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Abstract
Since the building sector is responsible for 40% of the energy consumption and
36% of CO2 emissions in the EU, the reduction of energy use has become a
priority in this sector. The EU has adopted several policies to improve energy
efficiency. One of these policies aims to achieve energy efficient renovations in
at least 3% of buildings owned and occupied by governments annually. In
Sweden, a large part of existing buildings was built between 1965 and 1974, a
period commonly referred to as ‘miljonprogrammet’. Stora Tunabyggen AB, the
public housing company in Borlänge municipality, begun a renovation project in
the Tjärna Ängar neighbourhood within the municipality with the greatest share
of its buildings stock from this period. The pilot project started in 2015. The aim
of this project was to renovate three buildings with similar measures, that is, by
adding 150 mm attic insulation, replacing windows with higher performing ones
(U-value 1 W/m²K), by adding 50 mm of insulation to the infill walls and by the
installation of flow-reducing taps. The essential difference between the three
renovation packages is the HVAC systems. The selected HVAC systems are
(1) exhaust air heat pump, (2) mechanical ventilation with heat recovery and (3)
exhaust ventilation. Life cycle cost analysis was conducted for the three
building and sensitivity analysis for different values of discount rate and energy
price escalation was performed. The study found that the house with exhaust
ventilation has the lowest life cycle cost and the highest energy cost. The house
with exhaust air heat pump has 3% higher life cycle cost and 18% lower energy
use at 3% discount rate and 3% energy price escalation. The study found that
mechanical ventilation with heat recovery is not profitable, although it saves
energy. The sensitivity analysis has shown that the possible increment of price
energy and lower discount rate give higher value for the future costs in life cycle
cost analysis. This lead to the main finding of this thesis, which is that exhaust
air heat pump is the best choice for the owner according to the available data
and the assessed parameters.
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1 Introduction
Energy efficiency brings multiple benefits, such as improvements to the
environment, the economy and the quality of life. Consequently, energy saving
became an important issue for many countries around the world, including even
those that are rich in gas and fossil fuels. Aiming for higher energy efficiency,
on 30 November 2016 the European Commission has set a 30% energy saving
targets for 2030 [1]. Since the building sector is responsible for 40% of the
energy consumption and 36% of CO2 emissions in the EU, the reduction of
energy use in this sector has become a priority. The EU has adopted several
policies to improve energy efficiency. One of the target of these policies is to
achieve the energy-efficient renovations of at least 3% of buildings owned and
occupied by governments per year [1]. Due to the high expenses associated
with energy-efficient building renovations, owners do not always have the
means to finance them. Therefore, appropriate financial instrument provided by
the EU and individual EU countries can encourage owners to carry out energyefficient renovations [2]. Sweden is one of the leaders in energy efficiency. The
country has a good reputation in this field. Achieving 50% higher energy
efficiency by 2050 than in 2005 is the current goal of the Swedish government
[2].
A large part of the Swedish building stock was built between 1965 and 1974 —
a period commonly referred to as ‘;miljonprogrammet’. During these years,
1,005,578 homes were built in Sweden. This sum includes all types of homes
within the country. Housing production increased steadily throughout the postwar period and reached 80,000 homes in 1963. The term ‘miljonprogrammet’
was about demonstrating the government’s explicit goal to further increase the
pace of housing production [2]. Figure 1 shows the increment in the number of
completed units as apartments in multi-family houses and as single-family
houses between 1960 and 1980.

Figure 1 Number of the completed apartments in multi-family houses and
houses from 1960 to 1980 [2].
In 1970, 109 843 new apartments were built. This year is the culmination of the
‘miljonprogrammet’. The year later was characterized by a sharp reversal in
housing construction. A large part of today's buildings was built during this
1

period. Every fourth Swedish resident lives in a house from this period. Since it
has been about 50 years since the properties were built, about 300,000 of
these need to be refurbished immediately [3]. According to National Board of
Housing, Building and Planning (Boverket) there is a great need for the
refurbishment of these multi-family houses. This means that the buildings, with
the same technical solutions, reach theirs technical life at about the same time.
The responsibility of maintaining the buildings is primarily that of the property
owners. [4].
The apartments of the ‘miljonprogrammet’ are often well planned and
constructed. However, many need technical upgrading and energy-efficient
renovations. The required changes include not only the replacement of
electrical installations, ventilation, but also that of windows, balconies and
facades. However, the conditions and needs vary from property to property,
depending from the level of maintenance, the construction technique and the
financial conditions the owners. How big the needs are and what are the
associate investment costs are difficult to calculate, but some estimates put it
between 300 to 500 billion Swedish Krona. This makes the renewal of the
apartment buildings of the ‘miljonprogrammet’ one of the major socioeconomic
and housing policy issues [2].
Tjärna Ängar is a housing complex built between 1969 and 1971 in Borlänge,
Sweden (250 km Northwest of Stockholm). The picture of the neighbourhood
are shown in Figure 2.

Figure 2 Building before the renovation at Tjärna Ängar [5].
The buildings in Tjärn Ängar, as most of the building from ‘miljonprogrammet’,
require energy-efficient renovation. Since these buildings represent a great
economic value, their maintenance is of high importance. At the same time,
property owners and managers can face potentially high renovation costs
unless renovations are carried out in an optimal manner. Undesired
consequences of these high costs may include excessive rent increase, which
in turn may increase segregation.

Description of the Pilot Project
Stora Tunabyggen AB, the public housing company in Borlänge municipality,
begun a renovation project in the Tjärna Ängar area. Within the municipality,
this area comprises the largest shares of dwellings from ‘miljonprogrammet’.
Given this situation, a study showing the impact of different energy saving
2

measures is of importance. The uniqueness of this renovation is that
researchers spent time and effort to create a nuanced decision base that
allowed the selection of a suitable renovation for the buildings.
The project started at 2015, and the aim was to select the best refurbishment
packages for achieving Nearly Zero Energy Buildings by reducing building
energy consumption by 50%. In addition, the renovation needed to ensure
adequate thermal comfort and indoor air quality within the renovated units,
while also being financially feasible.
In the end, three different refurbishment packages were chosen for the three
multi-family houses of the pilot project. The selected refurbishment packages
share the following energy-efficiency measures:
•
•
•
•

150 mm added attic insulation.
New windows with U-value of 1 W/m²K.
50 mm added insulation to the infill walls.
Use flow-reducing taps.

