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This thesis compares the effects of energy saving measures with Active Solar Energy
Storage (ASES) on a property owned by Stena Fastigheter. The building is located in
Lövgärdet in Gothenburg and was a part of the Million Homes Program. It was built in
1967, has 9 floors, a heated basement and is heated by district heating. The thermal
envelope of the building consists of the walls, doors, windows, roof/attic and the
basement.
ASES is a system consisting of solar panels on the roof of a building connected to the
heating system. The solar energy that cannot be used immediately is stored in a
ground storage unit for when it is needed. ASES can also be supplemented by
geothermal heating by drilling boreholes into the ground and, via a Ground Source
Heat Pump (GSHP), using the heat in the underlying rock.
The ASES and GSHP system combined were compared to energy saving measure on
the thermal envelope in terms of reducing the need for purchased energy and
increasing profitability. The energy saving measures were: changing the 2-pane
windows to 3-pane windows (either by adding a window pane or changing to a 3-pane
window), insulating the façade, insulating the attic, insulating and draining the
basement, changing doors, replacing the heat exchanger with a more efficient one, and
improving ventilation system. The new system, called FTX, reuses the heat from the
exhaust air to save energy.
The results of the thesis show that it is difficult to make energy saving measures
profitable. Of the measures evaluated, draining and insulating the basement is
extremely cost effective, with a payback time of less than two years. Other profitable
measures are insulating the walls (renovation costs of the wall excluded) and
insulating the attic, but with a much longer payback time. The ASES and GSHP system
are profitable and greatly reduced the need for purchased energy, but require a long
payback time. The sum of all energy saving measures does not reduce the need for
purchased energy as much, or as cheaply, as ASES, which reduced the energy usage by
62 %.
Due to limited solar panel area ASES cannot supply enough heat to cover the heat
demand of the studied building. ASES is therefore believed to be better suited for the
buildings that surround the evaluated building. The surrounding buildings have fewer
storeys, larger roof area where solar panels can be mounted, and open areas better
suited for the ground storage. The potential to implement the ASES system for
buildings like these from the Million Homes Program should be evaluated further.
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Populärvetenskaplig sammanfattning
Från 1965-75 drev den svenska socialdemokratiska regeringen miljonprogrammet med målet
att bygga 1 000 000 bostader. Bakgrunden var en ökad urbanisering och tack vare nya
byggmetoder möjliggjordes genomförandet. Byggnaderna från denna tid är idag oftast i behov av
renoveringar och energieffektiviseringar för att kunna fortsätta brukas och för att framtida
klimatmål ska kunna uppnås. Energieffektiviseringarna genomförs oftast på byggnadens
klimatskal och dess ventilationssystem. I klimatskalet ingår väggar, dörrar, fönster, källare och
tak.
Ett alternativ till energieffektiviseringarna är Active Solar Energy Storage, ASES. Det är en teknik
där solpaneler monteras på en byggnads tak och kopplas till byggnadens värmesystem.
Solpanelerna dimensioneras för att täcka byggnadens värmebehov. Detta är vanligtvis som
störst under vintern, då tillgänglig solvärme är som minst. För att lagra den extra solvärme som
finns tillgänglig under sommaren till vintern så installeras ett markvärmelager i anslutning till
byggnaden. På så sätt kan nästan hela värmebehovet för byggnaden täckas utan andra
värmekällor. I de fall då värmen från solpanelerna inte är tillräcklig på grund av för liten
solpanelsarea kan ASES kombineras med bergvärme för att täcka värmebehovet för byggnaden.
ASES marknadsförs ofta, lite missledande, som en energibesparingsåtgärd. ASES effektiviserar
inte byggnaden utan reducerar endast behovet av köpt energi genom att använda solenergi.
Detta examensarbete jämför vanliga energieffektiviseringsåtgärder på klimatskalet och
ventilationssystemet med ASES (med och utan bergvärme) med avseende på reducerat behov av
köpt energi, driftskostnader samt investeringskostnader. En av byggnaderna från
miljonprogrammet ligger i Lövgärdet i Göteborg och förvaltas av Stena Fastigheter AB. Den
byggdes 1967, har 9 våningar, 80 lägenheter, värms av fjärrvärme och är i behov av en
fasadrenovering. Byggnaden är fokus för beräkningar i detta examensarbete och resultatet bör
inte generaliseras då varje byggnad är unik.
De energieffektiviseringsåtgärder på klimatskalet som utvärderas är att tilläggisolera fasad och
vind, byta ytterdörrar, dränera och tilläggisolera källaren, montera en extra fönsterruta på de
existerande tvåglasfönstren, alternativt ersätta tvåglasfönstren med treglasfönster. I
ventilationssystemet kan den existerande värmeväxlaren ersättas med en ny effektivare. Ett
annat alternativt är att konvertera det existerande ventilationsysstemet till ett från- och tilluft
system med full värmeåtervinning.
Resultatet av examensarbetet visar på hur svårt det är att få ekonomisk lönsamhet i åtgärder
som reducerar behovet av köpt energi. I listan nedan presenteras de åtgärder som är lönsamma
respektive icke lönsamma.

