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Abstract

The European commission have set targets regarding the reduction of emission of greenhouse
gases, the improvement of the energy efficiency and the use of renewable resources of energy
respectively by 20 % by the year of 2020. Swedish targets are even more ambitious compared
to the European Commission that aims to reduce the greenhouse gas emissions by 40 %,
improve the energy efficiency by 20 % and make 50 % of the energy be produced from
renewable resources. The building sector is one of the major responsible for energy
consumption, therefore renovating the existing non-efficient building have a big role to
achieve this target. During the 1960’s, the Swedish government initiated a program to build a
million dwellings to supply the demand of the rapidly growing population. Today, the
majority of these buildings need renovation.

The aim is to perform and present a method for assessing the sensitivity of different
refurbishing measures in an actual building case in terms of total energy use that could then
be applied to equivalent buildings. The goal is to distinguish the most influencing refurbishing
parameters and performing a life cycle cost to determine whether they are reasonable to
implement or not.

This study is based on a real building located in Lund at Linero. The building is nearly 50
years old and was built by Lund Kommuns Fastigheter AB, LKF during the Million
programme project. LKF and Cityfied provided the required data to validate a simulated
model built in the software IDA ICE. The sensitivity analysis was performed by using a
screening-based method where extreme values for refurbishing parameters were studied in
order to determine their importance i.e. sensitivity index, from an energy aspect. Three
renovation packages were created to assess the energy use, percentage of people dissatisfied
and cost efficiency.

By using this method, the most influencing parameters on the energy use could be identified.
Renovation package #1 was able to reduce the energy use by 45 % but was not the most cost
beneficial. Renovation package #3 which included parameters that had a lower influence on
the energy use, showed to be the most cost efficient out of the three packages.

The SI method does not include all the important factors that should be considered when
performing a renovation. The energy demand is highly impacted by the dependency of the
set ranges. The wider it is, the higher the SI becomes and the narrower it is, the lower it gets.
As the cost is not included in the method, it sets no boundaries whether how wide the range
can be. This will mislead the investor to make decisions based on inadequate information
and is therefore not recommended.
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1 Introduction

According to the European Commission, EUC (2018a), buildings represent 40 % of the total
energy consumption and 36 % of the total CO: emissions in the European Union, EU. Around
75 % of the buildings in EU are energy inefficient (EUC, 2016) and about 35 % of them are
over 50 years old (EUC, 2018a).

1.1 European and Swedish energy and climate goals

The EUC has set energy and climates targets for the years of 2020, 2030 and 2050. For 2020,
all EU countries should reduce in 20 % the emission of greenhouse gases (GHG) in
comparison with 1990 levels, have 20 % of the energy use coming from renewable resources
and improve in 20 % the energy efficiency (EUC, 2018b). This legislation covers the sectors
of housing, agriculture, waste and transport excluding aviation. For 2030, the targets are at
least 40 % reduction of the GHG emissions, at least 27 % of use of renewable resources and
at least 27 % energy efficiency improvements (EUC, 2018c). Regarding the reduction of
energy consumption of buildings, the EU has two main legislation: the Energy Performance
of Buildings Directive and the Energy Efficiency Directive (EUC, 2018a). For the targets to
2050, the EUC want to achieve a low-carbon economy and it gives some suggestion of how
to achieve a climate-friendly and less energy-consuming economy in a cost-efficient way
(EUC, 2018d). All the main sectors (agriculture, power generator, construction, industry,
transport, etc.) are included and expected to reduce the GHG emissions and achieve the total
emissions of 80 % lower than the levels of 1990. The reduction should be through domestic
reductions without relying on international credit, and this could be achieved with investments
and development of new clean technologies. Regarding the building sector, the EUC affirm
that the emissions could be almost close to zero, with the reduction of 90 % by 2050. It is
possible to improve the energy demand of the buildings with the use of passive housing
technology in new buildings and refurbishing old buildings. Also, by replacing fossil fuel in
heating, cooling and other activities with renewable energy sources (EUC, 2018d).

The Swedish climate goals are even more ambitious than the EU’s, by 2045 Sweden aims to
have a net-zero emission of greenhouse gases, GHG and have at least 85 % lower emissions
of other gases than measured in 1990 (Government Offices of Sweden (GOS) 2017). For
2020, the Swedish climate and energy targets are to reduce in 40 % the emissions of GHG
compared with the measured levels from 1990, to be 20 % more energy efficient compared
with 2008, and at least 50 % of the energy being provided by renewable resources (GOS
2015).

Sweden’s building stock represents about 30 % of the country’s total energy use which means
that the biggest potential of saving energy is in the existing built buildings
(Energimyndigheten 2017). According to a study performed in 2002 by the BOOM-group at
KTH, 85 % of the apartments built during the Million Program Project are still up for
renovation (Boverket 2010). A later study in 2008 showed that 78 % are still in need of
renovation and 40 % had to be modernised within the next few years. These buildings have a
higher energy use than newer buildings. Renovating these buildings is an excellent
opportunity to implement energy saving measures.



1.2 Million Program Project

The years between 1961 and 1975 are considered to be the high peak of building in Swedish
history as 1.4 million dwellings were built during this period (Johansson 2012). In 1965, the
Swedish government made the decision to initiate the Million Program Project, which meant
that a million dwellings were to be built during the following 10-year period to deal with the
rapidly growing population and relocation to the cities. The Million Program buildings are
well planned and effectively fulfils their purpose, although the majority are currently at a stage
where renovations are required after 40 years — 50 years of use (Boverket 2014). Out of the
remaining approximate 830 000 apartment dwellings from this era, more than 600 000 are
facing extensive cost renovations within the nearest future (Johansson 2012). This majorly
includes new installations for ventilation, electricity, windows, balconies and exterior fagade
layers (Boverket 2014). This is required due to high-energy demands, faulty indoor
environments and in some cases decontamination of hazardous substances (VVS Foretagen
2009).