The essential difference between the packages is the selected HVAC system.
The first building was renovated with exhaust ventilation system with pressurecontrolled fans. The second building was renovated with exhaust ventilation
with pressure-controlled fans and exhaust air heat pump (or EAHP, see Figure
3), while the third building was renovated with mechanical ventilation with heat
recovery (or MVHR, see Figure 4).

Figure 3 The house with exhaust air heat pump [6].
District heating is used in all three buildings. In the process of renovation, the
old one-pipe heat distribution system has been changed to a two-pipe system.
In the two buildings with exhaust air ventilation, the radiators are with
preheating of outdoor air below the windows to increase the thermal comfort
within the apartments (Figure 5).
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Figure 4 The house with mechanical ventilation with heat recovery [6].

Figure 5 Radiators with preheating of outdoor air [6].

Aims and Objectives
The three studied buildings are similar in design, have almost identical heated
area and all use district heating. The proposed renovation packages differ only
with respect to the HVAC system. Hence, the aim of this study is to provide an
economical comparison between the renovation packages, that is, between the
three HVAC systems.
The study has two main objectives:
• To conduct a life cycle cost analysis (LCCA) of the three buildings in
order to determine the refurbishment package with the highest
economical value.
• To perform a sensitivity analysis regarding discount rate and energy
price escalation in order to see their impact on LCCA.
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2 Theory
HVAC Systems and the Building Envelope
This chapter shows the importance of building envelope and HVAC systems
when it comes to energy use.

2.1.1. Thermal Envelope of the Building
Thermal envelope refers to the shell of the building. It is acts as a barrier to
heat losses from inside the building or to the penetration of unwanted heat into
the building. Thermal envelope term refers to the walls, windows, roof and
basement floor. [7]. A good thermal envelope reduces the amount of heat
supplied by the heating system, and at the end, this is what makes improves
the energy efficiency in the building.
The heat transfer properties of insulations, doors and window are related to the
following parameters:
• The U-Value(W/m2/K) or the heat transfer coefficient which is the
thermal conductivity (W/m/K) divided by the thickness of the material.
Smaller U- Value implies less heat transfer for a given temperature
difference.
• The RSI- Value (W/m2/K)-1 which is the resistance of heat flow and it is
numerically equal to 1/U.
• The R-Value (Btu/ft2/hr/0F)-1 which refers also to the resistance of heat
flow and it is numerically equal to 1/U when U is expressed with British
unites.
The R-value has a remarkable impact on the heat losses of a building which
highlights the importance of envelope renovation to reduce the heating demand
[7].

2.1.2. District Heating
District heating is the most common form of heating in Sweden and it has been
available since 1950s. Figure 6 shows the energy delivered by district heating
(DH) in Sweden between 1970 and 2015. The residential and services sector
have the biggest share of DH consumption. Today in Sweden DH is
responsible for 58% of the total energy use in dwelling and non-residential
premises. Multi-dwelling houses use half of the district heating [8].
Figure 7 shows the various input energy sources used in district heating
between 1970 and 2015. Renewable sources are present since 1970 in district
heating production in Sweden and over the last years the Bio mass has
become the main source of the input energy in DH system.
The distribution system can be one-pipe system (as in the case of the multifamily houses at Tjärna Ängar before renovation) or two-pipe system (Figure 8).

5

Figure 6 District heating consumption between 1970 and 2015 [8].

Figure 7 Input energy used in the production of district heating between 19702015 [8].

Figure 8 Heat distribution system through single-pipe system and two-pipe
system[9].
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A single-pipe central heating system, Error! Reference source not
found.operates through a main single feed hot water supply pipe to each
radiator. The water passes through the radiator coming out the other side a little
cooler and then mixed back in with the hot water in the main single feed hot
water supply pipe. The single-pipe system is an inefficient system. The reason
for this is that if it is not designed correctly, the first radiator will be very hot,
while the last radiator in the system will be much colder (as it is supplied with a
great deal of mixed cooler water from the other radiators.) A two-pipe central
heating system has two separate pipes going to each radiator: one feeding the
radiator, and another one taking the water away from the radiator back to the
boiler. The two-pipe system is more efficient and easier to adjust than the
single-pipe system.

2.1.3. Exhaust Air Ventilation
In an exhaust air ventilation system (Figure 9) a fan runs continuously, which
generates a slight vacuum in the house. Fresh air is drawn in through registers
and leakages in the building. Polluted room air is extracted by an exhaust air
fan, located in the attic. Some maintenance is needed to ensure good
performance of the ventilation system [10].

Figure 9 Exhaust air ventilation system [10].
Exhaust air system is the most common in newer multi-family houses and villas
in Sweden. This ventilation system generally meets the ventilation requirements
and the electricity use of it is often low. It is possible to use filtration of supply
air in this system however it is rarely used. [11]

2.1.4. Exhaust Air Heat Pump
The exhaust air heat pump draws heat from the ventilation system exhaust air,
and this type of heat pump needs the house to be equipped with a controlled
ventilation system. The exhaust air heat pump can be connected to the heating
system and/or can be utilized by the hot water system [10] .
In Europe, it is common to distribute heat with hot water, often with a supply
temperature of 90 ºC and a return temperature of 70 ºC . This high distribution
temperature reduces the coefficient of performance (COP) of the heat pump. If
the insulation and air tightness of the building are improved, the required supply
temperature can be reduced to 45-55 ºC [7]. The improvement of the building
envelope not only reduces the amount of heat needed for space heating, but
also increases the efficiency of heat pumps, because the heat can be
distributed at a lower temperature which means higher COP.
7

2.1.5. Mechanical Ventilation with Heat Recovery (MVHR)
MVHR system can supply large quantities of air, and the system performs well
regardless of the weather. The system is also energy efficient. Moreover, it is
simple to recover heat from the exhaust air in a MVHR system.. Figure 10
shows a MVHR system.