Lönsamma åtgärder





Tilläggisolera fasaden
(renoveringsbehov exkluderat)
ASES (med eller utan bergvärme).
Dränera och tilläggisolera källaren
Tilläggisolera vinden

Icke-lönsamma åtgärder





Tilläggisolera fasaden
(renoveringsbehov inkluderat)
Ventilationssystem
Dörrar
Fönster

Kombinationen av den varma källaren, betongväggarna med dess goda värmeledningsförmåga
och den kalla marken på utsidan av väggarna gör att värme nästan sprutar ut genom
källarväggen. Därför är besparing av att tilläggisolera källaren också den största och även
åtgärden med den kortaste återbetalningstid på knappt två år. De andra lönsamma åtgärderna
har betydligt längre återbetalningstid.
Alla åtgärder på klimatskalet summerade (inklusive nytt ventilationssystem) kan inte bespara
lika mycket köpt energi som ASES (med eller utan bergvärme) eller till samma kostnad. ASES
har potential att kraftigt reducera behovet av köpt energi, men systemet är knappt lönsamhet på
grund av den stora investeringskostnaden.
På grund av begränsad solpanelsarea kan inte ASES tillgodose hela den utvärderade byggnadens
värmebehov. ASES är därför bättre lämpat för byggnader som har färre våningar eller har större
takyta där solpaneler kan placeras. Många av byggnaderna från miljonprogrammet är tre- och
fyrvåningshus som troligtvis är bättre lämpade för ASES. Att byggnaderna ofta ligger nära
naturområde med många öppna ytor är ytterligare en anledning till varför ASES visar på stor
potential för att reducera behovet av köpt energi för byggnader från miljonprogrammet.
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1 Introduction
Buildings consume about 40 % of the European Union’s (EU) total energy input [1]. The EU has
set climate goals for buildings to reduce their energy use by 50 % by 2050, compared to levels in
1995 [1]. These goals mean the housing industry has to start with energy saving measures,
although relatively few initiatives are pushing these changes [2, 3, 4]. About 70 % [5] of the
buildings that will exist in 2050 have already been built, therefore to reach the “outlined” goals
major improvements must be done to existing buildings.
In the 1960’s, the Swedish government ran “The Million Homes Program”, for which the goal
was to build 1 000 000 homes between 1965-1975. In 2004, about 25 % of all residences in
Sweden were built as a part of the Million Homes Program [6, 7], and most are today in need of
energy saving measures. Some of these homes and apartment buildings remain in Gothenburg
and are owned by the property managing company Stena Fastigheter Göteborg AB (from now on
referred to as Stena Fastigheter) [7, 8].
Norconsult AB is a consulting company that, amongst other things, advises in community
planning and the design of new buildings. They carry out assignments for governmental
agencies and the private industry, both in Sweden and abroad. Norconsult AB has been
streamlining buildings in terms of energy usage and is trying to design “the green future”. As a
part of this initiative, they have bought a share in a technology called Active Solar Energy
Storage (ASES). ASES is a system where solar panels are used to heat a building and the extra
energy is stored in a partially insulated ground storage. During the night or colder days, when
the heat is needed, a heat pump is used to transfer the heat back into the building.
The following is a master thesis in the Master Program in Energy Systems Engineering at
Uppsala University, which was carried out at Norconsult AB in Gothenburg in collaboration with
Stena Fastigheter AB. The thesis evaluates existing opportunities to reduce the energy usage of
buildings from the Million Homes Program, and their respective costs. Since every building is
unique a property in Lövgärdet in Gothenburg has been selected and examined in detail, but a
generalized result is discussed.

