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Abstract

This master thesis presents a suggested Renovation Passport for two typical 1960s single-family houses.
Following the recently approved Energy Performance of Buildings Directive (EU 2024/1275A), all member
states are to implement voluntary Renovation Passports by 2026, which will aid in reaching the 2050 goal of a
decarbonized building stock. The aim of Renovation Passports is to provide long-term guidance and information
on energy improving measures when homeowners plan for future renovations.

Energy simulations in IDA ICE were conducted for six locations in Sweden, in order to calculate the energy
demand reduction for the 25 different steps of building envelope improvements. Additionally, the impact of
installing different heat pumps and mechanical ventilation with heat recovery was assessed. Embodied and
operational CO» emissions for all renovation scenarios were calculated, with the environmental payback time
and the investment costs presented.

Two renovation packages (BBR-standard and PH-standard) were identified as suitable based on Life Cycle
Assessment (LCA), investment costs, and practical feasibility. The BBR-standard was following the current
Swedish Building code, BBR29, for new constructions to reach the Energy Performance Certificate (EPC) class
C. The PH-standard was constructed to follow the quantitative building envelope goals for Passive Houses, in
addition to reaching the EPC class A. For the BBR-standard, multiple renovation scenarios resulted in the
desired EPC class, while the installation of a highly efficient heat pump being the single most effective measure
in reducing CO; emissions and energy use. However, to reach the desired energy class and reduce the energy
demand, envelope improvements were needed, such as new windows, attic insulation, and added external wall
insulation.

For Building 1, the BBR-standard package yielded a 66 % lifetime emissions reduction, and reduced energy use
by 75 %, while the PH-standard yielded a 70 % lifetime emissions reduction and reduced energy use by 90 %.
The results showed similar trend for building 2, however, due to the higher form factor (envelope-to-floor ratio),
the PH-standard represented more embodied carbon emission, yielding higher lifetime emissions than the BBR-
standard for the same building.

The proposed Renovation Passport is an interactive tool for homeowners to assess the data from this master
thesis on CO, emissions, energy demand, energy use, and investment costs for each of the investigated
renovation measures. 22 500 combinations of renovation scenarios are available for each building type and
location, based on the homeowners’ preferences or need, making this Renovation Passport suitable for guiding
future energy-efficient and environmentally favorable renovations.
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Definitions and abbreviations

ACH
ATA-HP
Atemp
ATW-HP
BBR 29
BRP
Boverket
DHW

Energy demand

Energy use

EPBD
EPC
GHG
GSHP
HVAC
Lambda
LCA
LCC
MVHR

sCOP

UA-value

U-value

Air Change Rates per hour.

Air To Air Heat Pump.

Floor area (m?) heated to more than 10 °C.

Air To Water Heat Pump.

Current building code in Sweden, provided by Boverket.
Building Renovation Passport.

The National Board of Housing, Building and Planning.
Domestic Hot Water.

Energy supplied by the heating unit in order to maintain a desired
temperature, sometimes referred to as raw energy.

Energy supplied to the heating unit. Sometimes referred to as specific energy or
bought energy.

Energy Performance of Buildings Directive.
Environmental Product Declaration.

Greenhouse Gas Emissions.

Ground Source Heat Pump.

Heating, Ventilation, Airconditioning and Cooling.
Thermal transmittance in W/(m-K).

Life Cycle Assessment.

Life Cycle Costing.

Mechanical Ventilation system with Heat Recovery.

Seasonal Coefficient of Performance. Calculated as the average annual COP for
heat pumps, for both DHW and space heating.

Heat transfer coefficient for a given area in W/K.

Heat transfer coefficient in W/(m?-K).
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1 Introduction

1.1 Background and Problem Motivation

Nearly half the world’s population lives in areas that are directly vulnerable to climate change. In the next
coming 25 years, it is estimated that a net addition of 250 000 annual deaths caused by the effects of climate
change will occur if no action is taken. Complying with the Paris deal from 2015 and limiting global warming
to 1.5 °C compared to preindustrial levels, is of absolute importance for safeguarding future generations and the
planets’ ecological balance (WHO, 2023).

Globally, the real estate industry accounts for 34 % of the final energy use, with the vast majority, 30 %, of the
final energy use attributed towards building operations (International Energy Agency, 2023). There are great
potential savings within the building sector, which is responsible for 40 % of the final energy use in the European
Union, as well as 36 % of the greenhouse gas emissions. The 2050 goal of a decarbonized building stock could
lead to reduced energy poverty, energy bills for households cut in half, and a net addition of 1.2 million job
opportunities in the building and energy sectors. That is, if the annual 1 % renovation rate is increased towards
the needed rate of 3.5 %, in order to reach to goal of Zero Emission Buildings by 2050 (European Climate
Foundation, 2022).

The Energy Performance of Building Directive (EPBD, Directive EU 2024/1275) was approved by the
European parliament in early 2024. The aim is to enhance the renovation pace of the worst performing buildings
in the EU and help facilitate the European Green Deal. Decarbonize the building sector and for Europe to be
climate neutral by 2050, with reaching the milestone of decreasing the primary energy use by 20 % - 22 % by
2035. All member states shall introduce a scheme for renovation passports, by 29 May 2026. Renovation
passports will provide guidance and knowledge for homeowners on what renovation measures to take for
improving energy efficiency, thermal comfort, and sustainability. Renovation passports are to be of voluntary
use for building owners unless the member states decide otherwise (The European Parliament, 2024).

Sweden has improved its energy efficiency for the real estate and building sector over the last decades, which
according to the National Board of Housing and Planning, Boverket (2024) account for 22 % of the national
economy’s GHG emissions, where a quarter is attributed towards space heating. Residential buildings in
Sweden represent 3 % of the final energy use for building operations in EU, while Germany and France represent
the two major consumers, with 22 % and 16 %, respectively (European Commission, 2024).

Furthermore, 75 % of the current building stock in Europe is considered energy inefficient. This offers a great
opportunity to set up a long-term plan on how to renovate these buildings. To strive for a decarbonized building
stock, it is important to incorporate Life Cycle Assessment (LCA) calculations for both the operational energy
in the current and renovated state, and for the embodied emissions of the applied renovation materials (European
Environment Agency, 2022).

According to Energimyndigheten (2021), approximately one third of the residential building stock in Sweden
is built during the time period of 1960 to 1980, which are representable for the most energy intensive buildings.
Additionally, many of these buildings are at the end of their first life cycle, with an urgent need for a sustainable
holistic renovations approach in order to last yet another cycle. This master thesis aims to provide guidance for
homeowners, by providing an interactive renovation passport for typical 1960s archetypes.



1.2 Aim and purpose

The aim of this master thesis is to generate reliable data, and to create a digital tool for producing renovation
passports for two typical archetypes of 1960s single-family houses. The suggested measures from these
passports could be used as generalized guideline for homeowners regarding what measures to take for reducing
energy demand, energy use and CO, emissions in a long-term perspective.

Following research questions will aid in gathering the quantitative and qualitative data, needed for producing
these renovation passports:

e What renovation measures are practically, economically, and environmentally feasible when
renovating towards a Zero Emission Building?

o What are the disadvantages and potential risks for these renovation measures?
e What is the environmental payback time for these measures?

o  What is the most effective sequence of renovation measures to ensure the maximum benefits in the
subsequent scenarios?

1.3 Limitations

This master thesis was limited to two archetypes of single-family houses from the 1960s, and geographically
limited to six cities in the two provinces called Gétaland and Svealand in Sweden.

Price estimations were conducted by using the online tool from Wikells Sektionsfakta (2024), where prices are
gathered from previous projects and recalculated to today’s worth. Though substantial renovation needs for
buildings from this era are assumed, only the costs that were attributed towards energy efficiency renovation
were considered, i.e., the additional costs when a renovation process was already in place. Following materials
are not considered for any renovation scenario:

Demolition work, facade materials, painting work, wind protective board, vapor barriers, flooring, digging or
drainage work, scaffolding.

Life-Cycle Costing (LCC) were excluded from this master thesis due to uncertainty in assumptions regarding
current and future energy prices. Electricity prices differ due to the four electricity price areas in Sweden, and
also depending on the user’s subscription with the electricity company. Prices are presented as SEK / saved
kWhso years. Thereby it is easier for the single user to evaluate the costs depending on their electricity price.

For the Life Cycle Analysis (LCA), only the metric Carbon Dioxide emissions equivalent (COzeq.) was
considered, due to its impact on Global Warming Potential (GWP). Data for operational emissions due to
electricity and district heating were assessed from the Boverket Climate Database (Boverket, 2024b). No future
energy mixes, nor different emissions scenarios were considered.

Photovoltaic panels and solar thermal panels were not included in this master thesis.



1.4 Disposition

e Chapter 2 provides background information on the Swedish building stock. Typical archetypes and
building techniques from the 1960s, in addition to statistics from surveys are presented which explain
why these buildings are suitable for deep renovation and candidate for a customized Renovation
Passport. An explanation on the current situation and history about the EPBD and Building Renovation
Passports are given, and the chapter is concluded with proposed, suitable renovation measures.

e Chapter 3 explains the methodology in detail, providing all input data for simulations and calculations.

e Chapter 4 presents all results from the simulations and calculations for Building 1 and Building 2,
respectively. Only the Stockholm location is given throughout the result chapter, in order to avoid
excessive amount of data since most results were comparable. Only when significant discrepancies were
found between the selected six locations, data is presented. Otherwise, data for the remaining five cities
are presented in the appendix. All results are discussed continuously as they are presented.

e Chapter 5 presents the suggested Renovation Passport.

e Chapter 6 provides summarized answers to the research questions and discussions on the limitations.

e Chapter 7 concludes this master thesis by providing the main findings and suggesting further research.



2 Background and literature review

2.1 Energy Performance of Buildings Directives

The Energy Performance of Buildings Directive (EPBD) was first introduced in 2002, by the Directive
2002/91/EC, in order to make the energy performance of buildings individually transparent. In 2010, the adapted
recast (directive 2010/31/EU) required member states to apply Energy Performance Certificates (EPCs), for all
new constructions and buildings undergoing sale or rental processes. EPCs include the energy performance of
the building, categorized in lettering A-G. The recast in 2018 (EPBD 2018/844) further aimed to reach the 2050
goals of a decarbonized building stock, where more user friendly and publicly available EPCs were requested
(European Commission, 2023).

The revised EPBD from December 2023 was approved by the parliament in early 2024 and published in May
2024. Member states have two years to incorporate the EPBD into the building code (The European Parliament,
2024).

A selection of the goals for the revised EPBD are presented below:

e By 2030, the average primary energy use of residential buildings has to be reduced by at least 16 %
compared to 2020 levels, and by 2035 reduced by 20 % to 22 % compared to 2020 levels (article 9).

e 55 % of the reduction is attributable towards the 43 % worst performing buildings (article 9).

e Every member state should present a national renovation plan, with the goal of renovating all buildings
towards ZEB by 2050 (article 3).

e Member states shall by 29 May 2026 introduce a scheme for Renovation Passports, based on the

framework in Annex VIII. Renovation Passports shall be voluntary for homeowners (article 12).

The following is a selection of guidelines from the EPBD appendix, section “Annex VIII, requirements for
Renovation Passports.” These are underlying for the scope of this master thesis and for the suggested Renovation
Passport:

e Information about the current energy performance of the building (1 a).

e The estimated savings in primary and final energy consumption, in kWh and in percentage compared
to the energy consumption prior to the step (1 e ii.)

e The estimated reduction of operational greenhouse gas emissions (1 e iii).
e Expected energy class after the completed renovations (1 e v).
e Estimated costs for conducting the renovations (2 b iii).

e Life-cycle greenhouse gas emissions for the materials and equipment (2 Vi).



2.1.1 Definition of Zero Emission Building

Following the EPBD, Directive EU 2024/1275A, all new publicly owned buildings have to comply with the
newly implemented definition of Zero Emission Building (ZEB) by 2028, and for all new buildings by 2030.
Although, it is up to the member states to define the quantitative goals for a ZEB within the following two years,
which will replace the previous term of Net Zero Energy Buildings (NZEB). Quantitative definitions are
explained in Table 2.A.

Table 2.4 Quantitative definitions. ZEB defined in the EPBD (The European Parliament, 2024). nZEB and NZEB defined
by HI-SMART (n.d.), CO-founded by the Eramus+ Programme of the European Union.

Abbreviation Quantitative definition
ZEB Zero Emission Building. Primary energy use <10 % of nZEB
nZEB nearly Zero Energy Building. Primary energy use >0 kWh/(m?/y)
NZEB Net Zero Energy Building. Primary energy use = 0 kWh/(m?%y).

At least 100 % renewable energy is being produced at site on an annual basis

A qualitative definition of a ZEB is given in the EPBD:

“The zero-emission building, with very low energy demand, zero on-site carbon emissions
from fossil fuels and zero or a very low amount of operational greenhouse gas emissions.”
(The European Parliament, 2024, p. 4)

Energy sources that are considered as renewable:

“Different options are available to cover the energy needs of a zero-emission building:
energy generated on site or nearby from renewable sources such as solar thermal,
geothermal, solar photovoltaics, heat pumps, hydroelectric power and biomass, renewable
energy provided by renewable energy communities, efficient district heating and cooling,
and energy from other carbon-free sources.” (The European Parliament, 2024, p. 5)

U.S. Department of energy (2023) defines a Zero Emission Building as a highly energy efficient building, free
of onsite emissions from energy use, and powered solely from clean energy. While only focusing on operational
emissions, the report states that embodied emissions are not considered, but might be included in future versions.

2.1.2 Building Renovation Passports

According to Fabbri et al. (2016), there is a great need for Building Renovation Passports (BRPs), a
comprehensive report, tailored to a specific building, on how to renovate and make sustainable investments. A
step-by-step renovation roadmap towards a united goal, including both the economic and environmental impacts
are both essential important. After assessing three proposed BRPs, the author suggested the following general
definition:

“A Building Renovation Passport is defined as a document - in electronic or paper format
- outlining a long-term (up to 15 or 20 years) step-by-step renovation roadmap for a
specific building, resulting from an on-site energy audit fulfilling specific quality criteria
and indicators established during the design phase and in dialogue with building owners.
The expected benefits in terms of reduced heating bills, comfort improvement and CO;
reduction are a constitutive part of the BRP and are explained in a user-friendly
communication.” (Fabbri et al., 2016, p. 6)



The Building Performance Institute Europe (BPIE) released a report on the potential benefits and Key
Performance Indicators (KPI) to include, when constructing national BRPs (Fabbri, 2017). When starting a
deep-staged renovation, it is of essence to apply the renovation measures in correct order and with a long-term
plan, to avoid lock-in effects. Examples of lock- in effects could include changing the roof without extending
the eaves or wall overhang by not taking into consideration that the walls will be extended. Installing PVs or
solar thermal before controlling the remaining technical lifetime of the roof. Each building is unique, and
initially, an onsite energy audit should be performed to offer a custom-tailored user-friendly renovation plan.
The report suggests the following KPIs when constructing a BRP: Energy consumption, CO, emissions, thermal
and acoustic comfort, indoor air quality and daylight (Fabbri, 2017).

In a qualitative study, Sesana & Salvalai (2018) compared suggested BRPs from Belgium (Woningpas),
Germany (Sanierungsfahrplan) and France (Passeport efficacité énergétique). Five commonly adapted
principles were considered the core structure between the three passports; long-term perspective, timing, and
sequencing of the renovation measures, building owner engagement, attractiveness, and user-friendliness in
addition to a simple and automated software for the energy experts who perform the audit and generate the
passport. All three passports were funded by public authorities and launched in 2018. The study showed that
due to different building laws and national energy goals, different KPIs were used in the BRPs whereas the
voluntary passports are non-comparable in a quantitative way. Sesana & Salvalai (2018) emphasized the
importance of common European KPIs to be included in the BRPs on a European or global level.

Sesana et al., (2019) criticizes the EPCs for lacking sufficient information on future renovation options towards
a Net Zero Energy Building and highlights that a BRP could be of great interest for a building owner while
predicting future economical investments and be of help towards investors or lenders.

By applying long-term renovation strategies, a 35 % cut down on greenhouse gases due to building operations
in the EU by 2030 is highly achievable. Half the EU member states set the goal of reducing CO, equivalents in
the operational phase of buildings by 80 %, by 2050 compared to their reference year. Maduta et al. (2023)
compared the renovation road map of several member states. A general misconception is the definition of a
nZEB or NZEB. Another difference between members states is the energy demand limits, and the annual rate
of renovations, which vary from 1 % - 6 %, depending on the country. By phasing out fossil fuels and replacing
oil and gas burners by installing heat pumps, a 41 % energy use reduction and 94 % GHG reduction could be
obtained for the European Union by 2050, compared to 2019 levels. Another key factor entails installation of
Photovoltaics (PVs), where the production exceeds the bought energy on a yearly basis. Furthermore, Maduta
et al. (2023) highlights the importance of avoiding lock-in effects when performing deep renovations, and that
guidance for homeowners is needed on what measures to perform and in what order.

Deep-renovation rates need to increase to a minimum of 2.5 % annually, in order to reach a 48 % energy
reduction by 2050 (European Commission. Joint Research Centre., 2021)

Attia et al. (2022) compared nZEB regulations and definition in ten east European countries. Finding that EPCs,
conversion factors and primary energy carriers were incorrectly used and calculated, making them neither
trustworthy nor comparable. The national goals often failed to phase out fossil fuels and to meet the 2050 EU
goals. Seven out of ten countries lacked guidelines regarding heating or cooling demand, and the combined
primary energy use varied from 32 kWh/m? - 220 kWh/m?, making the nZEB definition highly variable in the
EU region.