Figure 10 Mechanical ventilation with heat recovery [10].
The installation is considerably more complex, which places high demands on
the installer's knowledge. The power consumption of the fans in the MVHR is
often relatively high, the heat recovery rarely meets the requirements of today,
the filtering of the supply air is not always good and complaints about noise
from fans are common. On the other hand, these systems can shut out or
suppress external noise sources by means of sound attenuation. MVHR in
most cases is not practical or economically feasible as there are no necessary
spaces for supply air ducts. [11]

Life Cycle Cost Analysis
Life cycle cost analysis (LCCA) is an economic tool to evaluate a project and
support the owner in his decision when there are different alternatives [12]. The
Business Dictionary defines the life cycle cost as “sum of all recurring and onetime (non-recurring) costs over the full life span or a specified period of a good,
service, structure, or system. It includes purchase price, installation cost,
operating costs, maintenance and upgrade costs, and remaining (residual or
salvage) value at the end of ownership or its useful life.” [13]. LCCA does not
consider just the initial costs however, it tries to consider the upcoming costs
and give a one-dimension result to support the investor in decision making.
Energy efficient measures generally have a high investment cost. Therefore,
studying the system over a long period of time can prove their economic
benefits. LCC is generally defined as the assessment of all costs relate to a
certain product [14]. Different design options have different initial costs,
operating costs, maintenance costs, and possibly different life spans. Thus,
LCCA estimates the total cost of these options in the end of the study period.
LCCA takes in consider both the low initial costs and the long-term cost
savings, identify the most cost-effective choice for the studied function.
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2.2.1. Fundamental Considerations
The goal of implementing LCCA can differ considerably, therefore it is useful to
define the initial boundaries of the study. Three of the preliminary consideration
are listed below according to the NIST Handbook 135 [12]:
• The time when LCCA will be performed: the earlier LCC consideration
are introduced to the economic decisions making in the project, the
higher the achievable cost savings can be.
• Since the LCCA will have cost, it is best to set boundaries for the level of
required efforts.
• In LCC studies, documentation is always required regardless of the size
of the study. Documentation helps to keep track of the evaluation
processes. The level of documentation depends on the complexity of
decisions.

2.2.2. Statement of LCCA Objectives
For a successful LCCA study, objectives must be established clearly. In order
to reach the objectives, an accurate description of the project is needed, and
the type of investment decision should be defined (such as to accept or reject
certain project, or to compare different alternatives).

2.2.3. The Length of the Study Period and the Base Date
The decision maker sets the study period of LCCA according to his or her
interests. Sometimes the life of project is taken in consideration, but not all the
time. The essential point is that all studied alternatives will be analysed
according to the same study period and the same base date [12].

2.2.4. General Formula of LCCA
The Equation 1 gives the formula to implement LCCA
LCC=I0 + Repl – Res + E + OM&R

Equation 1

Where LCC is the total life cycle cost of a given alternatives, I0 is the initial
investment costs, Repl is the present value of capital replacement costs, Res is
the present value of residual costs, E is the present value of energy costs, and
OM&R is the present value non-fuel operating, maintenance, and repair costs.

2.2.5. Inflation Rate and Discount Rate
Inflation rate is the rate at which the general level of prices of goods and
services increases, which reduces the purchasing power of the currency.
Central banks generally try to restrict the inflation to keep the economy running
smoothly [16].
Interest rate, expressed a percentage of a capital, is set by a lender to a
borrower on an annual basis for the use of the assets [16] . Interest rate reflect
what the cash could have achieved, if it had been spent differently or invested.
The interest rate can differ from one investor to another.

2.2.6. Nominal Discount Rate and Real Discount Rate
The discount rate is usually adjusted according to market interest rates. The
nominal discount rate includes the both factors the inflation and the interest
rate. However, the real discount rate excludes the inflation. The real discount
9

rate reflects the real purchasing power of the money and not the rate of the
general inflation. The real discount rate, d, can be calculated from nominal
discount rate, D, and inflation, I, using the formula in Equation 2.
!=

$%&
$%'

−1

Equation 2

The nominal discount rate, D, can be calculated from real discount rate, d, and
inflation, I, using Equation 3
* = (1 + !)(1 + .) − 1

Equation 3

2.2.7. Nominal and Real Energy Price Escalation
Even if the energy consumption is the same from year to year, the price
increases from year to year at estimated ratio [12]. The formulas in Equation 4
and Equation 5 give the relationship between the nominal price escalation, N,
and the real price escalation, n.
/=

$%0

−1

Equation 4

1 = (1 + /)(1 + .) − 1

Equation 5

$%'

2.2.8. Present Value (PV)
Since the value of money today and money that will be spent in the future are
not equal, any cost that will occur in the future should be discount to its present
value. LCCA tries to convert all costs during the study period to the PV at an
agreed discount rate [17]. Costs related to the project occur in different points
of time, all these costs should be discounted to their present value. The
following three basic factors are recognized and will be utilized in this study:
1- Single Present Value (SPV) discounts one-time amounts to PV. If the
future cash amount will occur on the end of year t, the SPV is calculated
based on the discount rate, d, according to formula in Equation 6
$

SPV(t,d) = ($%2)^4

Equation 6

2- Uniform Present Value (UPV) discounts a series of annually recurring
uniform amounts to PV. If the series of equal cash flow will occur
annually over a period of n years, the SPV is calculated based on the
discount rate, d, according to formula in Equation 7.
UPV(n,d) =

($%2)5 6$

Equation 7

2($%2)5

3- Uniform Present Value, modified for price escalation (UPV*), discounts a
series of annually recurring non-uniform amounts to PV. If an annual
amount will change from year to year according to a constant escalation
rate, e, and it will occur annually over a period of n years, the SPV is
calculated based on the discount rate, d, according to formula in
Equation 8
($%2)

$%7

UPV*(n,d) = (267) 81 − ($%2)9 :