The building technique during this time differs from what has previously been traditionally
used with load bearing exterior fagade and interior heart walls (Johansson 2012). Instead, the
bookcase structure was adapted where the exterior and partition walls were the load bearing
structure. The buildings are mainly considered as low height buildings with half of its stock
with three to four levels. A third has brick as a covering facade material and 15 % respectively
is covered in either plaster, prefabricated concrete elements or multiple materials in
combination. Other typical features are the wide and more useful balconies and the wall to
wall windows.

In 1960°s the heating system was changed from wood and coal burning to oil or electricity
driven and was considered to be everlasting and cheap. The oil crisis in 1973 meant that
almost every newly built single-family house had to be heated with electricity and the nuclear
power had to expand to cover the lost energy provided by oil. A lot of attention was brought
to save energy among the population. The development of district heating was very slow in
its early years in the 1940°s (Energiforetagen 2017a). It was not until the oil crisis it had its
real breakthrough. At this time the newly built dwellings from the Million Program Project
could directly be connected to the district heating.

As the heating prices during the time of development in the high peak years were low, not a
lot of effort was put into insulating the buildings (Johansson 2012). This means that there is
a large potential for energy savings if well-planned measures are applied. Optimally the
energy use can be diminished to less than half, although few buildings are in such a bad state
where such an extensive renovation is worth it.

1.3 Linero residential district

Lund is one of the oldest cities in Scandinavia with one among the hundred highest ranked
universities in the world (Lunds kommun 2017). About 119 000 inhabitants live in Lund’s
municipality, whereof circa 40 000 are full time study students attending Lund University.
During 1969 — 1972, the residential areas Havamal and Eddan was built in the Linero district
situated in eastern part of Lund (LKF [No date]), see Figure 1. In these two areas, 28 three-
story buildings with a total of 681 apartments were built by Lunds Kommuns Fastighets AB,
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LKF. Linero has a population of about 6 000 people, a good infrastructure with supermarket,
health care centre, sports hall etc., and good transport connections with central Lund (Cityfied
2014).

Figure 1: Linero residential district in eastern part of Lund
(Google maps).

The architect responsible for the design was Sten Samuelson (LKF [No date]). All the
buildings have the same characteristics and orientation with concrete fagades with metallic
details, entrances facing north, balconies facing south and no windows facing either east or
west, see Figure 2 and Figure 3. In general, the buildings have identical layout, the only
difference would be the number of staircases and entrances which would affect the total area.

Figure 2: One of the entrances facing north (photo taken by the authors).



Figure 3: The south facing facade (photo taken by the authors).

The buildings are today nearly 50 years old and are in need of renovations where a few of the
planned measure by LKF is to renovate and change the bathrooms, sewage and water systems,
electricity system, ventilation, among other things (LKF [No date]).

The Linero district is a part of a large-scale demonstration performed by Cityfied which aims
to develop a strategy to for developing smart cities that could be adapted to European cities
(Cityfied 2013). It focuses on reducing the energy demand and GHG emissions and increasing
the use of renewable energy resources.

A sensitivity analysis is a valuable and widely used tool to explore a building’s performance
and characteristics from different aspects (Tian 2013). It can distinguish key factors that will
influence the most and help develop an alternative and more energy efficient design approach
(Heiselberg et al. 2013).

1.4 Aim and goal

The aim is to perform and present a method for assessing the sensitivity of different
refurbishing measures in an actual building case in terms of energy use that could be applied
to equivalent buildings.

The goal is to diminish the energy use by distinguishing the influencing key refurbishing
parameters through assessing their sensitivity. Lastly, a life cycle cost will be done to
determine whether they are reasonable to implement or not.

1.5 Limitations

- Although, some balconies are in reality glazed, the balconies in the Base case are all
simulated as non-glazed. The balconies were simulated as shading objects and not
as a separate zone due to complications in software. As the balcony doors are
almost only made up of glass they are simulated as windows.

- Havamal and Eddan are currently undergoing renovations set to be finished spring
2018, but the suggested renovations measures in this study are not based on LKF’s
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measures. The buildings prior being renovated are solely used as a realistic
reference for this sensitivity and cost analysis.

Only one multifamily building in Eddan was simulated.

The possible moisture impact of the suggested improvements was not assessed.
Price growth rates for district heating and electricity is assumed based on future
prognosis and past behaviour.

As no study for the behaviour of the occupants regarding internal heating such as
occupancy, equipment and lighting had to be assumed based on statistics and
requirements.

Since the acquired energy use data from LKF represents the total energy used by all
buildings in Eddan, the assumption was made that each building used equally
amounts of energy per mz,

No complete study of the thermal comfort was performed; the PPD was used as an
indicator.
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2 Base case description

Havamal and Eddan are separated by Vikingavégen, see Figure 4. The chosen building to be
simulated and used as a base case is highlighted, see Figure 4.
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Figure 4: Havamal and Eddan with the studied building highlighted.

2.1 Plan layout

The building has three floors where each floor has eight apartments varying in size from 20

— 86 m2and a basement. The apartments are located around three staircases, there is no
elevator in the building. The total building area is approximately 2 365 m2. See Figure 5 for
the floor plan for the 1% floor and see Appendix 1 for a closer view of all floors.
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Figure 5: Layout of 1% floor.
2.2 Building construction and thermal characteristics

LKF and Cityfied provided the technical description of the building, and the materials and the
constructions’ U-values are presented in Table 1.
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Table 1:

Construction details before renovation.