2.1.3 Energy efficiency renovation measures in Sweden

In a recent study, Holm et al. (2023) examined the understanding of energy usage and renovation practices in
Sweden. Out of the 2003 respondents, 43 % have not performed any renovation measure in order to reduce
energy consumption, mainly due to lack of knowledge regarding profitability and due to financial constraints.
Among the households that have undergone renovation measures, the most frequently performed renovations
entail window replacement (19 %), heat pump installation (17 %) and installation of PV panels (10 %), added
wall and attic insulation (8 %). 31 % of the respondents reported lowering of the indoor temperature to below
18 °C - 21 °C as a passive energy saving strategy.

Figure 2.1 visualizes the energy classes of the Swedish residential building stock. The data contains both single-
family and multi-family houses. The data is originally from the Swedish EPC-database called Gripen, by
Boverket. The Gripen-database is only accessible for certified energy experts, whereas the data is in Figure 2.1
was presented by (The Swedish Energy Agency, 2022a). Energy class C is the standard in the current building
code BBR29, for new constructions. Approximately 20 % of the current building stock falls in the two worst
performing energy classes, F and G, respectively. It should be considered that for single-family houses, only
newly constructed buildings in addition to the ones undergoing sale or rental processes require a mandatory
EPC. The numbers in Figure 2.1 include multi-family houses, which are required a valid EPC according to the
law (2006:985). Therefore, it is uncertain whether the EPC numbers are representative for the entire single-
family building stock.

19% E
25%

Figure 2.1 Percentage of the residential building stock within each energy class.

The public housing companies in Sweden provides approximately 1 million rental apartments, 11 % of this
building stock requires deep renovation of the building envelope and technical installations in order to meet the
EPBD directive (Sveriges Allménnytta, 2024). Furthermore, a long-term renovation plan is advocated, where
energy saving measures should be conducted simultaneously as other planned actions, for best economically
feasibility. A recast of the current EPCs might be in place, where suggested energy saving renovations measures
would include the embodied emissions of materials, in comparison with operational emissions savings. This
would aid in the process of long-term renovation decision making (Sveriges Allménnytta, 2024).

The Swedish Energy Agency (2022b) emphasizes the importance of starting energy efficient measures in an
adequate order, starting with lowering the energy demand by changing appliances, user behavior, followed by
an examination of the building to point out potential renovation practices. This aligns well with the structure of
the Kyoto pyramid, see Figure 2.2. The Kyoto pyramid was originally created by Dokka and Rodsjo (2005),
and later used extensively within the field of energy efficient building design and lays the foundation for the
renovation scenarios in this master thesis, starting with improving the building envelope, while changing heating
system is to be performed as a final step, when the heating demand is reduced. This avoids oversizing of the
heating system and unnecessary use of resources.
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Figure 2.2 The Kyoto Pyramid.

2.1.4 Energy efficient renovation subsidies

Counterproductive to the guidelines of the Swedish Energy Agencies’ recommendation, Boverket grants two
subsidies for energy efficient renovations, although in the opposite order according to the Kyoto pyramid
(Boverket, 2024a).

1. Change of heating system. Although only eligible if the previous heating system consisted of direct
electricity.
2. Renovating the building envelope. Only eligible if the owner has been granted subsidy nr 1.

Both of which are applicable for 50 % of the material costs, at a total amount of 30 000 SEK each.

For the installation of Photovoltaic Panels, the Swedish tax agency grants a 20 % income tax reduction at a total
amount of 50 000 SEK / (person / year).

An additional subsidy, in Swedish called “Renovering Och Tillbyggnad” (ROT), translated as “Renovation and
Extension,” offers a total 50 000 SEK tax deduction per person, or maximum 30 % of the total labor work. For
this master thesis, no subsidy is assumed granted when calculating or presenting investment costs.

2.1.5 Swedish building stock history

Housing shortage has characterized Sweden since the mid-19th century. Simplistic building requirements,
purposed for increasing the rate of construction has had higher priority than regulations on energy use and
thermal comfort. A quarter of the population emigrated to America during the time period of 1850-1930, in
hope of better work opportunities and higher living standards. Sweden was still categorized as a country with
one of the poorest housing standards in Europe in the 1930s, where overcrowded accommodations with the lack
of indoor toilets and central heating were a threat to the public health. Governmental efforts in terms of
subsidized loans to enhance constructions had insufficient effect on the shortage of housing (Nylander, 2018).

The increasing urbanization during the mid-20-th century led to a high demand for housing in the cities. In 1950,
approximately 65 % of the seven million population were living in the cities, which increased to 90 % of the
eight million population in 1975. Increasing economic wealth and a higher social standard after the second
world war led to a high demand for goods, services, and affordable living. At the same time, the old building
stock was considered outdated. Poor living standards led to the demolition of city centers for the opportunity
for new constructions. The rapidly increasing demand for housing led to the 1964 parliament decision called
“The Million Program”; to build one million living units in the following decade (Bjork et al., 2012).



The total building stock in Sweden comprises of 4.8 million residential units, where 42 % entails single-family
houses, remaining entails apartments. Houses built in the 1960s and 1970s represent 14 % and 21 % respectively,
of the current building stock (Energimyndigheten, 2021).

2.1.6 1960s houses

In 1965 — 1974 during the million-program era, approximately 300 000 single-family houses and 700 000
apartment units in multi-family houses were constructed, and the housing shortage was thereby eliminated in
the mid-1970s. During this era, Sweden had the highest number of newly built housing units per capita in the
world, 11 units per 1 000 inhabitants, leaving Germany and Soviet Union on a shared second place with 10 units
per 1 000 inhabitants. Housing construction was mainly done by prefabricated building parts. Governmental
subsidized loans for factories, plants and machinery paved the way for this industrial building technique. The
architectural role took a step back, and standardized measurements characterized the construction technique.
Agricultural land in the outskirts of cities and in suburban areas was transformed into large scale residential
housing projects where series of similar detached houses or rowhouses were built. A majority of the single-
family houses were bought and constructed as “catalogue houses.” Standardized villas, prefabricated in
factories, and advertised in housing catalogues where the assembly to a certain degree could be performed by
the homeowner himself (Nylander, 2018).

A vast majority of the single-family houses built in the 1960s were constructed as one-story buildings, either
with or without basement. Typical floorplans included two to four bedrooms, a living room, a separate secluded
kitchen and one bathroom. Basements generally housed a hobby room, food storage, and a boiler room (Bjork
et al., 2015). Brick facades were predominantly used in the first half of the decade, inspired by Danish
architecture. In the second part, facade materials of wood panel and bricks made of limestone sand (locally
called Mexi-bricks) were used, often in combinations between the two (Jonsson, 1990).

Figure 2.3 displays the energy source for space heating and Domestic Hot Water (DHW) in single-family houses
built during 1961-1970, data presented by the Energy Agency (Energimyndigheten, 2021). Houses builtin 1961-
1975, data from a the BETSI survey (Boverket, 2009). Both sources present comparable results where direct
electricity, heat pumps and district heating represent approximately 30 % each. It should be noted that Air-To-
Air heat pumps are included in the data for direct electricity, and no separate division between Air-To-Air heat
pumps and direct electricity were found. The BETSI data is 12 years older than the data from the Swedish
Energy Agency, in addition to covering a wider construction time span, which could explain the substantial
difference in oil burners.
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Figure 2.3 Energy sources for buildings built between 1961-1975. Data from the BETSI survey and from the
Swedish Energy Agency.



2.1.6.1 BETSI survey

Boverket (2009) conducted a survey of the Swedish building stock, on behalf of the governmental request.
Statistics on Energy demand, technical standard, and indoor environment in a total of 1 800 single-family houses
and multifamily houses that were measured during the heating season of 2007/2008 in a selection survey called
BETSI. Both fully, semi, and non-renovated buildings from the total Swedish building stock were included.
Wood was found to be the most common facade material for single family houses. Three times as popular as
brick. Concrete tiles are the most common roofing material, followed by clay tiles.

For natural draught ventilation, with only inlet and outlet ventilation grills, the ventilation is driven by wind,
temperature difference and pressure difference between the indoor and outdoor environment. Natural draught
ventilation is 90 % predominant in single-family houses built before 1975, and 60 % for the entire building
stock. To ensure sufficient ventilation in buildings without a chimney and oil/wood burner in the basement,
ventilation ducts and fan driven ventilation were more commonly installed in buildings from the mid-70s and
forward.

2.1.6.2 Building regulations

Urban planning guidelines have shaped the outline of Swedish cities and communities since the Middle Ages.
In 1874, the first building law was formulated and controlled the size and placement of new buildings. It was
later changed in 1907 and 1931, to control hygienic factors and indoor climate concerning moisture and daylight
(Bjork et al., 2012). The first building requirements to control the minimum U-values for the building envelope
was released in 1947, called BABS 1946.

BABS 1960 and SBN 1967 were the applicable building regulations during the 1960s, presented in Table 2.B.
The terms “energy use” or “power demand” were not introduced in any building codes until SBN 1975. A
probable explanation is the oil crisis in the beginning of the 1970s. SBN 1975 also introduced a maximum
window-to-floor-area ratio, to reduce heat losses. In addition, SBN 1975 was the first building code to require
monitoring devices for energy use, and a maximum peak power demand of the heating system. The first
quantitative energy demand requirements, expressed as (kWh / m?), were introduced in BBR 12, from 2006
(Boverket, 2016).

Table 2.B presents the current building regulations during the 1960s for the building envelope. In addition to
the surveyed data for building envelope characteristics during the 1960s from the BETSI report, a report from
Formas (2012), in addition to the Swedish book on typical archetypes during 1890-2010 named “S& Byggdes
Villan”, (Bjork et al., 2015). Note that all U-values from the latter were calculated and are given as a variable
range depending on the lambda value for the included materials, which were not specified.

U-values for exterior walls and roofs are generally reported that of a higher standard than the building
requirements in BABS, while windows and slab on ground are reported as equal to BABS. Notable is that 0.7
ACH were required in the 1960s, while measurements showed that 75 % of all houses in the survey have lower
air flow rates than today’s requirements of 0.35 1/(s'm?), corresponding to approximately 0.5 ACH, while the
average value in the BETSI survey was reported as corresponding to 0.4 ACH. Furthermore, it was reported in
BETSI that 30 % of all the investigated houses had some sort of mold issues in the basement or attic, where a
probable cause was insufficient ventilation (Boverket, 2009).

Mechanical ventilation or airtightness were not required in any building requirements in the 1960s. Building
requirements for heat recovery were introduced in 1989 but later scrutinized in 1994.
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Table 2.B Summary of U-values for the building envelope and air change rates.

Building part Building codes Surveys and archetypes for 1960s houses
BABS 1960, BETSI Formas Calculated.
SBN 1967 Constructions by
Bjork et al (2009).

U-value / (W/(m?*-K))

Exterior wall 0.5-0.8 0.28 - 0.37 0.4 0.35-0.45
Roof/attic 0.4 0.22 0.26 0.30-0.37
Windows and doors 3.1 24 3.0 25-33
Slab on Ground / 0.5 - 0.5 0.45-0.6
basement
Ventilation /ACH 0.7 0.4 N/A N/A

2.2 1960s Building Techniques and Possible Renovation Measures

2.2.1 Cold attics

Insulating the attic floor is often recommended in EPCs as an inexpensive measure with short payback time.
The procedure is relatively easy for homeowners to perform themselves. Attics are considered cold attics when
there is no insulation added to the interior side of the roof. The temperature corresponds thereby to the outdoor
environment. When adding insulation to the attic floor, less heat transfer occurs from the indoor environment
to the attic, resulting in a lower attic temperature than prior to the added insulation. Warm and humid indoor air
transfers by vapor diffusion through the attic floor and could potentially condensate on cold surfaces in the attic,
which could result in microbiological growth (Hagentoft, 2003).

It is recommended to add a vapor barrier on the warm side of the attic floor construction before adding non-
hygroscopic insulation materials, such as glass wool and rock wool. When adding hygroscopic insulation
materials, such as cellulose fiber, the use of vapor barrier is not recommended (Bjork et al., 2011). All of the
above-mentioned insulation materials come in slabs, or as loose fill. The latter is provided in bags or can be
ordered as a “blown-in,” which facilitates economy of scales.

Nik et al. (2012) studied the potential risk of mold growth in cold attics in four cities in Sweden. Gothenburg
and Malmo showed an increased risk of mold growth after adding insulating to the attics due to the higher
relative humidity and slightly warmer winters, compared to the attics in Stockholm and Ostersund. Mechanical
ventilation with a supply air fan that is controlled by the difference in relative humidity in the supply air and the
attic space, was shown to be the most effective ventilation, to minimize the risk of mold growth. Ventilation
supplied by grills in the gable or openings along the eaves resulted in a higher risk of mold growth.

2.2.2 Exterior walls

Most single-family houses in the 1960s were constructed with wood as load bearing construction. Wood panels
or facade bricks functioned as facade cladding, with a ventilated air gap behind to dry out the construction.
Construction details are presented in Figure 2.4, originally by Bjork et al. (2015) redrawn for this thesis. Adding
insulation to the exterior wall is preferable placed to the exterior side of the construction. The fagade cladding

11



would need to be disassembled, extension studs need to be added to hold the new insulation layer and finally
the wind barrier and air gap needs to be added before applying the preferred fagade cladding. For this thesis, it
is assumed that the old fagade materials to be outdated, and in great need of replacement. When adding insulation
externally, windows might need to be placed further out, in order to avoid a “hollow” look. Furthermore, the
overhang of the roof might not cover the extended walls, which is yet another reason to have a long-term
renovation plan.

Adding insulation to the interior side of the construction should be performed with caution since the
condensation point is moved into the construction. If the original construction consists of a vapor barrier, it
needs to be placed at a maximum of one-third into the new construction. Drawdowns of insulating internally
includes the diminished floor area and thermal bridges from the intermediate floor slab not to be reduced
(Hagentoft & Sandin, 2017). Internal insulation might be the only available option if building permits deny the
change of the fagade.

On the other hand, if insulation is placed externally, the vapor barrier is preferable place behind the gypsum
board when the new insulation layer is <150 mm, but could be placed according to Figure 2.5, between the
insulation slabs if the new insulation layer is >150 mm. This solution is protecting the vapor barrier from being
damaged if the gypsum board is penetrated.

1. Gypsum board (12.5 mm)

!\al

Glass wool insulation (75 mm) embedded between wood studs (75 x 45 mm)

Wood fiber board (3.5 mm)

Lol

Ventilated air gap (30 mm)

th

Facade cladding, brick (63 mm), alternatively wood panel (28 mm x 120 mm)

Figure 2.4 Original construction for 1960s exterior walls.

Gypsum board (12.5 mm)
Insulation (75 mm) embedded between wood studs (75 x 45 mm)
Vapor barrier /PE foil (0.2 mm)

Added insulation (50-250 mm)

ok W N

Wind barrier, gypsum board (12.5 mm)

Ventilated air gap (30 mm)

bl

Facade cladding, brick (63 mm), alternatively wood panel (28 mm x 120 mm)

Figure 2.5 Suggested new construction of exterior walls.

2.2.3 Basement walls

Basement walls were typically constructed by externally plastered hollow-concrete blocks, with added wood
fiber insulation to the interior which provided a U-value of approximately 0.5 W/(m?-K). Adding insulation
internally is not recommended due to capillary suction from the exterior walls. If performed internally, a
maximum of 50 mm -100 mm EPS insulation is recommended, without the use of wood studs or vapor barrier
(EPS-bygg, 2010).
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When adding insulation externally, a draining material called Isodrén is commonly used in Sweden, which has
the same thermal conductivity as EPS or XPS. Appling insulation externally requires full exposure of the
basement walls, which is a costly operation and usually only performed when drainage work of the house is
executed (Isodrén, 2023).

2.2.4 Slab on ground

Typical foundations in the 1960s were built as a 100 mm cast concrete slab onto gravel or crushed rocks, often
with no insulation below the concrete. To reduce heat losses and obtain lower U-values, wood studs were added
on top of the concrete or partly cast inside the concrete with an insulation layer between the wood studs. This
construction provides a U-value of 0.45 W/(m*K) - 0.6 W/(m*K), depending on the insulation thickness
(Polygongroup, 2024). From a moisture safety perspective, this is a critical construction due to capillary suction
to the wood materials (Hagentoft & Sandin, 2017; Ostman, 2017). In multiple simulations of these 1960s
constructions, Ostman (2017) found that the construction would result in microbiological growth on wood
materials or in the remains of sawdust. Only when the flooring was done with leakages or air gaps, sufficient
air movements and vapor diffusion led to lower moisture content.

When adding floor heating into a concrete slab, a minimum of 300 mm insulation is recommended in order to
avoid heat losses to the ground. Redoing a concrete slab is a time-consuming work, and costly, often in the
range of 500 000 SEK - 700 000 SEK for a single-family house. The benefit is that no room height is lost when
digging out the old ground and recasting the slab.

Internal insulation could also be performed with a material called EPScrete, or sometimes referred to as “warm
concrete.” A mixture of lightweight concrete and EPS insulation, offers a thermal conductivity of 0.08 W/m?-K
—0.1 W/m?-K. A maximum thickness of 50 mm - 100 mm can be cast on top of the existing concrete slab.

2.2.5 Windows and Doors

The technical lifetime for windows and doors is considered to be 50 years, although cheaper and weaker frames
made out of fast-growing wood in the 1960s were common, with a shorter expected lifetime (Nylander, 2018).
Adding an isolating pane to the original windows could be considered as an option when the architectural
characteristic of the window is worth saving or building regulations will not allow the change of windows. In
these cases, windows with a total U-value of 2.0 W/(m?-K) are assumed for the calculations.