Equation 8
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There are two approaches to calculate the PV:
• Estimate the future cost in constant dollars and discount with the real
discount rate, and
• Estimate the future cost in current dollars and discount with the nominal
discount rate.
Both ways will yield the same number and the choice of one will be based on
the given costs if they are in the constant dollars (without consider the inflation)
or current dollars (with consider the inflation)

2.2.9. The Importance of Discount Rate Related to Energy System
Analysis
Discount rates are a central factor in energy and climate modelling and
associated impact assessments, that can be explained that the energy
efficiency measures in general have relatively high upfront costs, which need to
be recovered by savings over longer periods. As it can be noticed from the
formulas mentioned above, the discount rate has a big impact of discount all
the future cash amounts to PV. Consequently, it will have a remarkable impact
on the assessment of energy efficiency potentials of different studied systems.
The discount rate related to energy system analysis can be taken from two
perspectives [18]
• Social discount rate to assess the total cost and the benefits related to
each analyse system from a societal perspective, and
• Individual discount rate to assess the total cost and the returns related to
each analyse system from the investor perspective.
The European Council for an Energy Efficient Economy (ECEEE) published a
report entitled Evaluating Our Future on 19 October 2015 [19]. This report
shows the importance of using different discount rates for individual
investment decisions and for the evaluation of energy system costs from a
societal perspective. They emphasized that these two analyses must be kept
distinguished.
In order to minimize the uncertainty of the utilized economical parameters,
sensitivity analysis for discount rate and energy price escalation will be
conducted in this study.

Literature Review
façade repairs, tuning of radiator system, change of water taps and two levels
included changing to triple glazed windows and balcony doors rather than
double glazed. The authors suggested four HVAC system combinations. The
economic analysis included life cycle cost analysis (LCCA) and discounted
payback period (DPB). The study found that EAHP in combination with flowreducing water taps and improvements of the building envelope reduced the life
cycle cost by up to 24%, primary energy consumption up to 58%, CO2
emissions up to 65% and non-renewable energy consumption up to 56%,
compared to the reference case with only district heating.
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Another study investigated how different renovation strategies affected the
energy use and heating demand of a building at Tjäna Ängar at Borlänge [21].
Building energy simulations and energy systems cost optimization were used to
determine the projected changes in energy use. Four renovation scenarios
were analysed by the authors, EAHP was not included in any of the four
scenarios. The renovation scenario which has 3-pane windows, heavy isolation
and MVHR had the highest energy reduction of 43%. One of the important thing
that this study found is that exhaust ventilation could not comply with the
energy-efficiency goals established by the EU for 2030, even with high level of
the insulation.
Another project assessed the energy-efficiency potential of multifamily buildings
in the Gävleborg region, which is a cold climate region in Sweden [22].
Measurements and simulations have been made on eleven multi-family
buildings from the whole region, five of which used district heating systems.
The aim was to have a holistic overview of energy performance of multifamily
buildings in the region. Every building had three or two suggested
refurbishment packages to compare between. According to this study many
building owners showed great interest in installing solar thermal panels or photo
voltaic (PV) systems, which showed good profitability. It was found that MVHR
could significantly reduce energy use but increase electricity use for buildings
with natural ventilation systems but not substantially for buildings that already
had mechanical ventilation systems. Because the investment cost of this
measure was high, MVHR is not profitable for any building. This study showed
that measures, such as external wall insulation, window replacement, HRX
system installation and especially by adjusting heating systems and utilizing
solar or PV panels, the multifamily buildings in the Gävleborg region have great
potential to reduce their energy use by 50% by 2050.
Another study with a focus on energy saving renovation measures investigated
their impact on the energy use of the buildings in Tjärna Ängar [23]. Energy
saving results of the selected simulation scenarios showed that the installation
of MVHR has a large impact on minimize the energy use, however, it cannot
achieve 50% re-education in energy consumption alone. The passive design that
includes MVHR, better insulation and 3-pane windows can achieve 80% reeducation in energy use.
The work of Tupamäki [17] studied the impact of discount rate. The author
investigated the change in NPV depending on the used discount rate(s). The
author introduced four discount rates from different stakeholder’s perspectives.
The author also exported d=0% which is a simple payback. The chart in Figure
11 shows how NPV is accumulating over 25 years. The author offered 1% as a
suitable real discount rate for public works in EU.
The report of Hermelink and Jager [19] discussed the crucial role of discount
rate in European Commission energy system modelling. When European
Commission presented its proposal for a 2030 energy efficiency and
greenhouse gas reduction target in the summer of 2014, the importance of
energy efficiency was not sufficiently well addressed, and the potentiality of
cost-effective savings was low. The major reason was noticed by the authors,
that inappropriately high discount rates being used as inputs for the energy
system scenarios. They suggested that if the assumed discount rates had been
lower, analysts claimed, the Commission could have motivated a much more
ambitious proposal, especially for energy efficiency. The authors explained that
12

the higher the discount rate, the lower the value of future savings in today’s
decisions. As a result, high discount rates make energy efficiency measures
look less attractive.

Figure 11 NPV of accumulated future costs over 25 years using various
discount rate [17].
The reviewed researches demonstrated important points that are related to this
work and should be considered in the final recommendations. First of all, the
use of the exhaust ventilation alone cannot achieve 50 % reduction in energy
use, Second, MVHR reduces the energy consumption significantly, however it
was not economical choice in many cases. Finally, selected discount rates and
other economic parameters matter greatly when assessing the feasibility of
energy systems. The importance of this work is mainly that the comparison is
between the three renovated buildings with the final chosen refurbishment
packages and different scenarios will be examined.

3 Methodology and Input Data
The LCCA is the tool that is used in this study for the economical assessment
of the different refurbishment packages. The assessment will be from the owner
perspective and the society perspective as well.