Exterior wall facade

Orientation  Construction - from outside to inside

U-value / (W/(m2- K))

80 mm Concrete

Airgap

Wind barrier

95 mm Insulation and wooden studs
PE-foil

13 mm Wooden particle board

13 mm Gypsum bhoard

North
(LKF)

0.5

Painted eternit board

95 mm Insulation and wooden studs
PE-foil

13 mm Wood particle board

13 mm Gypsum board

South
(LKF)

0.5

80 mm Concrete
100 mm EPS
100 mm Concrete

East/West
(LKF)

0.35

Plaster

Basement | 70 mm Wool insulation
(Cityfied) | 230 mm Impermeable concrete
300 mm Drainage aggregate

0.5

Load bearing interior walls

Location Construction

U-value / (W/(m2- K))

Floor 1-3

(Cityfied) 150 mm/ 180 mm Concrete 3.54/3.79
Basement

(Cityfied) 150 mm Concrete 3.79

Foundation

Location Construction — from inside to outside

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

Bottom 40 mm Concrete topping
slab 100 mm Structural concrete
(Cityfied) | 200 mm Drainage aggregate

0.4

Floor

Location Construction — from lower to upper

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

side
Above 210 mm Structural concrete
basement 70 mm Wood wool slab 0.79
(Cityfied)
Floor 1-3
(Cityfied) 210 mm Structural concrete 3.4
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Roof
Location  Construction — from inside to outside U-value / (W/(m2- K))
Roof (LKF | 100 mm + 20 mm Insulation board 03
& Cityfied) | 250 mm Concrete slab '
Windows
Location Construction U-value / (W/(m?- K))
North
facade Floor 1 —3; 1 + 1 glass window 1.7
(LKF)
South Floor 1 —2; 1+ 1 glass window 2.7
facade
(LKF) Floor 3; 2 glass window 2.2

2.3 Thermal bridges

The Cityfied report provided the total losses from the thermal bridges in the building, see
Table 2.

Table 2: Thermal bridges (Citified).

Thermal bridge Comment ';I?\é;\t”llzs)s
S;{:tﬁnder nfill walls towards Dim. 95 mm - 95 mm, length 60 m on 3 floors 20
Window perimeter 280 m in total using estimated value 0.055 W/(m - K) 15
Ground floor slab Edge insulated with 30 mm EPS 12
First floor slab Edge insulated with 40 mm mineral wool 7
Second floor slab Edge insulated with 40 mm mineral wool 7
Attic floor slab Edge insulated with 40 mm mineral wool 7
Outer corners Estimated value 3
Concrete heel for facade Estimated data: 2 heels per element, 17 heels per 4
towards north floor, dimension 5 cm - 20 cm per heel
Total 75
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2.4 Ventilation

The building has an exhaust air ventilation system with no heat recovery, and a pressure
regulated fan installed in 2006 (Cityfied 2014). Due to lack of cleaning and maintenance, an
average airflow per apartment was measured to 7.4 I/s in the bathrooms and 9.2 I/s in the
kitchens. And the airflow in the basement was measured to 64 I/s. The average airflow is 0.31
I/(s - m2), which is lower than the requirement of 0.35 I/(s - m?) set by Boverket (2017a).

2.5 Energy use

Because of how the measuring meter for used heating, including heating for domestic hot
water, DHW, and electricity is located and installed, the given data by LKF is representing all
14 buildings in Eddan and a measured average for year 2013 — 2017. As the buildings have
different size, the data was recalculated into per m2 to be easier comparable. Figure 6 presents
the monthly mean values for space heating and DHW where the measured data from LKF is
the left bar and the simulated data from Cityfied is the right bar. No exact data for DHW
heating was provided but was assumed by LKF to be around 30 % out of the total cold-water
consumption and was then calculated to 30 kWh/ (m? - Awemp - year). Cityfied assumed that the
heating provided during July and August was for heating DHW and was then assumed
constant throughout the year.
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Figure 6: Heating use.

Statistics published by the Swedish Energy Agency in 2017 based on energy data collected
during 2016 from all over Sweden, showed that an average multifamily building connected
to district heating, used in average about 138 kWh/(m? - year) for space heating and DHW
(Energimyndigheten 2017). Those buildings that were built before 1960 had an average usage
of 147 KWh/(mz2 - year) and those built after 1980 used less than the average measured during
the year 2016. Buildings built in 2010 or later used significantly less at about 90 kWh/(m2 -
year). See Table 3 for a comparison with the data from LKF and Cityfied with the average
use stated by the Swedish Energy Agency.
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Table 3: Average energy use for heating.

Source Averagﬁkm%r/ggfmg§eygc;rr;eating /
Swedish Energy Agency 138
LKF 97
Cityfied %

2.5.1 Electricity use

The provided data from LKF for electricity use considered only the electricity used in the
common spaces as entrance, stairwells, outdoors, basement etc, and Cityfied considers the
whole building including apartments, see Figure 7.
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Figure 7: Electricity use.
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3 Sensitivity analysis

“Sensitivity analysis studies the relationships between information flowing in and out of the
model” (Saltelli, Chan & Scott 2000, p. 4).

Sometimes performing physical studies on a system can be too time-consuming, inefficient
and even impossible to do (Saltelli, Chan & Scott 2000). Instead, research is performed on
mathematical or computational models which mimic or approximate the studied system.

A sensitivity analysis, SA can have different meanings depending on if it is an engineer,
chemist, economist etc. who implements the analysis. Although, every study aims to
determine parameters’ correlation to each other, exclude unimportant parameters from the
subsequent study, distinguish if a maximum variation occurs in a certain range of inputs and
describe how the parameters interact. All this to finally have solution that answers to the
project’s aim.

There are different methods to be applied when performing a SA, all with their own strengths
and weaknesses. The aim and circumstances of the study will decide which of the methods is
the best suited for the cause. An analysis can either give qualitative or quantitative results
meaning either telling how much more important one factor is than another or rank the factors
in order of importance.