2.2.6 Ventilation and Infiltration

In order to comply with BBR requirements, the ventilation air flow must not fall short of 0.35 1/(s'm?) equivalent
to 0.5 ACH when the ceiling height is 2.5 m. Cooling coils are generally not used in smaller ventilation systems
for residential living, whereas cross ventilation, achieved by opening windows on different sides of the building
could reduce overheating during heatwaves. Increasing the mechanical ventilation airflow during heat waves to
reduce the indoor air temperature, as well as using a cooling coil would result in a higher demand for fan energy
and larger duct sizes, which are not taken into consideration. Energy efficient MVHR-systems are needed to
achieve a Specific Fan Power (SFP) under 1.5 kW/(m?/s) according to the requirements in BBR29.

Infiltration is defined as uncontrolled air leakages through the building envelope. Air tightness is highly
dependent on the craftsmanship of the actual building. 90 % of all single-family houses built in the 1960s have
natural draught ventilation (Boverket, 2009). Ventilation in the 1960s often relied on leakages in the building
envelope, and supply air ducts were often neglected. When adding facade insulation, changing the facade
material, or changing windows, the air tightness could be improved and reduces the natural ventilation. In a
typical single-family house, infiltration, and ventilation combined account for 25 % - 45 % of all heat losses,
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depending on air tightness and wind profile of the location. For buildings located in open landscapes or closer
to coastal areas, the wind profile often results in even higher infiltration losses. When adding insulation
internally, it is important to investigate if the construction has a vapor barrier installed. Accelerated aging tests
have proven that PE-foils last for 50 years. It is important to install the PE-foil with overlapped joints and to
repair all rips and tears. Even a 1 mm - 5 mm gap around electrical outlets has shown increased infiltration rates
up to 8 m3/h, at 50 Pa pressure difference, which corresponds to 0.022 1/(s'm?) for a 100 m? single-family house
(Bankvall, 2013).

Improving airtightness as a stand-alone renovation measure is not presented as an option, although adding or
improving the insulation between the window frame and the connected wall and adding sealing strips to old
windows could significantly reduce infiltration (Bjork et al., 2011). Instead, while renovating the building
envelope, reduced infiltration follows as a positive consequence. Tombarevi¢ et al. (2023) performed blower
door tests before and after the change of windows and doors in a multifamily house from the 1980s in
Montenegro. Infiltration rates decreased from 6.25 ACH to 0.77 ACH after the installation.

Jokisalo et al. (2009) studied infiltration rates in 170 Finnish detached houses, built in the era of 1989 - 2007.
Infiltration rates due to leakages were on average at 3.7 ACH at 50 Pa, and transmission losses due to infiltration
and ventilation results in the range of 15 % - 30 % of the total heating demand. Energy demand due to increased
infiltration rate has an almost linear relation. Increasing the infiltration by 1 ACH, results in a 7 % increased
energy demand for space heating.

In a literature review by Kalamees (2007), air tightness of Scandinavian houses built in the 70s and 80s were
assessed. The average ACH at 50 Pa for 205 houses in Sweden, 61 houses in Norway and 16 houses in Finland
were 3.7 ACH, 4.7 ACH and 6.0 ACH respectively. Hasper et al. (2021) studied 2 934 passive house retrofit
projects in Germany, where the average air tightness was found to be 0.41 ACH at 50 Pa pressure difference.

A ventilation system with rotary wheel heat exchanger is commonly used in residential buildings with an
efficiency rate of 85 %. These heat exchangers recover both latent and sensible heat, while a small portion of
the exhaust and supply air are being mixed. This could spread odors since exhaust air is commonly taken from
kitchen and bathroom areas. Therefore, a separate kitchen enforced exhaust fan is needed while cocking for. A
plate heat exchanger could be used to avoid mixing of the air streams, with the downside of slightly lower
efficiency (Warfvinge & Dahlblom, 2010).

2.2.7 Thermal bridges

Sweden Green Building Council (2022), the issuing organization of the certification Miljobyggnad, allows
approximations for determining thermal bridges. In the bronze and silver category, thermal bridges are assumed
to be 30 % of the total transmission losses for the envelope. For the gold level, only essential thermal bridges
have to be calculated. It should be considered that this applies to new constructions, whereas the building code
allows a total U, value of 0.3 W/(m?K). Sadauskiené et al. (2015) found similar results where thermal bridges
account for 35 % of the building envelope transmissions.

2.2.8 Lighting

Indoor lighting is excluded from the EPCs for single-family houses. However, high internal gains from light
sources would reduce the need for space heating. In 2008, the average household electricity for lighting was
800 kWh per year, which was estimated as 600 kWh / year in 2015 (The Swedish Energy Agency, 2018). A
further decrease would be expected due to old lightbulbs being exchanged for new LED bulbs when broken
down, although Schleich et al. (2014) found that the “rebound effect” results in more lighting and higher energy
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use when switching for highly efficient lightning or equipment. For this master thesis, it is assumed that
households have already replaced old incandescent light bulbs with LEDs which require about 90 % less energy.
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3 Methodology

3.1 Energy modelling

IDA ICE was used for all energy simulations, which is a commonly used building simulation software,
developed by EQUA Solutions. The software is verified according to the standard CIBSE TM33 by Moosberger
(2007) and according to the standard EN 15265 and EN 15255 for thermal performance of buildings (Equa
Simulation AB, 2010).

3.1.1 Reference Buildings

Two commonly used archetypes from the 1960s according to Bjork et al. (2015) were modeled in IDA ICE 5.0.
Reference Building 1, see Figure 3.1 (left) was commonly known as a “Hultsfredshus”. A catalogue house from
a one of the most productive prefabrication factories in Sweden, from a town called Hultsfred in Smaland, south
of Sweden. Approximately 2 000 houses per year during The Million Program was produced in this factory
(Visit Hultsfred, 2023). This one-story building entailed 135 m? living area with 4 bedrooms on the ground
floor, with a full basement of 135 m? housing hobby rooms, food storage, and a boiler room. Reference Building
2, see Figure 3.1 (right) is a 100 m? single family-house with 3 bedrooms, where the gavel was partly connected
to the garage.

Figure 3.1 IDA ICE Energy model of Building 1 (left) and Building 2 (vight).

Identical construction details for both reference buildings were assumed, both for the Base Cases, and in all
renovation scenarios. Both buildings were modelled with the living room located to the south. The building lots
were assumed to be 600 m? each, with each building placed in the center. To represent neighboring buildings
and vegetation shading the low inclined solar heat gains during the year, a 4 m opaque object was modeled,
surrounding the building lot. The building envelope was constructed according to the findings in the literature
review. However, the formfactor, window-to-wall ratio and internal gains differed between the two models.
Building 1 was assumed to house 3.51 occupants, and 2.79 occupants for Building 2, according to SVEBY
standards. The heating set-point for the ground floor was decreased to 18 °C during June, July, and August.
Table 3.A presents the general simulation input data for both archetypes, according to standards in BEN 2
(Boverket, 2017).

Table 3.4 Simulation input data according to BEN2 and SVEBY standards.

Ground floor | Basement Domestic Hot Plug loads Internal Occupancy Internal
temperature | temperature Water gains Schedule gains people
utilization
21°C 18 °C 20 kWh/mPacemp | 30 kWh/m2atemp 70 % 14h/day | 80 W/ person
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3.1.1.1 Locations for the simulated buildings

Sweden is approximately 1600 km long and divided into three major provinces, visualized in Figure 3.2. The
lower two provinces were chosen, due to containing 82 % of the total building stock, and 80 % of the final
energy use in Swedish households (Energimyndigheten, 2021). The six biggest cities in these provinces were
chosen, with the criteria of a distance exceeding 250 km in between, and half to be located at coastal-near area.

N Norrland

mm Svealand
Gétaland
Stockholm
= Gothenburg
= VExis
= ©Malma

Figure 3.2 Map of Sweden, displaying the three major provinces and the six locations for the energy simulations.

3.1.1.2 Heat Transfer Equations

Heat transfer calculations were simplified, in order to combine heat losses due to radiation, convection and
conduction. These calculations were later used to validate the Base Case energy simulations.

Thermal resistance:

d m2xK .
k= 2 [R] = w Equation 1
U-value:

1 w .
v= Reot (Ul = m2xK Equation 2

One dimensional stationary heat transfer through building component layers

Q =UAXAT [l =W Equation 3
Where:

d = thickness in m

A = lambda, thermal transmittance in W/(m-K)

Reot = Ruayer 17 Riayer 2 Riayer 3... Riayer N

AT = temperature difference between the interior and exterior side in K

A = area in m?

17



3.1.2 Base Case Construction Details

Construction details are displayed in Table 3.B and will be further analyzed when presenting renovation
solutions and obtained U-values, as well as when validating the Base Case simulations by hand calculations.

Table 3.B Base Case construction details for Building 1 and Building 2.

Building Construction Lambda / R-value / U-value/  Building1  Building 2
part (inside to outside) (W/(m°K)) ((m*K)/W) (W/(m*K)) area/m?> area /m?
Ext. walls 12.5 mm gypsum board 0.22 0.057 0.42 130 111.7
above ground 75 mm insulation (between 0.044 1.705
wood studs).
3.5 mm wood fiber board 0.07 0.050
30 mm ventilated air gap 0.11 0.273
63 mm facade brick 0.58 0.109
Basement 10 mm chip board 0.14 0.071 0.48 112 -
walls 50 mm fiber board 0.07 0.714
250 mm concrete 1.7 0.147
10 mm render 0.8 0.013
1 000 mm soil 2.0 0.500
Slab on 25 mm wood flooring 0.13 0.192 0.45 141 103
ground 3.5 mm fiber board 0.07 0.714
120 mm concrete 1.7 0.071
1 000 mm soil 2.0 0.500
Roof 25 mm spruce 0.14 0.179 2.87 187 140
Attic floor 18 mm chip board 0.14 0.129 0.37 141 103
100 mm glass wool 0.044 2.273
18 mm wood panel 0.14 0.129
Windows 2 pane windows 3.0 19.3 17.5
Ground floor (25 % frame factor)
Windows 2 pane windows 3.0 6.3 N/A
basement (25 % frame factor)
Doors 30 mm oak wood, 2.9 4.6 1.9
partially glazed
Building 1  Building 2
Avemp 270 m? 100 m?
Volume 661.5 m* 260 m?
Total envelope area (roof excluded, attic floor calculated as envelope boundary) 552.2 m? 337.1 m?
Building envelope, geometric U-value 0.71 0.76
W/(m?*K) W/(m?-K)
Building envelope total UA-value 3942 W/K  255.8 W/K
Form factor 2.0 34
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R-values for each construction include internal surface resistance (Rs) 0.13 (m?-K)/W and external surface
resistance (Rs) 0.04 (m?-K)/W, except for basement walls and slab on ground, which only include Rs;.

Note that the roof was modeled as a single layer of 25 mm groove and tongue spruce wood. Most attics were
constructed as cold attics, whereas the attic floor functioned as the main envelope insulation layer in the roof
construction, hence the roof was not considered nor calculated as part of the building envelope. Basement walls
and concrete slab include 1 000 mm of soil in the U-value calculations, according to the ISO-13370 standard.
Internal walls are modeled as 75 mm wood studs with intermediate insulation, covered with 13 mm gypsum
board on both sides. Openings between all zones ensured sufficient air flows.

Infiltration was set as 2 ACH at 50 Pa. Natural ventilation was modeled with an Air Handling Unit (AHU) with
supply and extract air flows set to 0.27 1/(s-m?) which is equivalent to 0.4 ACH according to the measurements
in BETSI. Electricity for the ventilation was neglected. Thermal bridges were set as 20 % of the UA-value.

3.1.3 Renovation Measures

Renovation measures for the building envelope and HVAC-installations are presented in Table 3.C, and further
explained in the methods section. However, simulating the 29 renovation scenarios in a parametric mode would
result in 22 500 combinations for each building archetype. Thereby, each renovation step was calculated and
presented individually, in order to calculate costs and environmental impacts for each step. Ultimately, the
proposed renovation passport offers the availability of displaying all combinations for each of the two buildings.

Table 3.C Renovation matrix explaining all renovation measures.

Building envelope Added insulation thickness / mm
Step 1 Step2 Step 3 Step 4 Step 5
Attic insulation 100 200 300 400 500
Exterior walls 50 100 150 200 250
Basement walls 50 100 200 300 400
Slab on ground 50 100 200 300 400

U-value / (W/(m?>K))

Windows 2.0 1.2 0.8 N/A N/A

Doors 1.2 0.8 - - -
HVAC

Mechanical Ventilation with n=85% - - - -

Heat Recovery
Heat Pumps Air-To-Air Air-to-Water Geothermal - -
HP HP HP
sCOP 3.5 sCOP 3.0 sCOP 4.0

3.1.4 Goal renovation packages according to building requirements

Two combined renovation packages in addition to the initial Base Case design are simulated for both buildings,
referred to as BBR-standard and Passive House-standard, illustrated in Figure 3.3.
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Base Case BBR-standard PH-standard

Figure 3.3 lllustration of the Base Case, and the renovation package BBR-standard and PH-standard.

Selecting renovation measures was an interactive procedure which considered LCA results, investment costs
and the obtained final Energy Class after the renovation.

Firstly, an interactive Excel sheet was produced, which calculated and presented the final Energy Classes after
each renovation. Secondly, the goal was for the BBR-s to meet energy class C, and for the PH-s to meet energy
class A, while using district heating for space heating and DHW. The use of district heating as an energy source
was determined in order not to overestimate the impact of installing a heat pump with a high sCOP. District
heating is equivalent to an older heat pump with a sSCOP of 2.6, in terms of primary energy. The primary energy
number was calculated using Equation 4. Thirdly, different renovation measures were simulated, based on the
findings for optimal thicknesses in the LCA and cost calculations. Lastly, the BBR-s and PH-s renovation
package for both building types were defined.

The requirement for renovated single family houses, according to the current building code BBR29, is to reach
Energy Prestanda <90 kWh/ for building 1, and <95 kWh/ for building 2. In addition, if possible, the goal is to
reach the envelope U-values, explained in Table 3.D.

The PH-standard was not aiming to meet PH-criteria from the FEBY 18 certification level. The objective was
only to meet the requirements regarding U-values for the building envelope, air tightness and mechanical
ventilation system with heat recovery in Table 3.D. The passive house building certification is one of the most
recognized standards in northern Europe and represents a highly energy efficient building design, requirements
taken from (Andrén & Tirén, 2012).

Table 3.D The goal U-values and ventilation details for the BBR-standard and PH-standard renovation packages.

Part BBR29 Building code PH-requirements
U-value / U-value /
(W/(m*K)) (W/(m*K))
Exterior wall 0.18 0.1
Roof/attic 0.13 0.1
Windows and doors 1.2 0.8
Slab on Ground / basement 0.15 0.1
Ventilation 0.5 0.5
/ACH

MVHR - n=2_85%

Air tightness at 50 Pa - 0.3

/ 1/(5 ) mzenvelope area)
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n Euppv,i
D =1 (W + EKyl,i + Etvv,i + Ef,i) X VE; Equation 4

EPpet =

Atemp

Where EP,., is the primary energy number, E,,, is space heating in kWh/year, Ejis cooling in kWh/year, E,

is domestic hot water in kWh/year, Eis property electricity in kWh/year and V'F; is the energy carrier correction
factor where 1.8 was used for electricity, 0.7 was used for district heating. Fy, is the geographical correction
factor, with the following values: 0.8 — Malmo, 0.9 — Gothenburg, 1.0 — Stockholm and Vix;jo, 1.1 — Karlstad,
1.2 - Borlédnge.

3.1.4.1 Insulation materials in general

The following sections present the obtained U-values after each renovation step. All the suggested insulation
materials offer lambda values in the range of 0.030 W/(m-K) — 0.036 W/(m-K). All simulations were thereby
run with a generic mineral wool insulation material, with lambda value of 0.033 W/(m-K), density 50 kg/m?* and
heat capacity of 2000 J/kg. In all scenarios, the original insulation layer in the corresponding reference building
was kept in the assembly except for the slab on ground construction due to moisture safety.

3.1.4.2 Attic insulation

Three variations of loose fill insulation are suggested as attic floor insulation: glass wool, rock wool and
cellulose insulation. Thicknesses and U-values are displayed in Table 3.E.

Table 3.E Attic U-value after each renovation step.

Insulation Base Case +100 mm + 200 mm + 300 mm + 400 mm + 500 mm

U-value / (W/(m?*-K)) 0.370 0.180 0.119 0.089 0.070 0.059

3.1.4.3 Exterior walls

Three different types of insulation slab materials are investigated: mineral wool, rock wool and EPS. All of
which could be used behind facade claddings such as wood panel, tiles, bricks or plastered. All constructions
are recommended to include a minimum of 30 mm airgap (Hagentoft & Sandin, 2017). Regardless of the desired
placement of the insulation layer, internally or externally, all simulations were run as externally placed, whereas
the U-values did not change, and moisture assessment was out of scope for the simulations. Thicknesses and U-
values are displayed in Table 3.F.

Table 3.F Exterior wall U-value after each renovation step.

Insulation Base Case + 50 mm + 100 mm + 150 mm + 200 mm + 250 mm

U-value / (W/(m*-K)) 0.423 0.258 0.185 0.145 0.119 0.101

3.1.4.4 Basement walls

All basement wall simulations were run with the insulation layer placed externally. Thicknesses and U-values
are displayed in Table 3.G.

Table 3.G Basement walls U-value after each renovation step.

Insulation Base Case + 50 mm + 100 mm +200 mm + 300 mm + 400 mm

U-value / (W/(m?-K)) 0.482 0.295 0.190 0.110 0.097 0.076
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3.1.4.5 Slab on ground

Two materials were used in the slab on ground simulations. EPScrete was only simulated as 50 mm and 100
mm, following the recommended maximum thickness for this material.