Life Cycle Cost Analysis (LCCA)
3.1.1. Goal and Scope Definition
The goal of the LCCA is to compare between the cost for a three renovated
multi-family houses to see which refurbishment package has the higher
economical value. The considered procedures are shown in Table 1. Some of
the measures are the same in the three buildings like change the radiators, new
fans, change the windows, change the taps and improve the insulation, the
main variance is HVAC systems.
In the remaining part of this study the building with MVHR will be referred to as
MVHR, and the one with the exhaust air ventilation will be referred to as EV
and the same for the building which has exhaust air heat pump will be referred
to as EAHP.
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Table 1 The considered procedures in the multi-family houses for LCCA

Refurbishment packages
MVHR
2- pipe radiator

pressurecontrolled fans
MVHR
Attic floor
insolation
Façade insolation
New windows
Flow-reducing
taps

EV
2- pipe radiator
Radiator with
preheating of outdoor
air
pressure-controlled
fans

EAHP
2- pipe radiator
Radiator with
preheating of outdoor
air
pressure-controlled
fans
Exhaust air heat pump

Attic floor insolation

Attic floor insolation

Façade insolation
New windows

Façade insolation
New windows

Flow-reducing taps

Flow-reducing taps

3.1.2. System Function and the Functional Unit
The results of the study are related to the studied system function, the system
function in this study is to provide a good indoor air quality and thermal comfort.
Equivalent basis should be chosen to be able to compare different product
alternatives, so definition of the functional unit (FU) of different components in
the system is needed. The chosen functional unit is 1 m2 of the heated area.

3.1.3. System Boundaries
Study life and base-date: LCCA calculations require from the early start making

several assumptions about the lifespan of the items in the studied systems.
These assumptions are documented and verified by the appropriate members
of the Project Team [15]
Table 2 The Life span of the various elements in the refurbishment packages. *
based on report published by SABO [25].
Renovation procedures
2-pipe heat distribution system *
Radiator with preheating of
outdoor air*
Pressure-controlled fans
Flow-reducing taps*
Insolation for the infill walls
Exhaust air heat pump
MVHR
New windows *
Wind protection insolation

Lifespan
[year]
40
40
20
30
40
20
20
40
50

Technical life span for various elements in this study has been taken from two
sources the first is a report was published by SABO - the Swedish Association
14

of Public Housing Companies which determines the lifespan of different items
in the structure [24], the second source was data have been taken from Stora
Tunabyggen AB- the housing company and the owner of these buildings.
The study life in LCCA is the period over which the costs of a project will be
calculated and examined, the decision of the study life influences LCCA
decisions. [15]. The same study period, for different examined systems, must
be taken when performing LCCA to provide a fair comparison between the
choices. [12]
To facilitate the calculation and to include at least one replacement of the
ventilation systems, this study will consider 40 years as study life. The basedate of the analysis is the same year that the renovation started 2015.
The location: The location of the project is Borlänge, Sweden (250 km

Northwest of Stockholm). The Table 3 shows the values of air temperature in
Borlänge during the year [26].
Table 3 The temperature during the year in Borlänge
The air temperature during the year in
Borlänge (°C)
Months
Normal Warmest Coldest
January
-5.8
-2.3
-9.3
February
-5.7
-1.4
-10
March
-1.4
3
-5.8
April
3.4
8.2
-1.4
May
9.8
15.7
3.9
June
14.5
20.3
8.8
July
16.3
21.8
10.9
August
14.8
1.9
9.7
September
10.1
14.3
6
October
5.3
8.6
2.1
November
-0.2
2.4
-2.8
December
-4.6
-1.3
-7.8
The considered costs: The costs that will be considered in the calculation of this

study:
• The investment costs which consist of the material and installation costs
• The PV of the replacement costs
• The PV of the energy costs which consist of the district heating and
electricity
• The PV of the maintenance costs
The residual costs have been ignored in this study.

3.1.4. Input Data
Inflation: The central bank in Sweden has a goal to keep the inflation at 2%
and not more [27]. The inflation in this study will be considered as 2%.
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Discount rate: The Discount rate in this work will be taken from different
perspectives and sensitive analysis will be done for three values of the discount
rate
1- According to Buildings Performance Institute Europe (BPIE) the social
discount rates for EU Member States can be assumed to be in a range
between 1 % - 7 % [18]. The Central bank predict that the discount rate
of Sweden is 5.50 (%) [28], Stora Tunabyggen AB the owner has a
reasonable nominal discount rate , D, with 5% , the real discount rate
can be calculated using Equation 1 and it will be 3% in this case
2- To see the impact of change 1% in discount rate, third case will be
analysed using 4% as a real discount rate.
3- To see the impact of taken a high value of discount rate, another case
will be considered 5% as a real discount rate.
Energy price escalation: Statics in Figure 12 show change in the DH prices
between 2005 and 2017 for three types of building, small houses, small multifamily houses and multi-family houses [29]. Smaller the house higher the cost
of energy because the cost of energy depends on the consumption which will
be explained later.
Figure 13 shows the DH price escalation between 2008 and 2017 [29]. In the
last ten years the DH price escalation has been decreased from almost 4,5% to
0,5% in 2008 and 2017, respectively.
Based on that the nominal price escalation in this study will be considered as
3% and to see change how change this value will influence the results another
case with 4.5% as nominal price escalation and 3% real discount rate will be
analysed. Using Equation 7 and Equation 8 UPV and UPV* have been
calculated respectively.

Figure 12 Change in price of energy 2005-2017 (in Swedish) [29].