The screening-based method is considered by Heiselberg et al. (2013) and Satelli, Chan &
Scott (2000), as one of the main categories: local, global and screening-based method. But
Tian (2013) consider it as a method within a global SA. This is because a screening-based
method could both be considered as a local and global SA (Satelli, Chan & Scott 2000). The
screening method is defined by its use, while a local and a global method are defined by how
they treat factors.

The purpose of a screening method is to distinguish the key parameters that affect the output
the most from a large number of input parameters (Satelli, Chan & Scott 2000). A typical
screening is made my implementing the one-at-a-time, OAT-method. One parameter at a time
is tested where extreme values are chosen around a standard value to determine the sensitivity
of the model because of the varying values. The parameter is reset to its initial value before
the next parameter is tested.
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4 Methodology

The adopted software and methods are described and explained as to why they are suitable
for the project’s cause.

4.1 IDA Indoor Climate and Energy

IDA Indoor Climate and Energy, IDA ICE is a software developed by EQUA Simulation AB
which can perform accurate studies of the indoor climate in specific thermal zones to simulate
the total energy consumption of a whole building (EQUA Simulation AB 1995-present). It is
possible of simulating anything from very simple to complex cases, taking specific
surroundings and environmental properties into consideration such as shading, weather,
ground type etc.

Because it is a very flexible software is can be used for HVAC sizing, thermal comfort, control
optimization, system analysis, daylight assessment, comparison with certification systems as
LEED and BREEAM and many more. The software is widely used by various companies in
Scandinavia because of this reason and is constantly adapting to new requirements and
regulations.

In their latest update 4.8, a beta-function of a sensitivity analysis was released. Previously, a
separate calculation software has usually been used to perform the sensitivity analysis with
the output from IDA ICE, but now EQUA is aiming to incorporate that function directly into
the program making it one of few software with this possibility.

4.2 Using a screening-based method

The method used for this study is a screening-based standard OAT-method where a range of
extreme maximum and minimum values are being assessed for parameters with a certain
occurrence regardless of circumstances. The first step is to decide what output is to be focused
on when performing the SA which is in many cases the building performance (kWh/ (m2 -
year)) and/or the indoor environment from different aspects (Heiselberg et al. 2013).

The following step describes the process of deciding what parameters to include in the
sensitivity analysis by determining its sensitivity index, SI. This is done by implementing the
OAT-method where each parameter is evaluated individually. Its Sl is then calculated by
using Equation 1, where two extreme values on either side of the standard value are used to
decide the studied parameter’s importance to the SA. The Sl is expressed in percentage (%).

E
SI=

max "~ Emin

- 100 % (1)
Standard

Where Emax and Emin represent the maximum and minimum generated total energy use.

The ranges were set considering what could be found in the market, limitations due to the
existing building structure to avoid influencing the layout and design of the building.
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The parameters that did not reach the aimed Sl percentage could then be excluded from the
following steps in the method, as they did not affect the output enough to be considered.

4.3 Life cycle cost

The cost assessment was done by including the effect of inflation, meaning real interest and
growth rates, to estimate the true earning power (Park 2012). The cost is regulated by a
compound growth that increase or decrease the cash flows by a constant percentage over time.

All the future costs were recalculated into a present worth factor, P by using Equation 2 to
bring all future costs into a present value to tell the investor how much they need to invest

and show the plausible payback time compared to if no modification was applied. Depending
on if the real interest and growth rate were equal or unequal either Equation 2a or 2b was

used.
A (1 -(1+ N +i)‘N> (22)
P = i-g

N . .
A, (:) (ifi=g) (2b)

Where i and g represents respectively the interest and growth rate, N the evaluation time in
years and Az being the cost after one year.

A can be calculated by using following Equation 3.

Ap=A~Ag- (1+1) ®)

Where Ao is the initial investment the investor needs to invest.

The cost assessment was done by using the flexible and versatile calculation software Excel
(Microsoft Corporation 2018).

19



5 Implementation

Following assumptions and decisions were made during the project to obtain the desired
outputs.

5.1 Simulating the Base case

The building internal partitions were simplified, and each apartment was considered as one
zone. The apartments were divided into types depending on the number of rooms (bedrooms
and living room, excl. kitchen, bathroom, corridors and closet). There are five different types
of apartments, see Figure 8, 9, 10 and 11. The stairwells and basement were also considered
as their own zone types.

Figure 10: Zone division — 2" floor.
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Figure 11: Zone division — 3 floor.

5.1.1 Internal heat gains

5.1.1.1 Occupancy

No data for occupancy, occupancy schedule and appliances were provided. Therefore,
Sveby’s recommendations were used (Sveby 2012). See Table 4 for the applied internal heat
gains caused by occupants depending on apartment size and the assumed occupancy schedule.

Table 4: Occupancy in different apartment’s size and occupancy schedule (Sveby).

Apartment size 1room | 2 rooms | 3rooms | 4 rooms | 5 rooms

Occupancy / person | 1.42 1.63 2.18 2.79 351

Schedule 14 hours per day average

5.1.1.2 Equipment

Standard values for apartment appliances are presented in Table 5. Depending on the
apartment size, number of bathrooms with washing machine and dryer etc. the total heat gains
depending on equipment varies. The appliances were assumed to be turned on 24 hours a day.
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Table 5: Heat gain from type of equipment (Sveby).

Equipment Apartments / (kWh/year)
Fridge and freezer 720

Cooking 390

Laundry and drying 210

Stereo 60

TV 150

DVD 60

Computer 270

Others 390

Total 2250

5.1.1.3 Lighting

The current lighting status in the building was not provided and was estimated to the
following, see Table 6 (Dubois et al 2016). Two different light bulbs were assumed to be
installed in the building; one for the commonly used areas as entrances, staircases and
basement and one for the apartments.