The second material was regular EPS insulation below the slab, which was simulated for all steps. It should be
noted that the calculated U-values for the slab differ from the output data in IDA ICE, with a probable
explanation of the “warm-pillow effect,” below the slab. IDA ICE calculates the heat transfer towards the ground
according to the standards in ISO-13370. Table 3.H presents both the simulated and calculated U-values,
whereas the IDA ICE output was used in this master thesis.

Table 3.H U-values for slab on ground.

Insulation Source BaseCase +50mm +100mm +200mm +300mm + 400 mm
EPScrete IDA ICE 0.45 0.36 0.29 - - -
U-value / (W/(m?-K)) output
EPS + Concrete IDA ICE 0.45 0.27 0.20 0.13 0.09 0.07
U-value / (W/(m?-K)) output
EPS + Concrete Calculated 0.69 0.34 0.22 0.13 0.09 0.07

U-value / (W/(m?*-K))

3.1.4.6 Windows and doors

Windows and doors were modeled in 3 steps. Oak wood was simulated for window frames and doors in all
scenarios. Window placement was set with a sill height of 0.9 m above the internal floor level. Glazing and
frame specifications are found in Table 3.1.

Table 3.1 Window specifications.

Total construction U-value / 3.0 2.0 1.2 0.8

(W/(m?*-K)) (Base Case)

Frame factor 25% 25% 30 % 30 %
Frame U-value / (W/(m?-K)) 33 2.7 1.5 1.5
Glazing U-value / (W/(m*-K)) 29 1.8 1.07 0.5

Glazing / g-value 0.76 0.68 0.59 0.49
Recess dept 0.05m
Shadings Always drawn, multiplication factor for g-value was 0.71 (BEN3 standard).

3.1.4.7 Thermal Bridges

Thermal bridges were modeled as 20 % of the Base Case UA-value, equivalent to 0.14 W/(m?-K). The absolute
value in terms of heat losses in kWh, was later used for all individual renovation scenarios since it was assumed
that a reduction of thermal bridges was not achievable by a single renovation measure. SGBC (2023) calculates
thermal bridges as a 30 % addition of the average UA4-value for new constructions. According to BBR29, the
highest UA4-value for new constructions is 0.3 W/(m?-K), which would yield a thermal bridge U-value of 0.09
W/(m?-K). This might not be representable for older buildings, hence the 20 % addition to the Base Case UA-
values were estimated as better representable.
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For the PH-standard, thermal bridges were calculated as half of the base case value, equivalent to 0.07 W/(m?-K)
for the UA since the combined renovation measures were assumed to reduce the thermal bridges significantly.

3.1.4.8 Mechanical Ventilation with Heat Recovery

The BBR-standard simulations were run with 0.35 I/(s'm) for the occupied areas, and 0.1 I/(s-m?) for the
basement, to follow the BBR requirements. As for the MVHR simulation, a recovery rate of 85 % was used.
Electricity for the Air Handling Unit (AHU) was deducted from the energy demand savings in the result section.
However, when calculating the Primary Energy need for energy classifications, the AHU electricity was
calculated as property electricity and the full space heating savings were calculated.

3.1.4.9 Duct design sizing

HVAC design was performed using hand calculations. All quantitative data and dimensioning methods were
taken from (Warfvinge & Dahlblom, 2010). The equal pressure method was used in order to achieve a pressure
drop close to 1 Pa/m throughout the ventilation system. Air flow charts for circular steel ducts, originally by
Swegon, were assessed to limit the pressure drops between >0.6 Pa to <1.1 Pa, to obtain a balanced and energy
efficient system. Volume flow rates were limited to 1.5 m/s — 3.0 m/s, in order to keep duct noises to a minimum.
Air flow rates were determined to be 61 I/s and 35 1/s for reference building 1 and 2 respectively, equal to 0.35
1/(s'm?) for occupied areas and 0.1 1/(s'm?) for occasionally occupied areas such as the basement in reference
building 1. All ducts were estimated as mounted onto the interior side of the ceiling, fully visible without any
covering materials or insulation. Supply air diffusers were taken from the Swegon database, with a suggested
throw length equal to 75 % of the distance between the diffuser and neighboring wall in order to achieve a mixed
ventilation without draughts. Generalized pressure drops for Diffusers (D), Tees (T) and Elbows (E) were set to
7 Pa, 5 Pa and 2 Pa respectively, calculated according to Swegon tables using an air flow rate of 3 m/s and a
diameter of 100 mm. The SDD approach was taken into consideration when designing the duct layout, where a
minimum distance of 5 diameters has to be achieved before a fitting to avoid turbulent air flow. Supply air was
distributed as 4 1/s per bed space, while the remaining was distributed into the living room. Exhaust air was
taken from kitchen, laundry room, toilet, and bathroom, with a minimum volume flow rates of 10 /s per zone.
A separate kitchen exhaust fan with enforced air flow during cooking was assumed to be present, used to avoid
grease and odors into the heat recovery system (Warfvinge & Dahlblom, 2010).

SFP, energy use and heating coil size were calculated using the online tool ProCASA from Swegon (2024), and
compared to the IDA ICE results.

3.1.4.10 Power demand

Heat pumps were sized based on the peak power demand simulations in IDA ICE. Hand calculations were used
to confirm these simulations using Equation 5. Dimensioned Winter Outdoor Temperatures (DVUT, in
Swedish) were assessed for each city, displayed in Table 3.J. The indoor heating setpoint temperature was set
to 17 °C for all calculations, assuming that internal gains and solar heat gains would further increase the
temperature to 21 °C. The building time constant which corresponds to the time it takes for the indoor
temperature to drop to 63 % of the desired temperature was not calculated. However, it was assumed that the
base case models and BBR-standards were considered as light weight constructions with low thermal mass and
insulation, with a two-day time constant, and for the PH-standard to achieve a five-day time constant (Warfvinge
& Dahlblom, 2010).
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Peak Power Demand = Pyransmission Plnfiltration + Pyentitation Equation 5

PTransmission =UAX (T.S‘etpoint - DVUT) Equation 6
PVentilation&Infiltration =p X Cp X q X (TSetpoint —DVUT) Equation 7
Where:

P =Power demand in W, p = Density of air in 1.2 kg/m?, Cp = Heat capacity for air in 1000 J/(kg-K), q= volume
air flow rate in m?®/s, Tsepoint = indoor heating temperature setpoint in °C, DVUT = Dimensioned Winter Outdoor
Temperature in °C.

Table 3.J DVUT for all six locations (Warfvinge & Dahlblom, 2010).

City Malmé Vixjo Gothenburg  Stockholm Karlstad Borlinge
DVUT 2-days / °C -7.1 -11.9 93 -12.9 -15.3 -16.8
DVUT 5-days / °C -6.1 -10.4 -8.0 -11.3 -14.2 -15.0

3.14.11 Heat Pumps

The energy use, which is the energy delivered to the heat pumps, was calculated in Excel by dividing the energy
demand by the Seasonal Coefficient of Performance (sCOP) for each heat pump. An Air-To-Air heat pump with
sCOP 3.5 was assumed to cover 50 % of the energy demand of each floor, due to internal walls obstruction the
heated air flows from fully cover the whole building’s heating demand. Air-to-water and geothermal heat pumps
were assumed to have a sSCOP 3, and sCOP 4 respectively, which represent the combined sCOP for both space
heating and DHW. Both heat pumps were sized to cover 100 % of the peak power demand in order to follow
the BBR-requirements for maximum installed power. Both heat pumps require a water-based radiator system.

3.1.4.12 Radiators

The Base Case buildings were considered lacking water-borne radiators and heated by electric radiators.
Installing a heat pump, district heating or solar thermal for space heating, would require a water-borne radiator
system. The power demand was calculated for Building 1 and 2 in the three design stages: Base Case, BBR-
standard, and PH-standard. Radiators are generally designed with the same width, or 200 mm less as the
windows width, and positioned 100 mm below the windowsill. Since 1985, it’s not common to size radiators
for higher supply temperatures than 55 °C and return temperatures of 45 °C (Warfvinge & Dahlblom, 2010).
For both Buildings, one radiator was placed below each window, and the power demand was calculated on a
building level.

Sizing of each radiator was simplified and calculated as:

__ Total building heating demand
P Radiators —

Equation 8
total number of radiators q

Where P = Power demand in W.
(Purmo, 2024) was used for accessing the weight of radiators based on dimensions, power demand and supply

water temperatures. Total pipe lengths were measured in AutoCAD according to floor plan drawings. 12 mm
PEP pipes were considered, which could be exposed or integrated into internal walls.
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3.2 Life Cycle Assessment

Green House Gasses (GHG) allow short wave radiation from the sun to surpass through, but block and absorb
the long wave radiation that is emitted from earth, causing the greenhouse effect and hence global warming.
GHG consists of approximately 80 % Carbon Dioxide, 11 % Methane, 6 % Nitrous Oxide and remaining parts
from Fluorinated gases (EPA, 2024). For this thesis, GHG emissions are displayed as Carbon Dioxide equivalent
(CO2eq.), which is the summarized greenhouse effect for the emissions, presented as CO» as reference.

The climate impact category for Global Warming Potential fossil - Green House Gas emissions (GWP-GHG),
was assessed for both operational energy, and the embodied emissions for building materials and HVAC
installations. Figure 3.4 illustrates the process of selecting data for the underlying CO,eq. emissions calculations.
The climate database from (Boverket, 2024b) was used as the primary source, which is commonly used in
Sweden for constructing climate declarations which is required by building regulations since 2022 for new
constructions. The database contains data for generic building materials. The secondary source used for this
thesis was the Emissions database by the The Finnish Environment Institute (2024), and lastly, published EPDs
in accordance with the standards ISO 14025 and EN 15804 + A2.

1. Swedish Climate Database
by Boverket.

2. Finnish Environment
Institute, Emissions database
for construction

3.EPDs

Figure 3.4 Methodology illustration for selecting data for the CO, emissions calculations.

The life span of the building material was set to 50 years, where materials with shorter lifetime were multiplied
with a correction factor to achieve 50 years. The system boundary was set to A1-A3 (cradle-to-gate), B4
(replacement for all installations with less than 50 years lifetime), and B6 (operational energy). Functional unit
was set to 1 m? of heated floor area.

Operational energy was assumed to be provided by electricity in all renovation scenarios, either by direct
electricity or by Heat Pumps. The “Swedish electricity mix” from the climate database by Boverket was used
where the emissions were declared as 0.037 kgCO.eq. / kWh.

CO, emissions due to district heating vastly differs based on the municipality and electricity company in
Sweden. Factors that influence the emissions are the efficiency of the waste-incineration plant unit and the
amount of waste heat from the industry is used. Energiforetagen (2023) advises against the comparison of
district heating emissions, due to the import and export of garbage between different municipalities, which
might not provide the full picture. The average emissions value from the Boverket climate database of 0.056
kgCOseq. / kWh was used.

The embodied emissions for all renovations measures were calculated according to the input values in Appendix

H. The volume for the added material in each renovation measure is presented in Appendix G for Building 1
and 2, respectively.
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3.3 Investment costs

The online tool Wikells Sektionsfakta (2024) were assessed for all price estimations throughout this master
thesis, which have been used extensively in the field of researching for renovation costs estimations. Since the
current building archetypes are assumed in their original state, components such as wall and attic insulation,
bricks and mortar joints, fagade panel, doors and windows are outdated and have reached the end of its service
life. Therefore, replacement is inevitable at some point and the energy efficient measures in this master thesis
are assumed to be implemented simultaneously. Only the costs for the added insulation materials and labor work
needed to achieve the goal U-values were calculated. This excluded the costs for demolition, recycling, landfill,
scaffolding, transportation, digging, paint job and reassembly of fagcade materials or any indoor surfaces.

Windows and HVAC installations were calculated as the full installation since the base case used natural draught
ventilation and direct electricity.

Building owners all over Sweden have different electricity rates and agreements with the electrical companies.
Energy prices are not assumed or displayed, nor were LCC calculations performed.

Installation costs were calculated as:

Installation cost SEK .
[— Equation 9
kWh

Cost of savings = .
Energy use savingsso years
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4 Results and Discussion

4.1 Energy modeling

4.1.1 Validation of the Base Case energy model

Table 4.A presents the simulated annual energy demand for Base Case, BBR-standard, and PH-standard, as well
as the calculated energy demand for the Base Case buildings, to validate the energy modelling. The hand
calculations overpredict the simulations by 7 % and 12 % for building 1 and 2 respectively. Warfvinge &
Dahlblom (2010) emphasizes that hand calculations based on the degree hour method should only be used for
approximations. Differences between the results might depend on numerous factors, such as modeling of
window positions, ground properties for heat losses through basement walls and slab on ground. Degree hours
were calculated based on 17 °C set point temperatures throughout the year, which might be higher than the
actual building requirement for obtaining desired indoor temperature, and hence resulting in a higher energy
demand. Simulations included a lower setpoint temperature in the basement throughout the entire year, and for
the heating system to be shut off during June through September, which would result in less degree hours. Hand
calculations are presented in Appendix Q and Appendix R.

Table 4.4 Hand calculations and simulated energy demand results for the Base Case, BBR-standard and PH-standard.

Hand calculations IDA ICE simulation results

Base Case Base Case BBR-standard PH-standard

/kWh  /kWh/m?)  /kWh  /kWh/m?)  /&Wh  /kWh/m?)  /kWh  /(kWh/m?)

Building 1 40 023 148 37390 138 25265 94 5 845 22

Building 2 22 985 230 20 526 205 11442 114 4 485 45

4.1.2 Energy results for the renovation packages

Following the simulated results in

Table 4.B, building 2 indicates a higher energy demand than building 1 per Awmp throughout all renovation
measures, which might be explained by the higher formfactor. Another explanation might be the lowered set
point temperatures for the basement in building 1, while the area is still calculated as part of Awemp.

Compared to the Base Case, the BBR-standard renovation decreases the energy demand with 32 % and 44 %
for Building 1 and 2 respectively, while for the PH-standard, energy demand is reduced by 84 % and 78 %, for
Building 1 and 2, respectively. The higher energy demand reduction for building 2 in the BBR-standard scenario
is explained by the use of MVHR in order to comply with the energy class C. On the other hand, when renovating
towards the PH-standard, building 1 achieves higher energy reduction (percentage wise), due to the lowered air
flows in the basement area, which ultimately leads to less ventilation losses.

4.1.3 Energy demand savings based on all individual measures.

Figure 4.1 presents the individual energy demand savings for each renovation measure, without the use of any
heat pumps for the Stockholm location. All six locations are displayed in detail in Appendix A to Appendix F,
where all locations achieved energy reduction (percentage wise), within 0.2 percentage points difference. While
in absolute terms, the colder the climate, (Karlstad and Borldnge) the higher the heat losses and hence higher
benefits of adding insulation. The opposite was true for warmer climates (Gothenburg and Malmo), while Vixjo
showed comparable results as Stockholm in general. To benchmark the two buildings, the energy savings are
presented as kWh/(m?Asmp/year). Both buildings achieve similar reduction trends after each implemented
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measure; the buildings benefit the most reduction compared to the Base Case in the first renovation step, after
which, each step entails less energy savings, in compliance with the phenomena “the law of diminishing

marginal utility.” As explained previously, building 2 has a higher form factor, (envelope-to-floor ratio), hence
the generally higher savings in Figure 4.1.

Energy savings / BReference Building 1 (270 m?)
(kWh/(m?/year)) @ Reference Building 2 (100 m?)
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Figure 4.1 Energy demand reduction after each implemented renovation measure. Building 1 in red, Building 2 in blue,
location Stockholm.

External walls show a continuing reduction in energy demand after each implemented renovation step, mainly
due to lower increments in insulation thicknesses than for the remaining building envelope. The attic floor does
not achieve significant reduction in energy demand after adding 300 mm of insulation.

The significantly higher benefits of insulating the slab in Building 2, could be explained by the same arguments
as previously: lower set point temperatures in the basement for building 1, hence lower heat losses through the
slab. “Slab 1” refers to EPScrete, while “Slab 2” refers to the more often used method of EPS insulation below
the concrete slab. EPScrete offers more than twice as high lambda value as for EPS insulation, while the impact
of adding EPScrete is less than for EPS insulation.

MVHR was more efficient in building 1 with larger area and airflows, explained by the possibility of a lowered
air flow of 0.1 I/(s'm?) in the basement after installing MVHR, compared to the Base Case designs with a
generalized air flow of 0.27 I/(s'm?) or 0.4 ACH.

Heat losses through windows are reduced noticeably when applying the energy glass with U-value 2.0
W/(m?-K), and BBR required windows with U-value 1.2 W/(m?-K). However, installing the more energy
efficient windows with U-value 0.8 W/(m?-K) results in the highest energy demand savings after insulating the

slab, for Building 2. Mechanical Ventilation with heat recovery yielded the highest reduction per square meter
in Building 1.
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4.1.4 BBR-standard and PH-standard renovation packages

To determine what renovation measures would yield energy class C for the renovation package BBR-s and
energy class A for PH-s, the impact of different heating sources was first compared for the Base Case design.
Originally, by using direct electricity the energy class G was reached, for both buildings. By changing the heat
source to district heating, energy class D is obtained, which would exclude the building from the worst
performing buildings, and no other measure would have to be taken, in compliance with the EPBD. By using a
ground source heat pump with sSCOP 4, energy class C, equivalent to the building practice for new constructions
would be the outcome. However, following the Kyoto pyramid, the heat pump is the last step to improve, and
changing the heat source would not improve thermal comfort or improve the indoor environment.

The resulting energy classes after changing the heat sources, are displayed in Figure 4.3 for Building 1 and in
Figure 4.2 for Building 2.

Following renovation measures led to the BBR-standard for Building 1:
e Exterior walls: + 100 mm insulation
e Attic: + 200 mm insulation
e Windows and doors: U-value 1.2 W/(m?-K)
e ATW-HP sCOP 3
e Infiltration: 1 ACH.