Figure 13 The price escalation in DH prices 2008-2017 for small multi-family
houses (in Swedish) [29].
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Table 4, Table 5, Table 6 and Table 7 show the economical parameters that re
used to calculate PV for the three values of the discount rate.
Table 4 Economical Parameters when the real discount rate is 5%.
Economical Parameters (d= 5%)
Real discount rate
d
Inflation rate
I
Nominal discount rate
D
UPV,
Uniform present value factor
OM&R
Nominal escalation rate, DH
E, DH
Real escalation rate, DH
e, DH
Nominal escalation rate, el
E, el
Real escalation rate, el
e, el
Uniform Present Value factor modified for Price
escalation
UPV*, DH
Uniform Present Value factor modified for Price
escalation
UPV*, el
Table 5 Economical Parameters when the real discount rate is 3%.
Economic parameters (d= 3%)
Real discount rate
d
Inflation rate
I
Nominal discount rate
D
UPV,
Uniform present value factor
OM&R
Nominal escalation rate, DH
E, DH
Real escalation rate, DH
e, DH
Nominal escalation rate, el
E, el
Real escalation rate, el
e, el
Uniform Present Value factor modified for Price
escalation
UPV*, DH
Uniform Present Value factor modified for Price
escalation
UPV*, el

5.00%
2.00%
7.10%
0.14
3.00%
0.98%
3.00%
0.98%
19.85
19.85

3.00%
2.00%
5.00%
0.31
3.00%
0.98%
3.00%
0.98%
27.36
27.36

Table 6 Economical parameters when the real discount rate is 4%.
Economic parameters (d= 4%)
Real discount rate
d
4.00%
Inflation rate
I
2.00%
Nominal discount rate
D
6.08%
UPV,
Uniform present value factor
OM&R
0.21
Nominal escalation rate, DH
E, DH 3.00%
Real escalation rate, DH
e, DH 0.98%
Nominal escalation rate, el
E, el
3.00%
Real escalation rate, el
e, el
0.98%
Uniform Present Value factor modified for Price
UPV*,
escalation
DH
23.15
Uniform Present Value factor modified for Price
UPV*,
escalation
el
23.15
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Table 7 Economical Parameters when the real discount rate is 3% and nominal
energy price escalation is 4,5%.
Economic Parameters (d= 3%, E= 4,5%)

Inflation rate
Real discount rate
Nominal discount rate
Uniform present value factor
Nominal escalation rate, DH
Real escalation rate, DH
Nominal escalation rate, el
Real escalation rate, el
Uniform Present Value factor modified for Price
escalation
Uniform Present Value factor modified for Price
escalation

I
d
D
UPV,
OM&R
E, DH
e, DH
E, el
e, el
UPV*,
DH
UPV*,
el

2.00%
3.00%
5.06%
0.31
4.50%
2.45%
4.50%
2.45%
35.92
35.92

Renovation procedures costs: The various costs have been taken from Stora

Tunabyggen AB data in constant dollars and including moms and they have
been listed in Table 8.
Energy costs: The effect group and the prices are listed in Table 9 and they

are taken from Borlänge Energi AB at 2015.
The energy prices during the year and the annual cost from Borlänge Energi
AB are listed in Table 10.
The three buildings were simulated, and the energy costs were calculated
based on the results of energy use. The annual cost of energy was taken in
calculation and the results are listed in Table 11. The energy costs have been
multiplied with UPV* to calculate PV, the maintenance costs also have been
multiplied with UPV, the future replacement costs have been multiplied with
SPV according to Equation 6 and the final LCC was calculated according to
Equation 1.
Table 8 Renovation procedures costs.
Renovation
procedures
2-pipe heat distribution
system
Radiator with preheating
of outdoor air
pressure-controlled fans
Flow-reducing taps
Insulation for infill walls
Exhaust air heat pump
MVHR
New windows
Attic floor insolation

Investment costs inclusive moms
(kr)

Maintenan
ce per year
(kr)

Installation
costs

Materials
costs

Total

577000

1925000

2502000

25020

48000

77000

125000

1250

50000
38000
110000
248000

200000
247000
110000
1100000

683000

894000

250000
285000
220000
1348000
0
1577000
213000

2500
2850
2200
13480
0
15770
2130
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Table 9 The energy price according to the consumption 2015.
Effect group
[kW]
0-50
50-100
100-250
250-500
>500

Group price
level
[SEK/year]
619
2,273
6,405
16,735
41,527

Effect price
[SEK/kW]
454
421
380
338
289

Table 10 Energy prices during the year
Season
Nov-Mar
Apr - May / Sep Oct
Jun - Aug
Annual cost

ENERGY
Energy price
0.35

[SEK/kWh]

0.245
0.10
3

[SEK/kWh]
[SEK/kWh]
[SEK/m³]

Table 11 The total annual energy costs
Total
price
DH
EL

MVHR
EV
EAHP
[SEK]
[SEK]
[SEK]
165435 237491 148150
65954 52638 90140

4 Results and Discussion
The total LCC for the different scenario of discount rate are shown in Figure 14,
Table 12, Table 13, Table 14 and Table 15 show the different costs of every
refurbishment packages and the final LCC after the 40 years study period for
the three values of d and the one case with 4.5% as price escalation. As
indicated by the results of the LCCA, the refurbishment package with exhaust
ventilation has the lowest life cycle cost in the end of the study period (40
years) according to all selected values of the discount rate. The house with
exhaust air heat pump has a slightly higher life cycle cost comparing to the
house without it. From the other side the house with mechanical ventilation with
heat recovery has the highest life cycle cost, regarding the study period and the
three selected values of the discount rate. The high cost of the MVHR
corresponds with other researches in the field [11]. Beside that according to the
workers that installed the MVHR system in the building at Tjärna Ängar, it was
a complex ducts work. Nonetheless the MVHR system can improve the indoor
air quality, thermal comfort and has positive effect to help households avoid
health problems such as tiredness, itchy eyes, etc. [30]. Furthermore, better
thermal performance of the building reduces the peak heat load, and therefore
lowering the peak power demand of the energy generation system [31]
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Kr/m2

LCC for refurbishment packages using different
discount rates
5000
4000
3000
2000
1000
0