Table 6: Lamp properties.

Location W Im/W Schedule
Stairwell 12 hours per day
C‘;rr“er;:” 72 100
Basement 12 hours per day (half on)
Apartments 15 80 8 hours per day

See Appendix 2 for each zone’s estimated heat gains from occupancy, equipment and lighting.

5.1.2 Windows and openings

The windows were simulated by using the simplified window type in IDA ICE. The balcony
doors are of the same type and are simulated as a window as they are practically only glass.
See Table 7 and Figure 12.
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Table 7: U-values of the installed window types.

Window U-value /
type (W/(m?- K)) Type Type
1 1.7 Type 2 Type 1
Type 2 Type 1
2 2.7
S N
3 22 Figure 12: Schematic view of
placement of window types.

5.1.3 Heating the DHW

As IDA ICE require a set value for the heating of DHW, an average value based on the data
from LKF and Cityfied was used and set to 28.19 kWh/m2 and year.

5.1.4 Surrounding shading

The adjacent multifamily buildings were modelled to consider their shading onto the studied
object, see Figure 13. Their building heights varied between 8 m — 10 meters due to some
being built at different ground heights.

Figure 13: Studied building with adjacent shading objects.

5.1.5 Ventilation

As some apartments have an extra bathroom, the airflow for bathrooms was doubled. The
operating schedule for the fans were set to be always on. See Appendix 3 for each apartment’s
estimated airflow.
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5.2 Sensitivity index

The studied parameters where chosen because of their influence on the energy use
(Westerbjork 2017). It states that the biggest opportunity in saving energy is by applying
measures to the ventilation and the building envelope.

Every value for each parameter was simulated and set to give the total energy use per year as
an output, e.g. the total heating and electricity use, see Figure 14 for an illustrative graph
where A represent a parameter. Each parameter’s scenario was simulated one by one in IDA
ICE to then decide the SI. The studied parameter was changed back to its Base case value

before proceeding with the next parameter.
A

Annual energy use / kWh/(m? - year)

A

A

min standard Ama_‘

Figure 14: Illustrative graph of generated energy use due to range of extreme values of a parameter A.

The Sl is based on evaluating the total energy used per year that each parameter with its
extreme values could generate.

The parameters that exceeded the Sl-limit of 10 % were closer studied in order to determine
where within their intervals they begin to be considered as having a significant impact on
the energy use in order to be included in the study’s following steps.

5.2.1 Intervals for the sensitivity analysis

The used maximum and minimum values for each studied parameter is presented in Table 8.

Table 8: The chosen intervals for each parameter.

Parameter Min. value Max. value
. ) ) 0.30 0.05
Insulation thickness in . ) ] .
north facade / m (ISOVER Saint-Gobain, (Bjork, Kallstenius &
2018a) Reppen, 2013)

Insulation thickness in

south facade / m 0.30 0.05
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(ISOVER Saint-Gobain,

(Bjork, Kallstenius &

2018a) Reppen, 2013)
) ) ) 0.5 0.15
Insulation thickness in . ) ) .
roof/ m (ISOVER Saint-Gobain, (Bjork, Kallstenius &
2018b) Reppen, 2013)
Insulation material / .
(WI(m2- K)) (ISOVER Saint-Gobain, (Finja 2018)
2018c)
oty UbEe (Passive Hgﬁie Institute 29
North / (W/(m2- K)) ' (Avasso, 2003)
2015)
. 0.8
B (Passive House Institute 29
South / (W/(m2- K)) ' (Avasso, 2003)
2015)
Setpoint temperature in 18 26
apartments / °C (Boverket 2017) (Boverket 2017)
W 23 72
Lighting — 2
Common 117 100
e LAt (Same properties as in the
(Philips Lighting, 2018a) Base case)
(Sl Apartments (CCIULE Apartments
areas areas
Lighting — W 23 8 72 15
Common 2
areas +
Apartments 117 131 100 80
Im/w (Philips (Philips : :
Lighting, | Lignting, | (Seme propertes e n he
2018a) 2018hb)
. 0.60 2.00
Specific fan power, ) .
SEP / (Warfvinge & Dahlblom (Warfvinge & Dahlblom
2015) 2015)
Exhaust air heat pump COP=35 Without

and balanced
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ventilation with heat n=85%
R RIS (Wahlstrom 2014)

5.3 Life cycle cost

The inflation (Svenska Rikshanken 2018) and interest (Statistiska centralbyran 2018) rate
were set respectively at 0.8 % and 1.8 %, which are average values based on rates collected
during 2007 — 2017.

Individual prices for building components were picked from Sektionsfakta NYB (Wikells
2010) and VVS (Wikells 2015). The district heating price was set at 72.50 ére/kWh according
to the present-day price (Kraftringen 2018a). An average electricity price based on prices
measured during 2015 — 2017 was set at 1.96 SEK/kWh (Eurostat 2018).

Growth rates for prices of district heating and electricity were tried in different scenarios; 2
%, 3 %, 4 % and 5 %.

The used lifespan for each parameter is based upon documented studies and experience of
building components (VVS Foretagen 2009) and the general life span of a multifamily
building (Sartori & Hestnes 2007). The evaluation time is set to 50 years.

5.4 Percentage of People dissatisfied

The PPD is an index which provides a quantitative prediction of the percentage of thermally
dissatisfied people and its acceptable level is < 10 % (ASHRAE STANDARD 2010). This
was used to give an indication to how the thermal comfort was affected by each scenario.

5.5 Renovation packages

The parameters that exceeded the 10 % SI limit were assembled into Renovation package #1
to find a solution with the lowest energy demand.

Renovation package #2 was established due to the eventuality of too high PPD levels when
simulating the first package. It included the same parameters as in package #1 but with some
alterations to the parameters to possibly lower the PPD level.