For Building 2, it was not enough to incorporate the same measures as for Building 1 in the BBR-standard.
When applying MVHR, energy class C was reached.

Following renovation measures led to the PH-standard for Building 1 and 2:
e Exterior walls: + 250 mm insulation.
e Attic: + 300 mm insulation
e Slab on ground and basement walls: + 300 mm insulation.
e  Windows and doors: U-value 0.8 W/(m?-K)
e MVHR, 85 % efficiency
e ATW-HP sCOP 3
e Infiltration: 0.42 ACH
e Thermal bridges: 50 % of Base Case (0.07 W/(m?-K))
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Figure 4.3 Energy Class for Building 1, for the Base Case design with different heat sources, location Stockholm.
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Figure 4.2 Energy Class for Building 2, for the Base Case design with different heat sources, location Stockholm.
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4.2 HVAC design

As the Base Case design consisted of natural draught ventilation by grills and leakages, and heating was supplied
by electric radiators, the following sections present the suggested layout for the new HVAC systems. Detailed
description of materials and calculation are presented in Appendix J.

4.2.1 MVHR Building 1

A suggested duct layout for the mechanical ventilation system is provided in Figure 4.5 and Figure 4.4 for
building 1, for the full pressure drop matrix Appendix O. The long and narrow hallway acts as the suitable
placement for the main duct placement, where short connection ducts are placed with a Tee-fitting, connects the
bedrooms, and living room for supply air, and the bathrooms and kitchen for exhaust air, at the ground floor.
The main ducts are placed in the staircase to connect the basement, where supply air is distributed in the two
rooms at each end, and exhaust air is taken from the food storage room. All ducts are fully visible and attached
to the ceiling. Since the duct diameters range in the span of 160 mm — 63 mm, a false ceiling is applicable to
hide the installations if desired on the ground floor. Since the basement has a lower ceiling height of 2.3 m, a
false ceiling might not be suggested nor suitable. Regular steel ducts were considered, although white ducts that
are suitable for visible installations usually in offices, are available on the market. The duct system was sized
using the equal pressure method, which resulted in various duct dimensions throughout the system to keep the
pressure losses close to 1 Pa/m. This resulted in supply ducts with the dimension of 63 mm, which is not
available for supply and exhaust air diffusers with the desired throw length and low noise levels. For simplistic
reasons, all supply and exhaust diffusers were assumed as 100 mm dimension for cost estimations and LCA
calculations.

The total volume air flow that is needed to comply with the BBR requirements was set at 61 1/s. 47.5 I/s for the
ground floor and 13.5 /s for the basement due to the occasional occupancy. Exhaust ventilation might not be
necessary in the basement since the staircase provides an open path to the ground floor. This would then result
in higher exhaust air flow from the bathrooms and kitchen, which could affect the noise level.

The critical path for the supply air was calculated as AHU — E6, with a total pressure drop of 80 Pa, while the
critical path for exhaust air was calculated as AHU — C4, with a total pressure drop of 49 Pa. The critical path
determines the balancing needed for all supply or exhaust diffusers to attain the same pressure drop, in addition
to the energy and SFP calculations for the AHU, which was completed using the online tool of Swegon. The
Swegon report is presented in Appendix M, with an SFP of 1.25 kW / (m3/s), and annual energy demand for
both the fan energy and preheater of 667 kWh. The chosen AHU uses a plate heat recovery, of 80 % efficiency,
which is slightly lower efficiency than the simulated scenarios (85 %). However, this AHU was chosen due to
availability on the online calculation tool and based on the suitable airflows, in addition to available EPDs.
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Figure 4.5 Ventilation duct design for Building 1, ground floor. Red lines are exhaust air, blue lines are supply air.

Figure 4.4 Ventilation duct design for Building 1, basement. Red lines are exhaust air, blue lines are supply air.

4.2.2 HVHR Building 2

As for Building 1, a full pressure drop matrix is found in Appendix P. The suggested layout of the ventilation
system for building 2 is presented in Figure 4.6. The supply air ducts are placed in the kitchen area in order to
reach the three bedrooms and the living room. The total airflow of 35 I/s resulted in a maximum duct size of
125 mm, which could rather easily be hidden below a false ceiling. The critical path was calculated as AHU —
G4, with a pressure drop of 58 Pa. Exhaust air is taken from the two bathrooms, kitchen, and the laundry room,
where AHU - B5 was determined as the critical path with 40 Pa pressure drop. The Swegon tool was assessed
for calculating the SFP as 0.98 kW / (m3/s) and 300 kWh for annual energy demand for both the fan energy and
preheater. For the full Swegon report, see Appendix N.
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Figure 4.6 Ventilation duct design for Building 2. Red lines are exhaust air, blue lines are supply air.

4.2.3 Peak Power demand

The power demand changes in each zone and for the building level after each renovation measure. Separate
zones were not considered. The peak power demand for all six locations is presented in

Table 4.B which show great variations, due to varying dimensioning outdoor temperatures (DVUT). This would
later influence the size and hence costs for heat pumps and radiators. For this thesis, only the peak power demand
for the Stockholm location is considered. It is noted that based on the location, investment costs might differ.

Table 4.B Calculated Peak Power Demand for all locations.

Malméo Vixjo Gothenburg Stockholm  Karlstad Borliinge
Building 1 Base Case 11.5 13.8 12.5 14.2 15.4 16.1
Powe/rk‘z;mand BBRs 5.9 7.1 6.4 73 7.9 8.3
PHs 3.2 3.8 3.4 3.9 4.3 4.4
Building 2 Base Case 7.5 9.0 8.2 9.3 10.0 10.5
Powe/fk%;mand BBRs 3.5 43 3.9 4.4 4.8 5.0
PHs 1.9 22 2.0 23 2.5 2.6

4.2.4 Sizing of Radiators

Figure 4.7 present the suggested layout of the radiators and piping for Building 1, and Figure 4.8 for Building
2. Generally, radiators were placed below each window on the ground floor in order to prevent cold draughts.
In the basement of Building 1, fewer radiators were selected given the lower heat load due to lower setpoint
temperatures and smaller windows. The radiator systems were constructed as 2-way systems in order to keep
the same set point temperatures for each radiator. The basement allowed visible pipes in a circular formation,
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where raising pipes would connect the radiators on the ground floor without having visible pipes more than
necessary. Building 2 included all visible piping. A total of 13 radiators and 103 m of piping is needed for
building 1. A total of 5 radiators and 34 m of piping for building 2.

Al 3

Figure 4.7 Layout of radiators and piping in Building 1, ground floor (left), basement (right). Rectangles marked in red are
radiators, dual lines in between the radiators are the 2-way piping distribution.

Figure 4.8 Layout of radiators and piping in Building 2. Rectangles marked in red are radiators, dual lines in
between the radiators are the 2-way piping distribution.

4.3 Life Cycle Assessment

In this section, the environmental impact for each renovation measure will be presented in addition to a
comparison between different insulation materials for the envelope. Lifetime emissions are calculated as both
the embodied emissions for the materials, and the operational emissions for 50 years. This will aid in deciding
the optimal thickness for each renovation measure.

Due to similar trends for lifetime emissions of building materials, only results from Building 1 are shown. For
the renovation packages BBR-standard and PH-standard, both buildings are shown.
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4.3.1 Heat Pumps

When considering a life cycle of 50 years, the installation of one sort of heat pumps were determined as
reasonable. For that matter, a comparison of four different heat source scenarios is included: direct electricity
(base case), district heating, Air-To-Air HP and Air-To-Water heat pump, presented in Figure 4.9, for the
operation of Building 1.

Lifetime
emissions
/ kgCO,eq.
110,000
100,000 —— District Heating
90,000 — Direct electricity
80,000 ——Air-To-Air HP
70,000 —— Air-To-Water HP
60,000
50,000
40,000
30,000
20,000
10,000

0 5 10 15 20 25 30 35 40 45 50
Time / Year

Figure 4.9 Life-time emissions for different heating systems.

The Base Case is assumed to be heated by direct electricity (red line), which is considered as the “business as
usual” scenario. Environmental payback time for the other heat sources is readable by the intersection on the
red line.

Both district heating and Air-To-Water Heat Pumps would require the installation of water-borne radiators,
whereas the base case power demand of 14.2 kW was considered. Figure 4.9 includes the embodied emissions
for radiators and piping.

The district heating heat exchanger has a service life of 25 years, after which it needs to be replaced. District
heating results in the highest emissions over a 50-year period due to the generalized value of 0.056 kgCO-eq.
per kWh. Installing district heating is not technically feasible in all single-family houses due to the availability
of distribution network and is therefore not considered a suitable renovation option.

Due to its relatively low installation-weight of 50 kg, an ATA-HP has the lowest embodied emissions of the
investigated heat pumps, 853 kgCO.eq., which provides an environmental payback time as short as two years.
However, it could only cover half the energy demand of a building, and the replacement after each 15 year-
period result in a 32 % emissions reduction compared to direct electricity.

An ATW-HP requires both an outdoor and an indoor unit with a total weight in the range of 200 kg - 300 kg.
EPDs containing the refrigerant fluid R32 were selected for this master thesis, excluding the previously used
refrigerant R407C, which resulted in 2-3 times higher embodied emissions than those available on the market
today. The EPDs for the ATW-HP included leakages of the refrigerant, which is highly CO, intensive, however,
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this was declared in the B1-stage which was were excluded from this master thesis. A 57 % lifetime emissions
reduction is attained by the installation of an ATW-HP, compared to the base case.

Geothermal heat pumps were not considered for the LCA calculations due to the technical constraints for the
installation in various ground properties. Municipal permission is needed before installation as well as a
minimum of 20 m between two neighboring boreholes. Generally, geothermal heat pumps have a slightly higher
sCOP than the ATW-HP, and presumably higher embodied emissions due to higher weight and more
components for the ground piping. By analyzing the general trend in Figure 4.9, the embodied emissions play
an insignificant role in the long-term perspective, and a high sCOP is more crucial in the role of reducing the
overall lifetime emissions.

For the remaining LCA calculations it will be assumed that an ATW-HP with sCOP of 3 is used for space
heating and DHW, due to the feasibility and rather simplistic approach of the installation, with a total lifetime
emission of 29 560 kgCO»eq.

4.3.2 External walls

The general trend for exterior wall insulation show that glass wool provides the lowest climate impact in all
thicknesses, as presented in Figure 4.10. However, the optimal thickness for glass wool is 150 mm, followed by
100 mm providing a reduction of 1 276 kgCO-eq. and 1 257 kg over its lifetime, respectively. Rock wool and
EPS perform the best in its own category, when choosing 100 mm thickness, providing a reduction of 530
kgCOseq. and 1 040 kgCOseq., respectively. Both mineral wool and EPS yield lower lifetime emissions than
the base case, in all the investigated thicknesses, where Rock wool increases the lifetime emissions after adding
250 mm.

Lifetime emissions

/ kgCOyeq.
35,000
30,000 % . ® # . .
25,000
20,000
15,000
10,000
5,000
0
0 50 100 150 200 250
Insulation thickness / mm
% Base Case w ATW HP e Ext Walls Glass wool
Ext Walls Rock wool e Ext Walls EPS

Figure 4.10 Life-time emissions for several types of exterior wall insulation.

4.3.3 Attic

Cellulose fiber insulation outperforms glass wool and rock wool in all thicknesses, see Figure 4.11. The optimal
thickness for the lowest climate impact for attic insulation is achieved with 300 mm of cellulose insulation,
resulting in a 1 509 kgCO»eq. reduction over its lifetime. Both cellulose and mineral wool reduce the lifetime
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emissions in all thicknesses compared to the base case, while rock increases the emissions at 400 mm of
insulation.

Lifetime emissions

/ kgCO,eq.
35,000
30,000 x . s 3 $ b4
25,000
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15,000
10,000
5,000
0
0 100 200 300 400 500
Insulation thickness / mm
% Base Case w ATW HP + Attic Glass wool
Attic Rock wool ¢ Attic Cellulouse

Figure 4.11 Life-time emissions for several types of attics insulation

4.3.4 Basement walls and slab on ground

Basement walls have lower environmental impact when insulated with 300 mm or less, whilst the optimal
thickness is found to be 100 mm of EPS or Isodrén, providing a net saving of 1 154 kgCO»eq. The high embodied
emissions for EPS with concrete, and EPScrete result in a non-profitable environmental impact for insulating
the concrete floor slab in any of the above-mentioned scenarios, see Figure 4.12.

Life time
emissions /
kgCO,eq.
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Insulation thickness / mm

% Base Case w ATW HP @ Slab on ground EPScrete
Slab on ground EPS + concrete A Basement walls - EPS/Isodrdn

Figure 4.12 Life-time emissions for insulating basement walls and slab on ground.
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4.3.5 Environmental payback time for the BBR-standard

Lifetime emissions savings are presented for Building 1 in Figure 4.13 (left) and Building 2 (right), which
presents the building envelope materials that were needed to reach energy class C, after the use of an ATW-HP.

The negative bars represent the embodied emissions for each material, where the environmental payback time
is reached when positive values are shown. Note that the bars are accumulated values for all materials. Embodied

emissions are similar for both buildings, with approximately 3 000 kgCO,eq. each, while the net savings are

higher for building 1 than building 2. Both buildings show similar trends for environmental payback time for
all materials, where attic insulation has the lowest payback time, 5 years for building 1, and 14 years for building

2. MVHR was only used in building 2, which yields a 20-year payback time. Windows have the longest payback
time for both buildings, 43 and 46 years for building 1 and 2, respectively.
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Figure 4.13 Accumulated environmental payback time for all building materials in the BBR-standard renovation package.
Building 1 (left), Building 2 (right).
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4.3.6 Environmental payback time for PH-standard

When renovating towards the PH-standard, the embodied emissions increase significantly for both buildings,
see Figure 4.14. Embodied emissions are approximately 13 000 kgCO»eq. for building 1, while 8 000 kgCO.eq.
for building 2. As presented in section 4.3.4, insulating the slab on ground with recast concrete resulted in
increased emissions over the lifetime, where the slab on ground still remains negative after 50 years. MVHR
has the shortest payback time of 9 years in Building 1 and offers the highest emissions savings of the proposed
measures. The PH-standard package offers net savings of 6 000 kgCO-eq. for building 1, which is twice the
savings as in the BBR-s package. For building 2 the savings are lower in the PH-standard package (1 500
kgCO»eq.) than for the BBR-standard (2 000 kgCO»eq.) Note that the embodied emissions savings were only
considering the building envelope and excluding the savings due to the heat pump. The combined emissions are
discussed in the next section.

Lifetime mExt walls W Attic Lifetime m Ext walls ™ Attic
emission " Basement M Slab emission m Slab Windows
savings / Windows Doors savings / Doors = MVHR
kgCO,eq =MVHR kgCO,eq.
8,000 8,000
6,000 6,000
4,000 4,000
il
i
-4,000 -4,000
26,000 26,000 Il
8,000 18,000 .--"""
-10,000 -10,000
~12,000 II.--" -12,000
-14,000 -14,000
0 10 20 30 40 50 0 10 20 30 40 50
Time / year Time / year

Figure 4.14 Accumulated environmental payback time for all building materials in the PH-standard renovation package.
Building 1 (left), Building 2 (right).
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4.3.7 Lifetime emissions: Base Case, BBRs and PHs

Lifetime emissions for both buildings are presented in Figure 4.15. In the initial Base Case, the lifetime
emissions consist of operational energy only. When only adding an ATW-HP to the Base Case, carbon dioxide
emissions are reduced with 57 % and 53 % over its lifetime, for building 1 and 2, respectively. Adding the BBRs
renovation package yields a 66 % and 64 % emissions reduction for building 1 and 2 respectively, and the last
step of the PHs renovation package results in a 70 % and 61 % decrease of emissions, for building 1 and 2,
respectively. As discussed in the previous section, the PHs renovation for Building 2 offers more emissions
during its lifetime than the BBRs renovation and is hence less effective in terms of reducing emissions.

Lifetime emissions

/ (keCO,eq. / m2) ® Ext. wall insulation B Attic insulation
g-req. Basement insulation H Slab insulation
400 Windows Doors
350 EMVHR H Radiators
m Heat Pump B Operational Energy
300
250
200
150
100 I l !
50 . .
Base Case Base Case BBRs PHs Base Case Base Case BBRs PHs
ATW HP ATW HP
Building 1 Building 2

Figure 4.15 Comparison of lifetime emissions in the Base Case, Base Case with an Air-To-Water Heat Pump, BBR-
standard and PH-standard. Building 1 (left) Building 2 (right).
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4.4 Investment costs

As for the arguments in the LCA section, it is assumed that a heat pump will most likely be installed during the
50-year period. Therefore, an ATW-HP is considered, and the energy demand savings are divided by 3, in order
to obtain the savings for bought energy (energy use). Figure 4.16 shows the investment cost divided by the
energy use savings over 50 years, for insulating the building envelope in Building 1. Attic insulation is by far
the most economically viable option, for all thicknesses, followed by 50 mm external wall insulation and 100
mm basement insulation. Insulating the slab has the highest investment cost per savings in general, although
200 mm EPS insulation when recasting the concrete slab facilitates the highest profitability. All prices exclude
moms (VAT), and subsidies. For the full table of investment costs, see Table 4.C.

Investment cost
per saved kWhy,
/ (SEK / kWh)
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4.5
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3.5
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1.0 A - X
0.5
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0 50 100 150 200 250 300 350 400 450 500

Insulation thickness / mm

A Wall insulation X Attic insulation Basement insulation @®Slab1 @slab?2

Figure 4.16 Investment cost based on energy use savings for 50 years, for all envelope renovation measures, for Building
1.