MVHR

EAHP

EV

5%

3843

3011

2862

4%

4128

3254

3121

3%

4488

3562

3451

5%

4%

3%

Figure 14 LCC for refurbishment packages using different discount rate.
Table 12 LCCA for the refurbishment packages using 5% as discount rate.
LCCA for the refurbishment packages using 5% as discount rate
Costs
MVHR
EV
EAHP
2
Investment (Kr/m )
2255
1333
1616
2
PV for replacement costs (Kr/m )
401
41
172
2
Total invest and repl costs (Kr/m )
2656
1375
1789
2
OM & R (Kr/m , year)
24
17
21
PV for OM&R( Kr/m2)
3
2
3
2
Electricity (Kr/m , year)
17
14
23
2
District heating (Kr/m , year)
43
61
38
2
PV for energy costs (Kr/m )
1024
1283
1054
LCC (Kr/m2)
3683
2661
2846
Table 13 LCCA for the refurbishment packages using 3% as discount rate.
LCCA for the refurbishment packages (d=3%)
Costs
MVHR
EV
EAHP
2
Investment (Kr/m )
2255
1333
1616
2
PV for replacement costs (Kr/m )
594
66
258
Total invest and replacement costs
2849
1399
1875
(Kr/m2)
OM & R (Kr/m2, year)
24
17
21
PV for OM&R( Kr/m2)
7
5
6
2
Electricity (Kr/m , year)
17
14
23
2
District heating (Kr/m , year)
43
61
38
2
PV for energy costs (Kr/m )
1632
2046
1680
LCC (Kr/m2)
4488
3451
3562
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Table 14 LCCA for the refurbishment packages using 4% as discount rate.
LCCA for the refurbishment packages using 4% as discount
rate
Costs
MVHR
EV
EAHP
2
Investment (Kr/m )
2255
1333
1616
2
PV for replacement costs (Kr/m )
487
52
211
Total invest and replacement costs
2742
1385
1827
(Kr/m2)
OM & R (Kr/m2, year)
24
17
21
PV for OM&R( Kr/m2)
5
4
4
2
Electricity (Kr/m , year)
17
14
23
2
District heating (Kr/m , year)
43
61
38
PV for energy costs (Kr/m2)
1181
1480
1216
2
LCC (Kr/m )
3928
2869
3047
Table 15 LCCA for the refurbishment packages using 3% as discount rate and
5% as energy price escalation.
LCCA for the refurbishment packages (d=3% and e=4.5%)
Costs
MVHR
MV
EAHP
2
Investment (Kr/m )
2255
1333
1616
2
PV for replacement costs (Kr/m )
594
66
258
Total invest and replacement costs
2849
1399
1875
(Kr/m2)
OM & R (Kr/m2, year)
24
17
21
PV for OM&R( Kr/m2)
7
5
6
2
Electricity (Kr/m , year)
17
14
23
2
District heating (Kr/m , year)
43
61
38
PV for energy costs (Kr/m2)
2143
2686
2206
2
LCC (Kr/m )
4999
4091
4088
As mentioned before, Stora Tunabyggen AB has 3% as a real discount rate the
same as the central bank in Sweden predicted, so, the detail results of this
case will be shown and discussed.
Figure 15 shows that installation of exhaust air heat pump has the lowest
present value of the district heating cost, however it has the highest cost of the
electricity and as total energy cost it is almost the same as the house with heat
recovery. What can be noticed is the remarkable high district cost and
remarkable low electricity cost of the building with exhaust ventilation
comparing to the other two systems. The price of electricity can also be a factor
to influence the profitability of implementing the exhaust air heat pump. From
the perspective of the local energy system electricity save should be prioritized
over DH save, from an economic and a global CO2 perspective, however from
the owner perspective reduce the heating costs are more profitable [31].
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Present values of the energy costs
(d=3%)
2500
2000

Kr/m2

1500
1000
500
0
District heating

MVHR

EAHP

EV

1167

1045

1675

Electricity

465

636

371

Energy use

1632

1680

2046

District heating

Electricity

Energy use

Figure 15 Present values of the energy costs when d=3% in the three multifamily houses.
The comparison of PV of energy costs after 40 years in the different
refurbishment packages can be seen in Figure 16. as the following
• MVHR X EAHP it means the refurbishment package who has
mechanical ventilation with heat recovery will be compared with the
refurbishment package with exhaust air heat pump
• MVHR X EV it means the refurbishment package who has mechanical
ventilation with heat recovery will be compared with the refurbishment
package with the exhaust air ventilation.
• EAHP X EV it means the refurbishment package with exhaust air heat
pump
• will be compared with the refurbishment package without it.

The achieved reducation
in PV of the energy
costs in percent

From Figure 16 can be noticed that when it comes to the total energy costs, a
small difference between the house with EAHP and MVHR, also a good
opportunity of saving energy cost comparing to the house without heat recovery
or EAHP.
0%
-5%
-10%
-15%
-20%
-25%
Series1

MVHR X EAHP

MVHR X EV

EAHP X EV

-3%

-20%

-18%

Figure 16 comparison of the achieved reduction in PV of the energy costs
between the three refurbishment packages.
In Figure 17 can be seen that the refurbishment package with Exhaust
ventilation has the lowest LCC, however it is just a slight difference, 5%,
between this building and the one with exhaust air heat pump in the total, from
22

another side the building, with exhaust air heat pump, has 18% less PV of the
energy costs. The refurbishment package with MVHR has the highest
investment and replacement costs so, despite that this building has the lowest
energy cost, the high investment costs made it with the highest LCC. This result
corresponds with the results from [22] which analyzed different buildings with
DHS and MVHR and this option was not profitable for any of the buildings.

Comparison between the studied systems
(d= 3%)
120%
100%
80%
60%
40%
20%
0%
-20%
-40%

MVHR X EV

MVHR X EHP

EAHP X EV

PV for Invest and repl costs

104%

52%

34%

PV for Energy costs

-20%

-3%

-18%

Total LCC

30%

26%

3%

PV for Invest and repl costs

PV for Energy costs

Total LCC

Figure 17 Comparison of the various costs between the studied systems when
d = 3%.
The Figure 18 Shows the impact of chosen discount rate has on the energy
costs lower the discount rate higher the PV of energy costs. Change 1% in
discount rate gives 17% higher PV of energy costs. Also, this result
corresponds with Figure 11 from [17] which showed the variation of present
value using several discount rates and how the PV is higher with lower discount
rate

Comparison of the energy cost with
the energy costs when (d=5%)
40%
35%
30%
25%
20%
15%
10%
5%
0%
Series1

4%

3%

17%

38%

Figure 18 Comparison of the energy cost with the energy costs when (d=5%).
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The Figure 19 Shows how the differences between the refurbishment packages
became lower with lower discount rate. That can be explained that the lower
discount rate will give more weight of the energy saving in the calculations. This
comply with what has been mentioned about the importance of discount rate.
The harmonization of the present and future costs within an economic
assessment is highly influenced by the choice of discount rate [18]. Still, the
refurbishment package with MVHR has the highest total LCC. What can be
noticed that the refurbishment package with exhaust air heat pump has become
more economically attractive when lower discount rate has been used. Which
respond also with Hermelink and Jager finding [19], as mentioned before, high
discount rates make energy efficiency measures look less attractive.

