ventilation, domestic hot water (DHW), and lighting in European residential 
and office buildings. For district-heated multi-family houses in Sweden and 
for at least office buildings in Northern, Central and Southern Europe, this can 
even be done while also reducing the life-cycle cost compared to renovating 
without reducing the energy demand. 

Solar energy systems, either solar thermal (ST) or photovoltaics (PV), can be 
used to reduce the environmental impact of buildings. Without any subsidies 
or income for excess electricity, these systems will not bear their own costs for 
single-family houses or for office buildings in Central or Northern European 
regions. However, in the renovation of multi-family houses, solar energy 
systems can also reduce the total life-cycle costs, in Southern as well as in 
Northern European climates. 

District-heated buildings differ from other buildings in terms of which 
renovation measures can be considered environmentally beneficial due to the 
(generally) low environmental impact of district heating. Energy renovation 
of district-heated buildings can still reduce the environmental impact, but in 
order to reduce the primary energy use of the energy system, the electricity 
use should not increase too much in relation to the reduction in heating 
demand. Moreover, the choice of primary energy factors and allocation 
methods for primary energy use can severely influence the results and 
conclusions in the analysis of district-heated buildings.  
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6 Future work 

Based on the results and findings of this work, the following questions and 
issues for future work have emerged: 

• From 2021, all new buildings in the EU will have to comply with nearly 
zero energy building (NZEB) standards. Given that the now existing 
buildings will still constitute the largest part of the building stock, what 
should the requirements be for energy renovation?  

• Sustainable strategies for renovation of buildings in district-heated 
areas: for example, using the return water flow from district heating to 
supply heat to buildings with low-temperature heating systems. 

• Social aspects of sustainability in renovation: for example, how large is 
the trade-off between energy savings and increased comfort, and how 
should buildings be renovated to minimize the discomfort for the 
occupants during the renovation process? 

• More detailed analysis and presentation of the simulation results from 
iNSPiRe regarding single- and multi-family houses, similar to the office 
building study in Paper 6, comparing the costs and environmental 
impact of different renovation packages in different climates and 
benchmarking against costs for renovating without reducing the energy 
demand. 
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7 Summary of appended papers 

This section gives a brief summary of each of the appended papers, stating the 
author’s contribution to the work. 

 
Paper 1 

Marcus Gustafsson, Georgios Dermentzis, Jonn Are Myhren, Chris Bales, 
Fabian Ochs, Sture Holmberg and Wolfgang Feist. Energy performance 
comparison of three innovative HVAC systems for renovation through 
dynamic simulation, Journal of Energy and Buildings 82 (2014), 512-519 

This paper treats the energy performance comparison of three innovative 
HVAC systems for single-family houses in different European climates and 
with different levels of heating demand. It also includes a comparison of the 
two simulation tools TRNSYS 17 and MATLAB Simulink, by simulating a 
reference HVAC system with both tools. In addition, PHPP was used to 
calculate the required insulation thicknesses to reach the desired levels of 
heating demands. 

My contribution 

I modelled and simulated two of the innovative HVAC systems, plus the 
reference system, in TRNSYS. This included deriving data for the heat pump 
models and creating a model for the ventilation radiator. All simulations with 
Simulink and PHPP were performed by researchers at the University of 
Innsbruck. I also did most of the writing, including figures and tables. 
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Paper 2 

Marcus Gustafsson, Moa Swing Gustafsson, Jonn Are Myhren, Chris Bales 
and Sture Holmberg. Techno-economic analysis of energy renovation 
measures for a district heated multi-family house, Journal of Applied Energy 
177 (2016), 108-116 

In this paper, three HVAC systems and two envelope renovation packages are 
simulated for a district-heated multi-family house in a Swedish climate and 
context. The combinations are compared to the existing system and a standard 
renovation, without energy efficiency measures, and both economic (life-cycle 
cost, discounted payback period) and environmental (primary energy use, CO₂ 
emissions, non-renewable energy use) aspects are considered. 

My contribution 

I modelled and simulated the building and the energy systems in TRNSYS and 
conducted the analysis of the results. I also did most of the writing, including 
figures and tables. 

 
Paper 3 

Moa Swing Gustafsson, Marcus Gustafsson, Jonn Are Myhren and Erik 
Dotzauer. Primary energy use in buildings in a Swedish perspective, Journal 
of Energy and Buildings 130 (2016), 202-209 

In this paper, the primary energy use of a renovated Swedish residential 
building is calculated using 16 different methods for primary energy 
calculation. By comparing the primary energy use of HVAC systems, the study 
highlights how the different calculation methods can give widely diverging 
results, favoring different systems or energy carriers. 

My contribution 

I modelled and simulated the building and the energy systems in TRNSYS and 
provided data for the primary energy analysis. I also wrote the model 
description and reviewed the draft of the paper. 
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Paper 4 

Tina Lidberg, Marcus Gustafsson, Jonn Are Myhren, Thomas Olofsson 
and Louise Trygg. Environmental impact of building refurbishment in 
different district heating systems, submitted to Journal of Applied Energy 
(2017) 

This paper puts energy renovation of buildings in a system perspective, 
looking at different renovation packages for a multi-family house located 
within a district heating network. The characteristics of the district heating 
system were varied according to four typical Swedish district heating systems 
in order to assess the primary energy use and CO₂ emission impact given 
different boundary conditions.  

My contribution 

I had a part in the choice of renovation measures, modelled and simulated the 
building and the energy systems in TRNSYS, and provided data for the 
environmental impact analysis. I also wrote the model description, the 
literature review, and parts of the results and discussion sections. 

 
Paper 5 

Chiara Dipasquale, Roberto Fedrizzi, Alessandro Bellini, Fabian Ochs, 
Marcus Gustafsson and Chris Bales. Database of energy, environmental 
and economic indicators of renovation packages for residential and office 
building stock, in manuscript (2017) 

Within the iNSPiRe project, systemic renovation packages for the renovation 
of European residential and office buildings were developed and simulated, 
using models of typical, representative building models, so-called target 
buildings. This paper describes the methodology of the simulation work and 
gives some examples of results that can be found in the public database, 
including energy performance, life-cycle cost and life-cycle environmental 
impact. 

My contribution 

I had a part in the work on the definition of building models and boundary 
conditions, as well as climate zones and choice of energy systems. I also 
reviewed and edited the text and wrote the sections about office buildings. 
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Paper 6 

Marcus Gustafsson, Stefano Poppi, Chiara Dipasquale, Alessandro Bellini, 
Roberto Fedrizzi, Chris Bales, Fabian Ochs, Marion Sié and Sture Holmberg. 
Economic and environmental analysis of energy renovation measures for 
European office buildings, accepted for publication in Journal of Energy and 
Buildings (2017) 

As a part of the target building simulation work of iNSPiRe, this paper 
presents simulation results on the renovation of European office buildings in 
Northern, Central and Southern European climates. Comparing energy 
renovations to conventional renovations without any specific energy-saving 
measures, the analysis concerns life-cycle cost, life-cycle environmental 
impact and primary energy use, with and without solar PV systems. 

My contribution 

I developed the building model, modelled and simulated the building and the 
energy systems in TRNSYS and conducted the analysis of the results regarding 
energy demand, life-cycle cost (including sensitivity analysis) and life-cycle 
environmental impact. I also did most of the writing, including the figures and 
tables, except for the section on LCA methodology and the results on the use 
of solar PV electricity and primary energy impact. 
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