Figure 4.17 presents the investment costs for windows and doors. Adding an additional glass pane to the old
windows is the most cost-efficient measure. However, original windows from the 1960s might not be possible
to renovate and this option is mostly used when the building code prohibits the change of windows. Wiksell did
not provide other door solutions than U-value 1.2 W/(m*-K), whereas the difference in prices for the highly
insulated door was estimated as 20 %, which was true for windows in the database.
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Investment cost
per saved kWhs,
/ (SEK / kWh)
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Figure 4.17 Investment cost based on energy use savings for 50 years, for windows in Building 1.

HVAC installations have generally higher savings potentials for Building 1 than Building 2, visualized in
Figure 4.18. The higher difference in profitability for MVHR could be explained by the following arguments:
Firstly, building 2 has 43 % lower air flow than in Building 1, (35 I/s compared to 61 1/s), meaning that the
heat losses are lower. The basement in Building 1 allowed for a lowered air flow according to BBR29, which
is attainable with a MVHR system. Therefore, the lower heat losses due to the lower ventilation air flow was
accumulated in the overall savings when installing a MVHR system. Lastly, both buildings required the
installation of the same air handling unit model, which accounts for the majority of the installation costs.

ATA-HP and ATW-HP in Building 2 were generalized and calculated as 80 % of the heat pump peak power in
Building 1, since the Wikells database only included prices for two heat pump sizes: 7 kW ATA-HP, and 9 kW
ATW-HP.

Investment cost
per saved kWhy,
/ (SEK / kWh)

3.50
3.00
2.50
2.00
1.50
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0.50
0.00
MVHR Air-To-Air HP Air-To-Water HP inc.
Radiators

OBuilding 1 @ Building 2

Figure 4.18 Investment cost based on energy use savings for 50 years, for HVAC-installations in Building 1.
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Given the calculations in this section, the most profitable installations in each category in terms of investment
cost per saved kWh, is listed below:

ATA-HP

ATW-HP

Attic insulation (200 mm)
MVHR (Building 1)

Ext. wall insulation (50 mm)
Basement insulation (100 mm)

A A I O e

Windows U-value 0.8 W/(m?-K) (Both Buildings)
EPScrete slab on ground insulation (50 mm)
MVHR (Building 2)

Table 4.C Total installation cost for each renovation measure.

Thickness Price / Building 1 Building 2
/ mm (SEK / m?) Investment costs / Investment costs /
SEK SEK
50 257 33394 28 693
Wall insulation 100 514 66 788 57 386
150 771 100 181 86 079
200 1028 133 575 114 772
250 1233 160 290 137 726
100 170 23970 17 510
Attic insulation 200 207 29 187 21321
300 249 35109 25 647
400 295 41 595 30 385
500 341 48 081 35123
50 473 52920
Basement insulation 100 568 63 560
200 756 84 684 -
300 945 105 808
400 1133 126 931
Slab 1, EPScrete 50 315 44 067 32421
100 630 88 134 64 842
Slab 2, 50 899 125 860 92 597
EPS + Concrete 100 963 134 820 99 189
200 1091 152 740 112 373
300 1219 170 660 125 557
400 1347 188 580 138 741
U-value / (W/(m?*-K)) Building 1 Building 2
Investment costs / Investment costs /
SEK SEK
Windows 2 34 145 24 234
1.2 199 429 96 184
0.8 231 338 111 573
Doors 1.2 35232 17 616
0.8 40 869 20 435
HVAC
MVHR 81523 74 472
ATA-HP 22 400 17 920
ATW-HP 136 418 109 134
Radiators, piping 113 938 55 251
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Investment costs for Building 1:

e BBR-standard: 581 000 SEK
e PH-standard: 1 076 000 SEK

Investment costs for Building 2:

e BBR-standard: 431 000 SEK
e PH-standard: 660 000 SEK

It should be considered prices in this chapter are suggestive and generalized, based on the selection of materials
in the Wiksell database. Prices for labor work is included in the presented data, which might differ depending
on the location in Sweden and while some homeowners might be able to perform parts of the renovations
themselves. The prices for external wall insulation and basement wall insulation might be misleading due to
only taking the added insulation and labor into account. For windows and HVAC installations, the full
installation costs were considered. The attic insulation costs are considered the most reliable price estimations,
since the loose fill insulation is blown onto the attic floor, with no other measure required.

Demolition work was not considered in any scenario, which might be lower for the replacement of windows or
doors, while the demolition of the previous concrete slab on ground would be substantially higher part of the

total cost.
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S Renovation Passport

For the owner of a typical 1960s single family house, similar to the two archetypes presented in this master
thesis, there are multiple combinations of Base Case starting points, and desired renovation measures. The
suggested 29 steps of renovation measures could result in 22 500 different combinations per building. Energy
savings, embodied emissions, and investment costs, for all of these 22 500 combinations are accessible through
the suggested Renovation Passport, presented in this chapter. The logo and the graphic layout are created by
Chat GPT-4 image generator. DHW is based on the SVEBY standard, 20 kWh / m?A emp.

The Renovation Passport is divided into three parts and a total of five easy-to-follow steps, described below.

All the blue and green boxes next to the numbers 1-5 are drop-down menus with multiple choices, corresponding
to the renovation matrix, previously presented in Table 3.C.

5.1 Proposed Renovation Passport
Part 1 is presented in Figure 5.1, where the 3 steps are explained:

1. Select the location (Malmd, Viaxjo, Gothenburg, Stockholm, Karlstad, Borldnge) and the archetype,
Building 1 (270 m? with basement), Building 2 (100 m?). All subsequent result data in the drop-down
menus are dependent on these variables.

2. Set up your Base Case building envelope, prior to the renovation. If no previous renovation work has
been completed, select “1960s original”. The menu entails the options from the previously presented

renovation matrix, Table 3.C.

3. Select your corresponding heating system. Direct electricity, District heating, ATA-HP, ATW-HP or
GSHP. The energy use will be calculated based on the heating source.
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Part 1 Set up your Base Case building

1. Location & Archetype
1 9 Stockholm R EN U YATI UN

Select here Building 1
PASSPORT
2. Base Case envelope details
External Walls --> Ext wall - 1960s Original
Aftic --> Attic - 1960s Original
Basement walls --> Basement walls - 1960s Original
2 | Stabonground --> Slab - 1960s Original
Windows --= Windows - 1960s Original
Doors = Doors - 1960s Original
Ventilation --> Matural Ventilation - 1960s Original
Energy / K\Wh
Demand Use
Space Heating 37390 37390
DHW 5400 5400
Facility Electricity 0 0

3. Select Heat Source

3 9 Direct Electricity

Select here
EnergylUse Primary Energy number Op.Emissions . ol
NeEr: a455
{(kWh/m2) {{kWh/m2) /kgCO2eq. £y
158 285 1583 G

Figure 5.1 Renovation Passport, part I of 3.

Part 2 is presented in Figure 5.2. All options in the drop-down menus are equal to the options in Part 1.

Step nr:

4. Select the desired renovation measures.
5. Select the heating source. If water-borne radiators are needed in addition to the installation of district
heating, ATW-HP or GSHP, select “Yes.” This will then include the embodied emissions.

Part 2 will sum up all the energy demand savings, benefitted by the envelope measures chosen in step 4. The
final energy demand for both space heating and DHW is divided by the sCOP for the selected heat source in
step 5 and presented as total energy use, which is the annual required bought amount of energy. The renovation
measures chosen in Part 2, correspond to the BBR-standard for Building 1. The energy demand data for each
renovation measure is based on single-option simulations in IDA ICE, while the final output in the renovation
passport adds up to all the individual savings. This was benchmarked in IDA ICE, where all the measures in
BBR-s and PH-s were chosen and simulated as a combination. On average, when combining multiple renovation
scenarios, the renovation passport underpredicts the savings by 4.7 % for the BBRs, and 9.2 % for the PHs,
compared to the IDA ICE simulations. This might be explained by IDA ICE taking the added thermal mass,
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increased air tightness, lower heating demand, lower heating setpoints into account when simulating the
combination of measures. This could be interpreted as a safety margin, where the output of the Renovation
Passport underpredicts the savings rather than overpredicts.

Part 2 Choose your renovation measures
4. Renovation measures
External Walls --» Ext. Wall +100
Attic --» Attic 4200
Basement walls --> Basement walls - 1960s Original
4 | Stabonground--> Slab - 19605 Original
Windows --> Windows U-value 1.2
Doors --» Doors U-value 1.2
Ventilation --= Natural Ventilation - 1960s Original
Energy f KWh
Demand Use

Space Heating 26449 8816

DHW 5400 13800

Facility Electricity 0 0

5 9 5. Select Heat Source
Select here Air-To-Water HP
Select
Install radiators? NO
Energylse Primary Energy number Op. Emissions e ol
J(kWh / m2) 1 (KWh/m2) IkgCO2eq. TR
39 71 393 C

Figure 5.2 Renovation Passport, part 2 of 3. The input data corresponds to the BBR-standard.
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Part 3 of the Renovation Passport provides a detailed description sheet for all the selected renovation measures,
including embodied emissions for the applied building materials, investment costs, investment cost per saved
kWh for 50 years, energy use savings, operational emissions savings, and finally the environmental payback
time. All results are dependent on the selected heat source. Part 3 is displayed in Figure 5.3, Figure 5.4 and

Figure 5.5.

Part 3 Detailed report

Building 1
Stockholm

.
RENU‘:‘ATI[]H

i, Investment / saved K\Wh

PASSPORT
Ext. Wall +100
Embodied emissions 615 kg CO2 eq.
;| Investment cost 66788 SEK

1.32 SEKSKWh, 5Oy

Inwestment f saved kKWh

Energy use savings 1012 KWh iy

COp. Emissicns savings 37 kgCO2eq. fy
Envircnmental paybacktime 16.4 years
Attic+200

Embodied emissions 203 kgC02 eq.
Investment cost 29187 SEK

0.65 SEK./KWh, 50y

Investment f saved kWh

Energy use savings
¥ Op. Emissions savings
Envircnmental paybacktime

Energy use savings B9S KWh /'y
Op. Emissions savings 33 kgCO2eq. fy
Envircnmental paybacktime 6.1 years

~ Basement walls - 1960s Original
Embodied emissions 0 kg CO2eq.
Investment cost 0 SEK

#DIV/D! SEE FKWh, B0y

0 KWhiy
0 kg CO2 eq. fy
#DIW/D! years

Figure 5.3 Renovation Passport, part 3 of 3.
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Slab- 1960s Original

Embodied emissions
Investment cost
Investment / saved KWh

Energy use savings
Op. Emissions savings
Environmental paybacktime

0 kgCO2eq.
0 ZEK
#DIVD! SEE T EWh, 50v

0 KkWh/(y
0 kgCO2eq.fy
#DIWD! years

Windows U-value 1.2

Embodied emissicns
Investment cost
Investment f saved KWh

1828 kgCO2eq.
159429 3EK
3.33 SEK S kEWh, 5y

Energy use savings 1187 KWh /vy

Op. Emissions savings 44 kg COZ2 eq. iy
Envirenmental paybacktime 43.5 years

Doors U-value 1.2

Embodied emissicns 191 kg CO2eq.
Investment cost 35232 SEK

Investment f saved KWh

2.78 SEK S kKWh, Sy

Energy use savings 254 KWh iy
Op. Emissions savings 9 kgCO2eq. iy
Envirenmental paybacktime 204 years
Matural Ventilation - 1960s Original
Embodied emissicns 0 kg CO2eq.

| Investment cost 0 SEK

| Investment / saved kWh

Energy use savings
Op. Emissions savings
Envircnmental paybacktime

#DIVID! SEK S kWh, S0y

0 kWhiy
0 kgCO2eq.fy
#DIVID! years

Figure 5.4 Renovation Passport, continuation of part 3.
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Air-To-Water HP

Embodied emissicns
Investment cost

. Investment S saved KWh

Op. Emissicns savings

Financial Paybacktime

Envircnmental paybacktime

2059 kgCO2eq.
136 418 SEK
0.25 SEK/kWh, 50y

22087 KWh/'y
B18 kgCO2Zeq.fy
2.5 years

Additional embodied emissions due to previous selections

Raditors, embodied emissions

1100 kgCO2eq.

Additional - energy savings due to previous selections

300
250
200
150
100
a0
0

kWh f m2

Energy Use

Emission reductions by 2050

m Base Case m Renovated

Primary Energy Mumber

Less infiltration 864 KWh /iy
Reduced thermal bridges 0 kWh/y
Summarized

' Total embodied emissions 6097 kg CO2eq.
Energy use savings 32174 KWh /iy
Total investment cost 467054 SEK
Operational CO2 reductions 1190 kg CO2eq. fy
Envircnmental paybacktime 5.1 years
Energy use reduction 75.2%

24854 kg CO2eq.

Energy Class

Figure 5.5 Renovation Passport, continuation of part 3.
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6 Answering the research questions

The main goal was to produce a Renovation Passport based on reliable data. The following research questions
aided in the work, and each question is addressed below:

e  What renovation measures are practically, economically, and environmentally feasible when
renovating towards Zero Emission Buildings?

For the building envelope, attic insulation has the lowest investment cost and shortest environmental payback
time. Insulating the attic floor is fairly simple, which can be performed by the homeowner him/herself. External
wall insulation is an effective way of reducing heat losses and improving thermal comfort, although it requires
a reconstruction of the fagade, if not performed internally. Costs regarding demolition work or facades were not
calculated since it was considered that the facades were outdated and in need of replacement anyway. While
considering these costs, the economic feasibility might be altered. Insulating the basement walls and the slab on
ground are costly procedures due to extensive digging and demolition work. While only the added insulation
and concrete were considered in this master thesis with the same approach as for the external walls, that the
building component was outdated and in need of replacement anyway, these estimated costs do not represent
the full investment costs for the procedures.

High investment costs for window replacement, in addition to a 45-year environmental payback time, makes
the renovation measure non-profitable. Although, when changing windows, the highly efficient windows with
U-value 0.8 W/(m?-K) was the more favorable option.

Even though an Air-To-Water heat pump have a high investment cost and requires the installation of water-
borne radiators, the investments yield a substantial energy use reduction, and is thereby the most profitable
investment, both in financial and environmental terms. Mechanical Ventilation is more profitable with higher
volume air flows due to the high investment costs.

e  What are the disadvantages and potential risks when renovating?

Moisture safety is of highest importance when renovating, to ensure that no future mold issues will occur. This
master thesis addressed some of the critical building techniques that were used in the 1960s, and how to improve
the construction when renovating. However, moisture assessment was not the main scope in this thesis, and no
moisture calculations nor mold calculations were performed. All presented renovation measures were
considered to be moisture safe constructions due to the findings and suggestions in the literature review.

An additional disadvantage when adding insulation externally or changing windows, is changing the appearance
of the building. After a deep-staged renovation, the building could potentially deviate from the building
requirements or the general architecture in the neighborhood, if not performed with caution and in line with the
building permits.

e  What is the environmental payback time for these measures?

The renovation packages BBR-standard had an accumulated environmental payback time of 8 and 15 years, for
building 1 and 2, respectively, while the renovation package PH-standard 20 and 23 years, for building 1 and 2,
respectively. Although most individual measures had a longer environmental payback time, heat pumps aided
in shortening the payback time for the combined measures, while heat pumps as an individual measure yielded
an environmental payback time of 2 — 5 years. Attic insulation has the shortest individual environmental payback
time of 8 years, followed by external wall insulation of 18 years, while windows resulted in a 45-year
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environmental payback time, and the concrete slab with EPS insulation resulted in a 70-year environmental
payback time.

e  What is the most effective sequence of renovation measures to ensure the maximum benefits in
the subsequent scenarios?

Following the Kyoto-pyramid, the sequence of renovation measures should entail starting with improving the
envelope, while changing the heat source is to be performed as the last step. It is important to have a long-term
perspective in order to avoid lock-in effects. By improving the building envelope through multiple measures,
thermal bridges and infiltration might decrease which improves the overall energy performance. Mechanical
Ventilation with Heat Recovery is an effective way of reducing ventilation heat losses and ensure sufficient air
flows, especially in regards of preventing moisture and mold issues. When supplying pre-heated air, the power
demand for the building decreases, which is yet another reason for sizing and installing heat pumps or other
heat sources as the last step.

6.1 Limitations

There are multiple variations of building types from the 1960s, while this master thesis only assessed two typical
archetypes, with the same construction. While the results in this master thesis might not be representable for the
majority of the Swedish building stock, one could use the drop-down menus in Part 1, to represent the total
thickness or obtained U-value for the building of interest and generate potential savings in Part 2.

To comply with building regulations and architectural constraints, following suggested renovation measures
might not be feasible: adding insulation to the external walls or basement, extending the roof overhang to cover
the extended walls, changing windows or window placement. In these cases, the internal placement of insulation
was assessed and presented. Adding an additional glass pane to the old windows were represented by the option
of U-value 2.0 W/(m?-K).

The data used for the Renovation Passport is based on simulations for six locations in the mid and south of
Sweden. Although these locations did not deviate much regarding potential energy savings (percentage wise)
for the building envelope, differences based on location were found due to infiltration and ventilation heat losses.
The peak power demand for heating varied vastly in the six locations bases on the DVUT for the location,
making these calculations non-comparable to the northern part of Sweden, where temperatures are substantially
lower. Additionally, each renovation measure influences the peak power demand of the heating system, which
could not be included in this master thesis other than for the renovation packages BBR-standard and PH-standard
for the Stockholm location.

Investment costs for labor work might differ depending on geographical location. The scarce variation of
components in Wikells Sektionsfakta (especially for HVAC-components and windows), in addition to not
including demolition work in this thesis, might not provide the full picture of price indications. Investment costs
were only presented as a benchmark between the measures, while the focus of this master thesis was the
environmental impact.