A third renovation package was constructed to consider the parameters that did not exceed

the 10 % SI-limit but showed to be much more cost efficient. For the parameters to be included
in this package, the parameters had to have a payback time within every studied growth rate.
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6 Results and Analysis

The outputs from the study are presented and analysed.
6.1 Validation of the Base case
The result for heating the Base case is presented in Figure 15. In overall, the Base case

simulation requires more heating than the obtained data from LKF and Cityfied.
16

=
N

[ee)

4

SIRIRIEURIRIER R
Jan Feb Jul Dec

Mar  Apr May Jun Aug Sept Oct Nov

Heating / (KWh/m2)

i i [l Heating DHW
Il Heating DHW Cityfied Il Heating DHW Base case g

LKF Space heating Space heating Space heating

Figure 15: Comparison of monthly heating use between LKF, Cityfied and Base case.

Looking closer at the space heating in Figure 16, the Base case follows the same trend with a

higher required heating during the winter months and lower during the summer months. But
is still overall higher than the others.

16

12

Space heating / (KWh/m2)
[0e]

Jan Feb Mar Apr May Jun Ju Aug Sept Oct Nov Dec

LKF = Cityfied = Base case

Figure 16: Comparison of monthly space heating use between LKF, Cityfied and Base case.
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As the Base case’s heating for DHW is based on the data from LKF and Cityfied, it is
somewhat higher than the data from Cityfied due to LKF’s varying data but is constant
throughout the year, see Figure 17.

Mar  Apr May Jun Aug  Sept  Oct

N w ~

Heating DHW / (KWh/m2)
[EEN

m | KF mCityfied mBase case

Figure 17: Comparison of monthly DHW heating use between LKF, Cityfied and Base case.

The electrical use results were divided in two to compare the results got from Cityfied and
LKF with the base case model. The electricity use considering both household and facility is
47 % higher than the data from Cityfied, see Figure 18.

Mar  Apr May Jun Aug Sept  Oct

Electricity use / (kWh/m?2)
N w

[N

o

m Cityfied = Base case

Figure 18: Comparison of monthly electricity use between Cityfied and Base case.
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The electricity use for only the facility is 4 % less than the data from LKF, see Figure 19.
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Figure 19: Comparison of monthly electricity use between LKF and Base case.

The overall total energy use for the Base case is differing only £ 6 % from LKF and Cityfied,
see Table 9. Although, the energy distribution between space heating, heating DHW and
electricity is varying more from what LKF and Cityfied have stated.

The PPD for the Base case was simulated to 68 %.

Table 9: Base case deviation compared to LKF and Cityfied.

Base case deviation
Energy compared to:
categories
LKF Cityfied

Space heating -15 % 58 %
Heating DHW 53 % 7%
Electricity -4% -63%
Total energy use 6 % -6%
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Compared to the average annual heating use of a multifamily house in Sweden, provided by
the Swedish Energy Agency, the data from LKF and Cityfied are respectively 29 % and 35 %
less, see Figure 20. The Base case have a higher heating use and is 25 % less than the average
annual heating use.

160

140
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mLKF mCityfied Base case Swedish Energy Agency

Figure 20: Yearly energy use for LKF, Cityfied and Base case compared to the annual average heating use
stated by Swedish Energy Agency
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6.2 Sensitivity index

The Sl for every parameter was calculated after obtaining the total energy demand for each
extreme and standard value, see Table 10.

Table 10: Sl for each parameter.

Max. value 0.05m 149.9

72%
Min. value 0.30m 139.5

Max. value 0.05m 146.2

3.0%
Min. value 0.3m 141.8

Max. value 0.15m 141.6

2.2 %
Min. value 0.5m 138.1

Max. value 2.9 W/(m2 - K) 148.3

45%
Min. value 0.8 W/(m2 - K) 141.6

Max. value 2.9 W/(m? - K) 148.1

14.3%
Min. value 0.8 W/(m? - K) 126.9
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Max. value 26 °C 189.6

44,7 %
Min. value 18 °C 125.1

Max. value

Min. value

Common areas 72W
Max. value 144.2
Apartments 15w
1.4 %
Common areas 23 W
Min. value 142.3
Apartments 8w

Max. value 0.04 W/(m - K)

Min. value 0.036 W/(m - K)

Max. value

Min. value

Min. value COP =35
123.7
n==85% 14.3 %
Max. value Without 144.2
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The parameters are ranked from highest to lowest Sl, see Table 11. The critical value of SI 10
% is marked, telling which parameters were further used for Renovation package #1.

Table 11: Parameters are ranked according to their Sl and if they exceed the 10 % Sl level.

Rank | Parameter Sl /%
1. Setpoint temperature in apartments 44.7 %
2. Windows - South 14.3 %
3 Exhaust Air Heat pump and Balanced Ventilation with Heat recovery - 143 %

FTX
Sensitivity Index of 10 %
4. Insulation thickness in north facade 72%
5. Windows - North 4.5 %
6. Insulation thickness in south facade 3.0%
7. Insulation thickness in roof 2.2%
8. Specific fan power, SFP 1.7%
9. Lighting — Common areas + Apartments 1.4%
10. Lighting — Common areas 1.2%
11. Insulation type 1.0%
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6.2.1 The setpoint temperature in apartments

Each degree within the interval for setpoint temperature and their generated Sl is presented
in Table 12.

Table 12: Parameter study for setpoint temperature.