Comparison of total LCC for the refurbishment
packages accordint to different discount rates
40%
35%
30%
25%
20%
15%
10%
5%
0%

MVHR vs EAHP

MVHR vs EV

EAHP vs EV

5%

28%

34%

5%

4%

27%

32%

4%

3%

26%

30%

3%

5%

4%

3%

Figure 19 Comparison of total LCC for the refurbishment packages according to
different discount rates.
The result in Figure 20 of the extra case that has been analyzed for 3%
discount rate and a higher energy escalation rate 4,5% shows that the exhaust
air heat pump is the refurbishment package with the highest economic value.
Buildings typically have long-term future costs and savings are immediately
meaningful. Any incensement in the energy prices will has a big impact on the
results making the refurbishment package with exhaust ventilation not
rewarding from economical perspective. The [22] found that the reason
property owners are careful with high investments on implementing energy
efficiency measures is partly because of low energy prices. However, the
energy price escalation of 4,5% was the energy price escalation in 2008 as
Figure 13 shows.
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LCC for refurbishment packages
(d=3%, e= 4,5)
6000
5000

Kr/m2

4000
3000
2000
1000
0
Series1

MVHR

MV

EAHP

4999

4091

4088

Figure 20 LCC for refurbishment packages per m2 using 3% as discount rates
and 4,5% energy price escalation.
Although the economic is important criteria in decision making, specially from
the owner perspective, however there are many other criteria should be
considered, e.g. energy use and thermal comfort. As stated in the beginning of
this work the current goal of Sweden’s government is to achieve 50% higher
energy efficiency than 2005 by 2050 is the building with exhaust ventilation dos
not comply with this goal as it has a higher energy use as a result higher
energy costs.

Limitations
•
•
•
•
•
•
•
•
•

Energy prices differ in summer and winter as Table 10 shows. However,
these price differences are ignored in this study.
The energy consumption of the three houses are based on simulation
data, which may differ from actual values.
The results of this study are strongly related to the heating system,
which is DH. Other heating systems may have other heating and
electricity costs, which will influence the comparison in this study.
The location is very essential in LCCA. Depending on the location and its
climate, the heating demand might differ, which will lead to other energy
costs, and effect the comparison between studied HVAC systems.
Thee location is critical also with regards to energy prices. Other energy
prices or different prices between the heating and electricity will
influence the results.
The residual value of all components of the systems has been ignored in
this study.
The disposal scenario of different components of the systems, recycle or
landfill or other scenarios can also have impact on the results. However,
the waste management scenario has been ignored in this study.
LCC assumes the same performance of the system through its lifetime
(as if it was new). However, this is not the case, not even with the
regular maintenance.
The sensitivity analysis in this work helps to reduce the uncertainty of the
economical parameters. However, there are still risks that are associated
with the specific economic situation, like higher or lower inflation value,
or high increment of energy prices.
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Recommendations for Future Work
As the previously reviewed study [22] assessing eleven multi-family buildings in
the Gävleborg region showed, all buildings have a potential to reduce their
energy use by 50% by 2050 by means of measures such as external wall
insulation, window replacement, HRX system installation and especially by
adjusting heating systems and utilizing solar or PV panels. Thus, as suggestion
for the HVAC system it will be interested to study the financial viability of
including PV panels in the building at Tjärna Ängar.
It is important to use measurement data of the energy consumption of the
buildings, as it will help to avoid the uncertainty of the simulation data.
Measurement data will give more reliable energy costs for LCCA, consequently
the final life cycle cost for each building will be more accurate.
LCCA from cradle to grave, considering embedded energy and use of material
will reflect the results on a larger scale and from different stakeholders’
perspectives. It can be predicted that the transportation costs, like
transportation from the place of production to the buildings and later from the
buildings to disposal, will have impact on the final costs.

5 Conclusions
This study shows the differences between three refurbishment packages from
economical perspective. The refurbishment package with the exhaust
ventilation has the lowest investment cost, almost half that of the refurbishment
package with MVHR and about 20% lower than the one with EAHP.
Consequently, this lead to the result that the refurbishment package with
exhaust ventilation has the lowest LCC, according to the study period and the
suggested economical parameters, e.g. 3% nominal energy price escalation.
The refurbishment package with the exhaust air heat pump has slightly higher
LCC, and what has been showed that the increasement in energy price with
just 1,5% is adequately to make the refurbishment package with exhaust air
heat pump with the lowest LCC. Also this refurbishment package has the
highest economical value in case the energy consumption is more than the
results of the simulation, or in case the economic parameters have been
changed. Moreover, the energy use in the house with exhaust ventilation does
not comply with Sweden goal to achieve 50% higher energy efficiency than
2005 by 2050. The refurbishment package with mechanical ventilation with heat
recovery has the highest LCC according to this study due to its high investment
cost that it could not compensated with the achieved reduction in energy costs
under the study period. Thus, the conclusion is that the refurbishment package
with the exhaust air heat pump is the most secure choice for the owner
between the other two options. Change in the discount rate has a remarkable
impact on the present value of the energy costs. Lower discount rate will help to
see the benefits that can be brought by energy efficient procedures and the
investment for better future will look more rewarding. The sensitive analysis in
this work reduced the uncertainty of the input data and further confirmed the
profitability EAHP.
This work focused on the economic part of the renovation. However, decision
making should be based on other criteria, like energy saving, nearly zero
energy goal, the thermal comfort and the environmental impact, all which
should be the possible subjects of studies in the future.
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