The comparison between district heating and electricity as heat source might not be applicable since emissions
value for district heating varies dependent on municipality. The EPBD considers district heating and heat pumps
as renewable energy, while the emissions data used for the Renovation Passport favors the use of electricity
over district heating, which could provide misleading conclusions on potential emissions savings.
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7 Conclusions

In this master thesis, the impact of several renovation measures for the building envelope, and HVAC-
installations of two typical single-family houses from the 1960s were assessed. Firstly, energy simulations were
performed in IDA ICE, where data for energy demand reduction was gathered for the six separate locations.
Secondly, installation costs and CO, emission were calculated based on the proposed renovation measures, and
finally, all data were made accessible in numerous iterations through the proposed interactive Renovation
Passport, following the guidelines in the latest EPBD.

Heat pumps were the most economically and environmentally feasible measure, due to the high provided sCOP,
which offers a substantial energy use reduction and hence reduced operational emissions. A 57 % lifetime
emissions reduction can be attained when installing an Air-To-Water heat pump, compared to using direct
electricity. However, by renovating the envelope first, and considering heat pumps as the final renovation
measure, a 70 % lifetime emissions reduction is possible. Additional benefits of renovating the envelope before
selecting the heat source includes improved thermal comfort, and a decreased power demand which facilitates
a smaller heat source and radiators, and thereby less embodied emissions and lower investment costs.

Since many homeowners might have invested in heat pumps already, the impact of renovating the building
envelope was studied while a heat pump with a sSCOP of 3 was present. In terms of life-time emissions, cellulose
insulation for attics, and mineral wool insulation for external walls were profitable in all investigated
thicknesses, although the optimal thicknesses were 300 mm and 150 mm, respectively. Basement walls were
profitable up to 300 mm of thickness, while insulating the concrete slab was not profitable in any scenario, due
to the embodied emissions for the concrete. MVHR was highly beneficial for both building archetypes, although
most profitable when the building has a higher volume air flow, due to the high investment costs. Following the
concrete slab, windows yielded the longest environmental payback time of 45 years.

LCA calculations for all renovation measures aided in identifying two suitable renovation packages named
BBR-standard and PH-standard, with the aim of reaching energy class C and A, respectively. At this point, there
is no quantitative definition of a ZEB on a national level, other than the building should have a very low energy
demand which is covered by renewable energy sources. On the other hand, the EPBD suggests that both heat
pumps and district heating are considered as renewable energy. Both renovation packages yielded substantial
energy and emissions savings, although the investment cost the PH-standard was 55 % - 85 % more expensive
than for the BBR-standard. The BBR-standard resulted in 66 % and 64 % life-time emissions reductions
compared to the base case, and PH-s offered 70 % and 61 % emissions reduction for Building 1 and 2,
respectively. For building 2, the PH-standard thus resulted in higher lifetime emissions, which was explained
by the high form factor for the building. The added costs for building 1 might not be economically justifiable.

Investment costs should be seen as approximated and are not considered as fully representable. The building
envelope only took the added amount of insulation and labor work into account, while HVAC-installations and
windows took all installation costs into account.

The presented Renovation Passport should be used as a guidance tool to determine which renovation measures
could lower energy demand and energy use, as well as decrease lifetime emissions. Following the guidelines in
the EPBD, an energy expert should perform an on-site audit of the building to accurately present the potential
energy savings and investment costs.
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7.1 Further research

The Renovation Passport suggested in this master thesis could be further developed by expanding the number
of different archetypes and include a greater span of construction years. A further study could be conducted
while including the north of Sweden, and a higher number of locations. Photovoltaics, solar thermal and LCC-
calculations were excluded in this master thesis, which could be of high interest for many homeowners. The
implementation of LCC-calculations could be further developed to include a financial investment plan for the
homeowner, along with a customized future schedule for implementing each measure.

Future energy mix-scenarios could be investigated, while also including more alternative materials in the
renovation scenarios when conducting LCA calculations.
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9 Appendix

Appendix A. Energy demand savings for all renovation measures, in comparison to the Base Case of the reference
buildings, location: Malmé.

Location: Malmo

Insulation Thickness Reference Building 1 Reference Building 2
construction / mm Savings Savings
/(kWh/year) /(kWh/m?) Ratio /(kWh/year) /(kWh/m?) Ratio
Ext. walls 1434 53 3.8% 1075 10.7 52%
50
100 2599 9.6 6.9 % 1550 15.5 7.6 %
150 3052 11.3 82 % 1820 18.2 8.9 %
200 3348 12.4 9.0 % 1991 19.9 9.7 %
250 3557 13.2 9.5% 2110 21.1 10.3 %
Attic 100 1 805 6.7 4.8 % 1160 11.6 5.7%
200 2354 8.7 6.3 % 1515 15.2 7.4 %
300 2576 9.5 6.9 % 1 655 16.6 8.1 %
400 2 668 9.9 7.1% 1 698 17.0 8.3 %
500 2 688 10.0 72 % 1708 17.1 8.3 %
Basement 50 1972 7.3 53%
walls 100 2 587 9.6 6.9 %
200 3135 11.6 8.4 % - - -
300 3424 12.7 92%
400 3641 13.5 9.7%
Slab 50 755 2.8 2.0% 341 34 1.7 %
EPS-crete 100
Regular EPS 50 1384 5.1 3.7% 1150 11.5 5.6 %
+ casted 100 1462 54 39% 1348 13.5 6.6 %
concrete 200 2 143 7.9 5.7% 2139 21.4 10.4 %
300 2777 10.3 7.4 % 2764 27.6 13.5%
400 3085 11.4 82 % 3042 30.4 14.8 %
Reference Building 1 Reference Building 1
Savings Savings
U-value / / (kWh/y)  /(kWh/m?) Ratio /(KWhy) /(KkWh/m?) Ratio
(W/(m?*-K))
Windows 2.0 1716 6.4 4.6 % 1 047 10.5 51%
1.2 3119 11.6 8.3 % 2125 213 10.4 %
0.8 3697 13.7 9.9 % 2458 24.6 12.0 %
Doors 1.2 662 2.5 1.8% 298 3.0 1.5%
0.8 810 3.0 22 % 356 3.6 1.7%
MVHR Efficiency [ /(kWh/year) /(kWh/m?) Ratio /(kWh/year) /(kWh/m?) Ratio
Rotary 85 % 5500 20.4 14.7 % 1 669 16.7 8.1 %
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Appendix B. Energy demand savings for all renovation measures, in comparison to the Base Case of the reference
buildings, location: Vixjo.

Location: Vixjo

Insulation Thickness Reference Building 1 Reference Building 2
construction / mm Savings Savings
/(kWh/year) /(kWh/m?) Ratio /(kWh/year) /(kWh/m?) Ratio
Ext. walls
50 1706 6.3 4.6 % 1207 12.1 59%
100 3011 11.2 8.1% 1740 17.4 8.5 %
150 3536 13.1 9.5% 2 040 20.4 9.9 %
200 3 883 14.4 10.4 % 2231 223 10.9 %
250 4121 15.3 11.0% 2362 23.6 11.5%
Attic 100 2 040 7.6 55% 1283 12.8 6.3 %
200 2661 9.9 7.1% 1 668 16.7 8.1 %
300 2910 10.8 7.8 % 1820 18.2 8.9 %
400 3010 11.1 8.1% 1 860 18.6 9.1%
500 3034 11.2 8.1% 1873 18.7 9.1 %
Basement 50 2278 8.4 6.1 %
walls 100 3010 11.1 8.1%
200 3663 13.6 9.8% - - -
300 4011 14.9 10.7 %
400 4263 15.8 11.4 %
Slab 50 842 3.1 23% 386 3.9 1.9%
EPS-crete 100
Regular EPS 50 1599 5.9 43 % 1304 13.0 6.4 %
+ casted 100 1725 6.4 4.6 % 1523 15.2 7.4 %
concrete 200 2542 9.4 6.8 % 2414 24.1 11.8 %
300 3299 12.2 8.8 % 3123 31.2 152 %
400 3667 13.6 9.8 % 3434 343 16.7 %
Reference Building 1 Reference Building 1
Savings Savings
U-value / / (kWh/y)  /(kWh/m?) Ratio /(KWhly) /(kWh/m?) Ratio
(W/(m?*-K))
Windows 2.0 1967 7.3 53% 1106 11.1 5.4 %
1.2 3579 13.3 9.6 % 2245 22.4 10.9 %
0.8 4258 15.8 11.4 % 2599 26.0 12.7%
Doors 1.2 750 2.8 2.0% 307 3.1 1.5%
0.8 930 34 25% 372 3.7 1.8 %
MVHR Efficiency | /(kWh/year) /(kWh/m?) Ratio /(kWh/year) /(kWh/m?) Ratio
Rotary 85 % 6 735 24.9 18.0 % 2 021 20.2 9.8 %
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Appendix C. Energy demand savings for all renovation measures, in comparison to the Base Case of the reference

buildings, location.: Gothenburg.

Location: Gothenburg

Insulation Thickness Reference Building 1 Reference Building 2
construction / mm Savings Savings
/(kWh/year) /(kWh/m?) Ratio /(kWh/year) /(kWh/m?) Ratio
Ext. walls
50 1511 5.6 4.0 % 1119 11.2 55%
100 2732 10.1 7.3 % 1617 16.2 7.9 %
150 3207 11.9 8.6 % 1 896 19.0 92%
200 3521 13.0 9.4 % 2074 20.7 10.1 %
250 3737 13.8 10.0 % 2199 22.0 10.7 %
Attic 100 1 878 7.0 5.0% 1202 12.0 59%
200 2455 9.1 6.6 % 1568 15.7 7.6 %
300 2690 10.0 72 % 1712 17.1 8.3 %
400 2785 10.3 7.4 % 1724 17.2 8.4 %
500 2 805 10.4 7.5% 1763 17.6 8.6 %
Basement 50 2 060 7.6 5.5%
walls 100 2709 10.0 7.2 %
200 3284 12.2 8.8 % - - -
300 3590 13.3 9.6 %
400 3818 14.1 10.2 %
Slab 50 783 2.9 2.1% 358 3.6 1.7 %
EPS-crete 100
Regular EPS 50 1 447 54 39% 1197 12.0 5.8%
+ casted 100 1537 5.7 4.1 % 1393 13.9 6.8 %
concrete 200 2256 8.4 6.0 % 2206 22.1 10.7 %
300 2918 10.8 7.8% 2851 28.5 13.9%
400 3244 12.0 8.7% 3132 313 153 %
Reference Building 1 Reference Building 1
Savings Savings
U-value / / (kWh/y)  /(kWh/m?) Ratio /(KWhly) /(kWh/m?) Ratio
(W/(m?*-K))
Windows 2.0 1797 6.7 4.8 % 1052 10.5 5.1%
1.2 3268 12.1 8.7 % 2138 21.4 10.4 %
0.8 3 884 14.4 10.4 % 2 481 24.8 12.1%
Doors 1.2 685 2.5 1.8% 292 2.9 1.4 %
0.8 849 3.1 23% 355 3.5 1.7%
MVHR Efficiency | /(kWh/year) /(kWh/m?) Ratio /(kWh/year) /(kWh/m?) Ratio
Rotary 85 % 5907 21.9 15.8% 1766 17.7 8.6 %

62



Appendix D. Energy demand savings for all renovation measures, in comparison to the Base Case of the reference

buildings, Stockholm location.

Location: Stockholm

Insulation Thickness Reference Building 1 Reference Building 2
construction / mm Savings Savings
/(kWh/year) /(kWh/m?) Ratio /(kWh/year) /(kWh/m?) Ratio
Ext. walls
50 2316 8.6 6.2 % 1213 12.1 5.6 %
100 3349 12.4 9.0 % 1750 17.5 8.1%
150 3942 14.6 10.5 % 2051 20.5 9.5%
200 4326 16.0 11.6 % 2 246 22.5 10.3 %
250 4598 17.0 123 % 2377 23.8 10.9 %
Attic 100 2 061 7.6 55% 1295 13.0 6.0 %
200 2 689 10.0 7.2% 1 688 16.9 7.8%
300 2941 10.9 7.9 % 1 841 18.4 8.5%
400 3047 11.3 8.1 % 1 867 18.7 8.6 %
500 3070 11.4 8.2 % 1 896 19.0 8.7%
Basement 50 1907 7.1 51%
walls 100 2593 9.6 6.9 %
200 3216 11.9 8.6 % - - -
300 3544 13.1 9.5%
400 3765 13.9 10.1 %
Slab 50 850 3.1 23% 1156 11.6 53%
EPS-crete 100 1619 6.0 43 % 2 054 20.5 10.3 %
Regular EPS 50 1751 6.5 4.7 % 2703 27.0 12.5 %
+ casted 100 2578 9.5 6.9 % 3596 36.0 16.6 %
concrete 200 3343 12.4 8.9 % 4305 43.1 19.8 %
300 3714 13.8 9.9 % 4614 46.1 213 %
400 3935 14.6 10.5 % 4787 47.9 22.1%
Reference Building 1 Reference Building 1
Savings Savings
U-value / / (kWh/y)  /(kWh/m?) Ratio /(KWhly) /(KWh/m?) Ratio
(W/(m?*-K))
Windows 2.0 1972 7.3 53% 1124 11.2 52%
1.2 3592 13.3 9.6 % 2265 22.6 10.4 %
0.8 4263 15.8 11.4% 2 607 26.1 12.0 %
Doors 1.2 761 2.8 2.0% 324 3.2 1.5%
0.8 944 3.5 25% 393 3.9 1.8 %
MVHR Efficiency | /(kWh/year) /(kWh/m?) Ratio /(kWh/year) /(KWh/m?) Ratio
Rotary 85 % 5558 20.6 14.9% 1822 18.2 8.4%
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Appendix E. Energy demand savings for all renovation measures, in comparison to the Base Case of the reference
buildings, location: Karlstad.

Location: Karlstad

Insulation Thickness Reference Building 1 Reference Building 2
construction / mm Savings Savings
/(kWh/year) /(kWh/m?) Ratio /(kWh/year) /(kWh/m?) Ratio
Ext. walls 50 1815 6.7 4.9 % 1258 12.6 6.1 %
100 3173 11.8 8.5 % 1815 18.1 8.8 %
150 3724 13.8 10.0 % 2127 213 10.4 %
200 4 086 15.1 10.9 % 2327 233 11.3%
250 4 340 16.1 11.6 % 2463 24.6 12.0 %
Attic 100 2130 7.9 5.7% 1333 133 6.5%
200 2778 10.3 7.4 % 1733 17.3 8.4 %
300 3 040 11.3 8.1 % 1 891 18.9 92%
400 3147 11.7 8.4 % 1930 19.3 9.4 %
500 3171 11.7 8.5 % 1 947 19.5 9.5%
Basement 50 2434 9.0 6.5%
walls 100 3222 11.9 8.6 %
200 3926 14.5 10.5 % - - -
300 4299 15.9 11.5%
400 4572 16.9 12.2 %
Slab 50 887 33 24 % 411 4.1 2.0%
EPS-crete 100
Regular EPS 50 1709 6.3 4.6 % 1375 13.8 6.7 %
+ casted 100 1 860 6.9 5.0% 1 607 16.1 7.8%
concrete 200 2745 10.2 7.3 % 2548 25.5 12.4 %
300 3568 13.2 9.5% 3294 329 16.0 %
400 3969 14.7 10.6 % 3621 36.2 17.6 %
Reference Building 1 Reference Building 1
Savings Savings
U-value / / (kWh/y)  /(kWh/m?) Ratio /(KWhly) /(kWh/m?) Ratio
(W/(m?*-K))
Windows 2.0 2050 7.6 55% 1 141 11.4 5.6 %
1.2 3736 13.8 10.0 % 2316 232 11.3%
0.8 4 443 16.5 11.9% 2678 26.8 13.0%
Doors 1.2 803 3.0 2.1% 318 3.2 1.5%
0.8 995 3.7 2.7 % 387 3.9 1.9%
MVHR Efficiency | /(kWh/year) /(kWh/m?) Ratio /(kWh/year) /(KWh/m?) Ratio
Rotary 85 % 7 064 26.2 18.9 % 2 081 20.8 10.1 %
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Appendix F. Energy demand savings for all renovation measures, in comparison to the Base Case of the reference
buildings, location. Borlinge.

Location: Borlinge

Insulation Thickness Reference Building 1 Reference Building 2
construction / mm Savings Savings
/(kWh/year) /(kWh/m?) Ratio /(kWh/year) /(kWh/m?) Ratio
Ext. walls 50 2050 7.6 55% 1357 13.6 6.6 %
100 3511 13.0 9.4 % 1958 19.6 9.5%
150 4121 15.3 11.0 % 2295 23.0 11.2 %
200 4522 16.7 12.1 % 2511 25.1 12.2 %
250 4 800 17.8 12.8 % 2 660 26.6 13.0%
Attic 100 2333 8.6 6.2 % 1 440 14.4 7.0 %
200 3 040 11.3 8.1 % 1 875 18.7 9.1%
300 3327 12.3 8.9 % 2045 20.4 10.0 %
400 3441 12.7 92% 2065 20.7 10.1 %
500 3467 12.8 9.3 % 2105 21.0 10.3 %
Basement 50 2616 9.7 7.0 %
walls 100 3470 12.9 93 %
200 4233 15.7 11.3% - - -
300 4 637 17.2 12.4 %
400 4931 18.3 13.2%
Slab 50 940 3.5 25% 436 4.4 2.1%
EPS-crete 100
Regular EPS 50 1834 6.8 4.9 % 1469 14.7 72 %
+ casted 100 2019 7.5 5.4 % 1725 17.2 8.4 %
concrete 200 2978 11.0 8.0 % 2743 27.4 13.4 %
300 3 870 14.3 10.4 % 3556 35.6 17.3 %
400 4303 15.9 11.5% 3913 39.1 19.1 %
Reference Building 1 Reference Building 1
Savings Savings
U-value / / (kWh/y)  /(kWh/m?) Ratio /(KWhly) /(kWh/m?) Ratio
(W/(m?*-K))
Windows 2.0 2265 8.4 6.1 % 1212 12.1 59%
1.2 4130 15.3 11.0 % 2445 24.5 11.9 %
0.8 4933 18.3 13.2% 2 828 28.3 13.8%
Doors 1.2 877 32 23% 340 34 1.7%
0.8 1 087 4.0 29% 417 4.2 2.0%
MVHR Efficiency | /(kWh/year) /(kWh/m?) Ratio /(kWh/year) /(KWh/m?) Ratio
Rotary 85 % 7 864 29.1 21.0% 2308 23.1 11.2 %
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Appendix G. Insulation thickness and volume for both buildings.