Setpoint temp. in (Unit) Total energy use / | Sensitivity
apartments (KWh/(m? - year)) index
Max. value 21 °C 144.2
13.2%

Min. value 18 °C 125.1

Max. value 21 °C 144.2
11.0%

Min. value 19 °C 128.3

Max. value 21 °C 144.2
6.1 %

Min. value 20 °C 135.4

Max. value 21 °C 144.2

0%

Min. value 21 °C 144.2

Max. value 21 °C 144.2
-5.1%

Min. value 22 °C 151.6

Max. value 21 °C 144.2
-11.4 %

Min. value 23 °C 160.6

Max. value 21 °C 144.2
-17.9 %

Min. value 24 °C 170.0

Max. value 21 °C 144.2
247 %

Min. value 25°C 179.8

Max. value 21 °C 144.2
-31.5%

Min. value 26 °C 189.6

When the setpoint temperature is increased from 19 °C to 20 °C, the Sl exceeded the 10 %
SI-limit. Note that when there is a negative Sl there is an increase in energy use.
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6.2.2 Windows - South

The results of the parametric study of the window U-value in the south fagade is presented
in Table 13.

Table 13: Parametric study for window U-value in South facade.

Total energy e
Windows - South (Unit) use / (kWhi(mz- | Sensitivity
index
year))
Max. value 2.9 W/(m? - K) 148.1
14.3 %
Min. value 0.8 W/(m2 - K) 126.9
Max. value 29 W/(m? - K) 148.1
13.9%
Min. value 1.0 W/(m2 - K) 127.6
Max. value 2.9 W/(m2 - K) 148.1
9.9%
Min. value 1.5W/(m2-K) 1335
Max. value 2.9 W/(m2 - K) 148.1
5.8%
Min. value 2.0 W/(m2 - K) 126.9
Max. value 2.9 W/(mz2 - K) 148.1
0%
Min. value 2.9 W/(mz2 - K) 148.1

The Sl exceeded 10 % somewhere between the U-values of 1.0 W/(m? - K) and 1.5 W/(m? -
K).

6.23 FTX

Three FTX-systems and their generated Sl is presented in Table 14 and are being compared
to if no system was installed.
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Table 14: Parametric study for FTX-system.

Exhaust Air Heat pump and Total energy Sensitivit
Balanced Ventilation with Heat (Unit) use / (kwh/(m2 - index y
recovery - FTX year))
Max. value Without 144.2
0%
Min. value Without 144.2
Max. value Without 144.2
Min. value COP=25 13.5%
124.8
n=70%
Max. value Without 144.2
Min. value COP=3.0 13.6 %
124.6
n=280%
Max. value Without 144.2
Min. value COP =35 14.3%
123.7
n=85%

The SI-limit is exceeded when the FTX-system with the least performing characteristics is
applied.

6.3 PPD-level of Renovation package #1 and #2
The simulated PPD levels for the three parameters that exceeded the 10 % Sl-limit is
presented in Table 15. Lowering the setpoint temperature had the biggest impact on the PPD

and increased it by 13 % compared to the Base case. Installing an FTX-system did not affect
the PPD and changing the windows in the south facade would lower the PPD by 4 %.

Table 15: The simulated PPD level for the three parameters that performed best energy wise.

Parameter PPD /%
Windows in south
64
facade
FTX-system 68
Setpoint temperature 81
Base case 68
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The PPD level of Renovation package #1 which is a combination of these three parameters
are presented in Table 16. Compared to the Base case, the PPD level was 17 % higher. This
led to the construction of Renovation Package #2 where the setpoint temperature was reset
to 21°C which was used in the Base case, in order to minimalize the effect on the thermal
comfort. Now the PPD level decreased to 47 %, being 21 % lower than the Base case.

Table 16: The simulated PPD-level for Renovation package #1 and #2.

Renovation package PPD /%
Renovation package #1 85
Renovation package #2 45

Base case 68

6.4 Life cycle cost

6.4.1 Payback time for individual parameter

All the parameters’ payback time was calculated and compared to the evaluation time of 50
years, see Table 17. Installing new windows in south or north did not prove to be cost efficient
as it did not give a payback time within the 50-years. Increasing the insulation thickness in
the facades in north, south or in the roof could optimally give a payback time at around 5
years. Changing the lighting properties in the common areas and apartments or only in the
common areas would pay off after 2 years regardless of what growth rate. Similarly, a constant
payback time regardless of what growth rate could be observed for installing an FTX-system
and lowering the setpoint temperature. Install a different kind of insulation type showed to
not be cost efficient if the growth rate was set to 2 % but would in the remaining give a
payback time.
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Table 17: Payback time for each individual parameter.
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The parameters that were assembled into Renovation package #3 were the FTX-system,
insulation thickness in the roof and facade to the north and south and lighting in both
apartments and common areas. Note that the setpoint temperature was kept at 21°C.

6.4.2 Payback time for the renovation packages

Two payback times could be observed for renovation package #1 and #2 which is due to the
reinvestment in new building components that is paid off before the next required investment,

see Table 18. To graphically clarify the occurrence of two payback times, see Appendix 4.

Only Renovation package #3 was able to yield a payback in all studied growth rates and within
a time period of 10 — 12 years. Package #1 did not manage to have a payback when the growth
rate was set to 2 % and had the shortest payback time of 22 years. The second package
performed the worst out of the three having the shortest payback time of 29 years and no

observed payback time for when the growth rate was set to 2 % or 3 %.

Table 18: Payback time for the renovation packages.

Sl e Renovation package | Renovation package Renovation package
#1 #3
2% - 12
3% 26/45 11
4% 24138 10
5% 22134 29/41 10

6.5 PPD-level of Renovation package #3

The PPD-level of Renovation package #3 was simulated to 51 %, see Table 19.

Table 19: Each renovation package's PPD-level compared to the Base Case.

Renovation package PPD / %
Renovation package #1 85
Renovation package #2 45
Renovation package #3 51

Base case 68
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6.6 Savings in energy and cost

Each renovation package’s energy use compared to the Base case is presented in Figure 21.
Renovation package #1 was able to diminish the energy use the most by 44 %.
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Figure 21: The yearly energy use.