Material thickness Material volume / m3
/ mm Building 1 Building 2
50 6.5 5.6
100 13 11.2
150 19.5 16.8
Wall insulation 200 26 22.3
250 32.5 279
100 14.1 10.3
200 28.2 20.6
Attic insulation 300 423 30.9
400 56.4 41.2
500 70.5 51.5
50 5.6 N/A
. . 100 11.2 N/A
Basement insulation
200 22.4 N/A
300 33.6 N/A
400 448 N/A
50 7 5.2
100 14 10.3
Slab insulation 200 28 20.6
300 42 30.9
400 56 41.2
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Appendix H. Embodied emissions input variables for LCA calculations.

Building envelope input values by Boverket climate database

Material Embodied emissions Density / (kg/m?)
/ (kgCO2eq. / kg material)
Ext. walls Glass wool facade slabs 0.86 55
Rockwool facade slabs 1.29 80
EPS 3.20 20
Attic floor Mineral wool loose fill 0.90 15
Rockwool loose fill 1.28 28
Cellulose loose fill 0.16 45
Basement EPS / Isodrin 3.2 20
walls
Slab on EPScrete 1.01 200
ground EPS 3.2 20
Concrete 0.0977 2350
Weight
/ (kg/m?)
Windows Wood frame 2.0 39.2
Doors Wood 1.5 27.7
HVAC installations, input values by the Finnish Environment Institute
Material Embodied emissions Weight per assembly
/ (kgCOseq. / kg material)
Ventilation Steel 3.59 Variable value. Specified
fittings in Appendix J.
Ventilation Steel 2.6 Variable value. Specified
ducts in Appendix J.
Radiator pipes PEX 2.53 2kg/m
Radiators Steel 34 35.5 kg / kW Peak Power
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Appendix I. Embodied emissions for the building envelope.

Embodied emissions / kgCO:eq.

Building 1 Building 2
Thickness / mm Glass Rock EPS Glass Rock EPS
wool wool wool wool
Wall Insulation 50 307 671 416 264 576 357
100 615 1342 832 528 1153 715
150 922 2012 1248 793 1729 1072
200 1230 2 683 1 664 1057 2305 1430
250 1537 3354 2 080 1321 2 882 1787
Thickness / mm Glass Rock Cellulose Glass Rock Cellulose
wool wool wool wool
Attic Insulation 100 190 505 102 139 369 74
200 381 1011 203 278 738 148
400 761 2021 406 556 1477 297
Thickness / mm EPS/ - - - - -
Isodrian
Basement 50 358
Insulation 100 717
200 1434
300 2150
400 2 867
Thickness / mm EPS + EPScrete EPS + EPScrete
100 mm 100 mm
concrete concrete
Slab Insulation 50 3662 1414 2 694 1 040
100 4110 2 828 3024 2 081
200 5006 - 3683 -
300 5902 - 4342 -
400 6 798 - 5002 -
U-value / Wood Wood
(W/(m*-K)) frame frame
Windows 2 1929 1369
1.2 1929 1369
0.8 2218 1574
U-value / Wood Wood
(W/(m*K))
Doors 1.2 191 78
0.8 220 101
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Appendix J. Emissions for ventilation systems, including all components.

Building 1 Building 2
Duct dimension / Weight Duct Total Emissions | Total duct Total Emissions
mm /(kg/m) length weight / length weight /
/m / kg kgCO2eq. /m / kg kgCOzeq.
200 2.56 6.8 17.4 453 0 0 0
160 2.02 2.2 4.4 11.6 0 0 0
125 1.41 59 8.3 21.6 12.2 17.2 44.7
100 1.14 1.0 1.1 3.0 2.9 3.2 8.4
80 0.91 16.4 14.9 38.8 6.7 6.1 15.9
63 0.75 5.0 3.8 9.8 4.5 34 8.8
Total 373 50.0 130.0 26.3 29.9 77.8
Fittings Weight per | Pieces  Total weight  kgCO»eq. Pieces Total weight  kgCO»eq.
fitting / kg /' kg
/ kg
D_Supply (100 0.28 7 2.0 7.0 4 1.1 4.0
mm) 0.18 4 0.7 2.6 4 0.7 2.6
D _Exhaust (100 0.44 8 3.5 12.6 5 2.2 7.9
mm) 0.31 6 1.9 6.7 4 1.2 4.5
T (125 mm) 25 8.1 28.9 17 53 19.0
E (125 mm)
Total
AHU, Casa W3xs 44.86 236 44.86 236
(2 per 50 years)
Total emissions 631 kgCO»eq. 569 kgCO»eq.
50 years
Appendix K. Embodied emissions for radiators and piping.
Location Peak Power Total Radiator Piping weight Total
Stockholm demand radiator emissions / / kg emissions /
/ kW weight / kg kgCO:zeq. kgCO2eq.
Building 1 Base Case 14.2 505 1717 55 1773
BBRs 8.7 309 1 049 55 1104
PHs 3.9 138 469 55 524
Building 2 Base Case 9.3 330 1121 18 1139
BBRs 4.4 156 530 18 548
PHs 2.3 81 277 18 295
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Appendix L. Embodied emissions for Heat Pumps.

Model Peak Power Total weight Embodied emissions Source
/ kW / kg / kgCOzeq.
Air-to-Air HP, 3-5 50 862 EPD Finland
generic

Air to water HP, outdoor + indoor unit for both space heating and DHW

Panasonic Aquarea 3 159 1 664 Calculated
Mitsubishi PUZ 5 192 1735 EPD
Mitsubishi PUZ 6 192 1971 EPD
Mitsubishi PUZ 8.5 213 2 059 EPD
Mitsubishi PUZ 14 226 2 365 Calculated

Termix VVX 22-22 22 10 37 EPD
Heat exchanger

(District Heating)
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Appendix M. Swegon report for the Air Handling Unit, Building 1.

ProCASA v9.0
2024-03-27

Projektdata
Frojekt Master Thesis
Kiind

Konstruerat av Jens Lundgren

Placering
Tilluttsfiéde &11/s
Total tryckfériust i tilluftskanclen 80 Pa
Franluftsfidde 81115
Tetal tryckfariust i aviuftskanalen 4% Pa
Luftfidde via spiskapa Qs
anvindningstid per dag Oh/d
Specifikation for aggregat
Agnreqattyp W3 ks Srart
Tilluft
Flaktar, effektférbrukning W
EFP 1.25 kW/ (m*/s)
Flgktar, &rlig energiarmandning 667 kWh
iRl 0.35 W/ {m" h)
Akustikdata
Oktavband (Hz) &3, 125, 250, 500,
Ly Ly Ly Ly
Ljud emitterat till: dB dB dB dB
Ljud emitterat till tilluftskanal 74 74 68 62
Ljud emitterat till franlufiskanal &4 56 52 48
table.cutdoor &4 &1 57 51
table.exhaust 73 70 bb 59
Ljud emitterat till farbigangskanal far kik 74 &l 54 47
emitterat till amgivningen 54 49 45 33
amgivningen vid -4 dB ljuddampning
Aggragatet monterat mellan kéksskap minskar emitterat [jud med 2 dB
Tekniska specifikationer
Wikt 47 kg
arrmevixone Plattvéirmevixlare
Filter Tilluft
Fitterklnss IS0 ePM1 50% (F7)
Métt, mm, rmm 344*200%24
Férvdrme 1000 W
Eftervarme till El
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1k,
Lw
dB

38
4
53
46
26

Swegon’

220 m*h
220 m*h
o0m*h
Franluft
I5W
2k, 4k, Bk, Lusa
Lw Lw Lw
dB dB dB dB(A)
55 50 48 65
35 7 4 49
37 29 24 53
50 46 40 &2
3% n 26 54
16 & 15 39
35
Franluft
150 Coarse = 50% (G3)
344*275*10
S00W



Appendix N. Swegon report for the Air Handling Unit, Building 2.

ProCASA v9.0
20340327
Projektdata
Prajekt Master Thesis
Kaired
Kaonstrusrat av dens Lundgren
Placering
Tilluftsfiode 351
Tatal tryckfrlust i tilluftskanalen 28 Pa
Franhftafitde 350
Tatal tryckfrlust | avluftskoralen 40 Pa
Lufrfiside via spiskéipa alrs
arvardningstid per dog 0 hsd
Specifikation fér aggregat
Aggregattype W3 xs Smart
Tilbutt
Flgktor, effektfarbrukning 18 W
SFP 098 kWS (m'/s)
Flaktar, Orlyg energarmdndning 00 EWh
5Pl 0.27 W/ {m*h)
Akustikdata
Cktavband (Hzj 43, 125, 280, 500,
L L L Ly
Ljud emitterat till: dB db dB dB
Ljud amittarat Til tilufiskano &9 a7 &1 54
Ljud emitterat til frdnlufskand 5% 50 A& 43
taobke.outdoar &1 54 50 44
nobde, axbais 1] &3 1] 52
Ljud emitterat til farbigdngskonal fér kik 72 55 +7 43
arnitterat till emgivningan 48 44 38 27
orrghmirgen vid -4 @ ludaddrmpning
Aggregatet monterot melan kiksskdp minskar emitterst ljud med 2 B
Tekniska specifikationer
Wikt 47 kg
Tl e Flattvirrmeviixlare
Filter Tillufe
Fitarkkass S0 aPM1 S04% (FT)
FELE, PR, fam 344570074
Férwvarme 1000 W
Eftarvimma till El
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ik,

di

HyhEu2s

Swegon’

126 mh
126 mih
O mYh
Franluft
&w
2k, Ak, Bk, Lia
L L L
dB d8 dB dBA}
a4 40 b3 ] 8
F ] 20 ] 43
s il 3 46
21 35 Frl 54
30 n 8 48
12 L] 7 33
k3
Franbft
150 Coarie = 50% (G3)
J44437510
S00W



Appendix O. Duct sizing Building 2.

Section Vil Velocity Dim Pressure  Length Duct Fitting Fitting ikl
flow drop loss type loss friction
rate loss
/ (I/s) / (m/s) / mm / (Pa/m) /m / Pa / Pa / Pa

Exhaust

air
Al-A2 61 3.0 200 0.6 0.8 0.5
A3-Bl 61 3.0 200 0.6 4.2 2.5
B1-B2 13.5 2.1 80 1.1 1 1.1 T 10
B2-B3 13.5 2.1 80 1.1 0.5 0.6 E 5
B3-B4 13.5 2.1 80 1.1 2.4 2.6 E+D 10
AHU-B4 31.8
B1-C1 47 2.5 160 0.5 0.5 0.3 T 10
C1-C2 15 2 100 0.6 0.5 0.3 T+D 20
AHU-C2 0.0 33.6
C1-C3 32 2.7 125 0.8 1.7 1.4 T 10
C3-C4 22 2.5 100 1 0.5 0.5 T+D 20
AHU-C4 0.0 45.1
C3-C5 10 2 80 0.9 1.8 1.6 T 10
C5-C6 10 2 80 0.9 0.5 0.5 E+D 10
AHU-C6 48.7
Supply
air
D1-D2 61 3 200 0.6 0.8 0.5
D3-D4 61 3 200 0.6 1 0.6
D4-D5 4 1.8 63 0.7 0.8 0.6 T+D 20
AHU-D5 21.6
D4-D6 57 3 160 8 0.4 3.2 T 10
D6-D7 8 1.8 80 0.6 0.8 0.5 T+D 20
AHU-D7 34.8
D6-D8 49 2.5 160 0.5 0.8 0.4 T 10
D8-D9 4 1.8 63 0.7 0.8 0.6 T+D 20
AHU-D9 45.2
DS-E1 45 2.5 160 0.5 0.5 0.3 T 10
E1-E2 13.5 2.1 80 1.1 0.8 0.9 T 10
E2-E3 13.5 2.1 80 1.1 0.5 0.6 E 5
E3-E4 13.5 2.1 80 1.1 0.8 0.9 E 5
E4-E5 6.75 1.2 80 0.5 1.7 0.9 T+D 20
AHU-E5 78.1
E4-E6 6.75 1.2 80 0.5 5.6 2.8 T+D 20
AHU-E6 80.0
E1-F1 31.5 2.7 125 0.8 2.6 2.1 T 10
F1-F2 27.5 2.3 125 0.6 1.6 1.0 T+D 20
AHU-F2 68.0
F1-F3 4 1.8 63 0.7 2.8 2.0 T 10
F3-F4 4 1.8 63 0.7 0.6 0.4 E+D 10
AHU-F4 69.4
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Appendix P. Duct sizing Building 2.

Section Volume Velocity Dim Pressure  Length Duct Fitting Fitting Total

flow drop loss type loss friction
rate loss
/ (I/s) / (m/s) / mm / (Pa/m) / m / Pa / Pa / Pa
Exhaust
air
Al-A2 35 3.0 125 1.0 2.0 2.0
B1-B2 20 2.5 100 1.0 1.3 1.3 T 10
B2-B3 20 2.5 100 1.0 1.0 1.0 E 5
B3-B4 10 2.0 80 0.8 0.8 0.6 T+D 15
AHU-B4 32.9
B3-B5 10 2.0 80 0.8 2.8 2.2 T+D 20
AHU-B5S 39.5
B1-C1 15 2.0 80 0.7 0.9 0.6 T 10
C1-C2 5 1.8 63 0.7 1.2 0.8 T+D 20
AHU-C2 31.5
C1-C3 10 2.0 80 0.8 1.6 1.3 T+D 20
AHU-C3 31.9
Supply
air
DI1-D2 35 3.0 125 1.0 2.0 2.0
E1-E2 35 3.0 125 1.0 0.5 0.5
E2-E3 35 3.0 125 1.0 1.0 1.0 E
E3-E4 35 3.0 125 1.0 4.2 4.2 E 5
E4-F1 4 1.8 63 0.7 2.2 1.5 T 10
F1-F2 4 1.8 63 0.7 0.5 0.4 E+D 20
AHU-F2 47.6
E4-G1 31 2.5 125 0.7 0.6 0.4 T 10
G1-G2 4 1.8 63 0.7 0.6 0.4 T+D 20
AHU-
G2 46.54
G1-G3 27 2.3 125 0.6 1.9 1.1 T 10
G3-G4 19 2.5 100 0.9 0.6 0.5 T+D 20
AHU-G4 57.8
G3-G5 8 1.8 80 0.6 0.6 0.4 T+D 20
AHU-
G5 57.6
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Appendix Q. Building 1 Base Case hand calculations.

Transmission losses using Equation 5, UA-value from Table 3.B.

w
Quransmission = 394277 X (17 °C = 6.4 °C) X 8760 h = 36 608 kWh

Ventilation air flows calculated:

5 0.075m?

Qairflow, ventilation = 04ACH X270m*xX25m=——
2ACH 5 0.019 m?3
Qairflow, infiltration = T X270m*x2.5m = ——

Ventilation and infiltration losses calculated using equation Y:

12kg 1000 m® . .
Qventilation+infiltration = md x kg x 0-094’T X (17°C —6.4°C) X 8760 h = 10 446 kWh
K

Internal gains calculated:
Internal gainsequipment+paw = 8 000 kWh X 70 % =5 600 kWh

80W 14h
X ——X365day = 1431 kWh
person day

Internal gainsyeepie = 3.51 person X

Total annual energy demand = 40 023 kWh
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Appendix R. Building 2, Base Case hand calculations.

Transmission losses using equation 5, UA4-values from Table 3.B:

w
Qeransmission = 2558~ X (17 °C = 6.4°C) X 8760 h = 23 756 kWh

Ventilation air flows calculated:

2 0.028 m?3

Qairflow, ventilation = 0.4ACH X100 m* X 2.5m = ——
2ACH 5 0.007m3
Qairflow, infiltration = T X100 m* x 2.5m = ———

Ventilation and infiltration losses calculated using equation Y:

1.2kg 1000/ m? . .
Qventilation+infiltration = m3 X kg X 0-035T X (17°C —6.4°C) x 8760 h = 3869 kWh
K

Internal gains calculated:
Internal gainsequipment+paw = 5000 kWh X 70 % = 3 500 kWh

80W 14h
X ——X365day = 1141 kWh
person day

Internal gainsyeopie = 2.79 person X

Total annual energy demand =22 985 kWh
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Appendix S. Power demand hand calculations for Building 1, Base Case model.

DVUT-temperatures from Table 3.J were used in all power demand calculations. All Base Case and BBRs
calculations used a 2-day time constant, while the PHs used a 5-day time constant.

w
Peransmission = 39427 X (17°C = (=12.9°C)) = 118 KW

1.2kg 1000/ m3 . .
Pventilati0n+infiltration = 3 X k %X 0.094— x (17 (o (_12-9 C)) =34 kW
m kg s
K

Total power demand = 15.2 kW

Appendix T. Power demand hand calculations for Building 2, Base Case model.

w
Prransmission = 2558~ X (17°C = (=12.9°C)) = 7.6 kW

1.2kg 1000/ m3 . .
Pventilation+infiltration = 3 X k %X 0.035 X (17 (o (_12-9 C)) =12kW
m g S
K

Total power demand = 8.8 kW
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