The biggest possible and average cost savings for each package is presented in Table 20.
Optimally, the biggest cost and average cost savings would be if renovation package #3 would
be implemented.

Table 20: The packages' biggest possible and average cost savings.

#1 5.0 1.99
#2 2.6 0.20
#3 7.4 4.86
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6.7 Compilation of renovation packages’ results

Each renovation package’s biggest and average cost savings, diminished energy and PPD-
levels compared to the Base Case are presented in

Table 21. Renovation package #1 had good results in both cost savings and in energy use
but had a higher PPD-level than Base case. Renovation package #2 was able to lower the
energy use by the same percentage as #1 and decrease the PPD-level below the Base case’s
level but did not save as much as package #1. The third package had the highest cost
savings, the second best result for PPD and although performing the worst when
diminishing the energy still managed to diminish it by 30 %.

Table 21: Compilation of the renovation packages' results.

#1 5.0 1.99 MSEK 44 % 85 %
#2 2.6 0.20 MSEK 36 % 45 %
#3 7.4 4.85 MSEK 21 % 51 %
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7 Discussion

As the used data for the Base case’s energy use was assumed to be equally divided between
the 14 buildings in the area, the reliability of the simulated energy use can therefore not be
considered very high. If the data was measured solemnly for this studied building the
reliability would be immensely higher and easier to validate. In order to validate this
assumption, the simulated energy use was compared to collected statistics by a reliable
source to be within reasonable ranges for general energy consumptions for multifamily
buildings in Sweden.

The screening-based method is a wide spread method used when performing various SAs.
Likewise, IDA ICE is a very well-known software for energy simulations in the construction
trade. Although, the acquired knowledge of their functions and limitations were restricted
which could have affected the reliability and validity of the simulations negatively.

The made assumptions for the chosen intervals when performing the SA, were motivated by
how buildings from the same time were built and what materials and constructions are used
in modern time. This yielded a result representing a SA of refurbishing measures for a
general building stock built during 1960°s — 1970’s which used the studied multifamily
building as a reference point. The validity of the results could be higher if the focus of the
study only was specific for this multifamily building but would still be questionable whether
it was credible as specific data was still missing and had to be assumed.

The energy demand is highly impacted by the dependency of the set ranges. The wider it is,
the higher the SI becomes and the narrower it is, the lower it gets. As the cost is not
included in the method, it sets no boundaries whether how wide the range can be. For
example, nothing prevents the range to include unreasonable insulation thicknesses as the
cost is not considered. If it were, it would find a solution where the highest energy saving
could be achieved when taking into account what the project can afford.

The decision to study the impact of the setpoint temperature on the energy demand showed
to be very complex as it affects so many other aspects of the building performance. For
instance, it affects the thermal comfort in ways that was not fully assessed in the method
that was used in this study. The PPD-level only gives an indication of the behaviour of the
thermal comfort but is far from portraying the whole picture.

The Sl sets the level of importance to which parameter can be considered to be most
important and further be used in the SA. The critical level has to be decided based upon
what goals are aimed to be achieved. As this project does not have a certain goal regarding
economy and energy other than diminish it as much as possible that the current construction
allows, the critical SI was assumed to 10 %. This decision lacks support and can therefore
be questioned if the limit should be lower.

In order to simulate the Base case, assumptions regarding internal heat gains, lighting,
ventilation etc. had to be made as this information was not provided. The assumptions relied
on collected statistics and requirements that had to be met, meaning that the likeliness of this
scenario representing the actual conditions of the building debatable. But as the simulated
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Base case was considered to be fairly close of representing a building built in the same
decade it was considered as a validated case that was further used in the study.

The used formulas for the LCC are recognized methods for calculating the cost efficiency of
scenarios where an investment has to be made. The lifespans used for the building
components and buildings seemed at times very short, as for example windows had an
estimated lifespan of 30 years but would most probably be used for a longer period of time
in reality. Similarly, for the building’s lifespan which is estimated to be around 50 years. If
this was the case the LCC calculation would give a very different result as a reinvestment in
windows and ventilation systems could be postponed with several years. A similar
observation could be made regarding the lifespan if buildings which was estimated to be 50
years but would possibly be used for longer time. Combined with postponed investments for
renovation measures and longer actual lifespans, the prices for materials, hiring manpower
etc. could also change even if being based on well-known and reliable statistics, give a
much different result.

The SI method solemnly focuses on the influence on the energy use of the building; it does
not consider the cost or the thermal comfort. In reality, these factors are equally important to
incorporate into the method to obtain a useful result. Therefore, this method is not
recommended as it does not include enough information for the investor to make a well-
founded decision.

8 Conclusion

By using this method, the most influencing parameters on the energy use could be identified.
Renovation package #1 was able to reduce the energy use by 45 % but was not the most cost
beneficial. Renovation package #3 which included parameters that had a lower influence on
the energy use, showed to be the most cost efficient out of the three packages.

The SI method does not include all the important factors that should be considered when
performing a renovation. The energy demand is highly impacted by the dependency of the set
ranges. The wider it is, the higher the SI becomes and the narrower it is, the lower it gets. As
the cost is not included in the method, it sets no boundaries whether how wide the range can
be. This will mislead the investor to make decisions based on inadequate information and is
therefore not recommended.
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Appendix 1. — Floor plans
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LEFT: Basement floor plan.
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Appendix 2. — Internal heat gains for each zone
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Appendix 3. — Apartment air flow

Zone Air flow (I/s)
Apartment Type 1 16.6
Apartment Type 2 16.6
Apartment Type 3 16.6
Apartment Type 4 16.6
Apartment Type 5 24.0
Stairwell -
Basement 64.0
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Appendix 4. — Graphic explanation of the two occurring
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