1.1 Purpose
The aim of this thesis is to compare different energy saving measures on the thermal envelope
and ventilation systems with ASES. The measures and ASES are evaluated in terms of reduced
need of purchased energy and costs; the best option in terms of reduced energy need per SEK
(kr) is presented. The combination of ASES with geothermal heating is also of interest, and is
thus evaluated.

1.2 Restrictions
Several necessary restrictions exist to enable the compilation of this thesis. Information that is
not accessible is estimated by calculations, expert opinions and literature studies. Simplifications
are used and motivated when required.
The main focus of this thesis is energy (mostly evaluated as heat flows); therefore other aspects
related to implementing the measures are not considered. Examples of these are social aspects,
1

cultural values, behavioral changes of tenants, noise pollution, air quality, toxic materials, etc.
The consequences of these are not reviewed in detail. All measures are assumed not to affect the
national energy system. No large expansion of the building is considered, meaning no extra
apartments or floors are allowed to be added to the building. Furthermore, some energy saving
measures motivate a higher rent. Consequently the gain for these measures seems financially
better than for measures that do not.

2 Background
A review of information and energy saving measures that are relevant for this thesis is
presented. The building evaluated in this thesis was built as a part of the Million Homes
Program, which is an important part of Sweden’s property portfolio. From about 1965 to 1975
the Swedish government ran the Million Homes Program, for which the goal was to build one
million homes. The Million Homes Program was an important political topic discussed within all
parties, but finally executed by the social democratic government. The background was the
increasing urbanization which led to a greater demand for housing. New building techniques,
reforms, rules, laws and loans that were better for large scale building made the Million Homes
Program possible to execute [5, 7, 9, 10]. One example of the new techniques was the thermal
envelope that was introduced. Traditionally the outer walls were the load bearing parts, and also
the climate protective envelope. By using inner walls and gable walls for the load bearing part, a
protective thermal envelope was introduced. In turn this simplified the construction process and
the structure of the building [11].
The homes which were created as part of the Million Homes Program were mostly three-story
buildings, but also included two- to nine-story buildings. A relatively small share was built as
single-houses. In the Million Homes Program about 30 to 50 % of the buildings had brick facade,
while 15 % were of concrete, 20 % were plaster, and the remainder from other materials. Most
common was brick walls because they were both easy and cheap to build with, since the
industry had experience and knowledge of brick walls [10]. Despite this, numerous buildings
were poorly constructed and are in need of restoration and energy saving measures [7]. The
buildings were usually poorly sealed: they had double pane windows, exhaust air systems were
mostly used, thermal bridges were common, and the energy use of the building was typically
around 220 kWh/year Atemp.
As a historical movement, the Million Homes Program has a great cultural value. People are
looking for continuity and security which in some cases can motivate preservation of the Million
Homes Program. Aesthetic values, structural order and proximity to nature have to be
considered before making bigger changes when renovating [9].

2.1 The studied building
The building studied in this thesis is located at Fänkolsgatan 13 in Lövgärdet, Gothenburg,
Sweden. According to Göteborgstad, the area around the building had a population of 7 221 in
2011. The average income is relatively low, about 150 700 kr/year. Approximately 56 % of
residents are born abroad, and 16.4 % are unemployed. Lövgärdet is, like most areas in the
Million Homes Program, located outside the city and has its own small shops and communities
[12].
2

The building, shown in Figure 1, was finished in 1971 together with the rest of the area. It is
founded on granite rock and its basement walls are surrounded by two meters of clay, based on
drawings and maps provided by The Geological Survey of Sweden (SGU) [13]. The building has
80 apartments on 9 floors, a heated basement and an attic [14]. The building is in good
condition, despite the need of a facade renovation. The energy saving measures previously
carried out include lights being changed to low energy lamps, and individual measurement of
the electricity in each apartment being installed (before the electricity was included in the rent).
These measures reduced the total electricity usage by 12 %.

Figure 1. The building in Lövgärdet.

The building uses district heating, which is the most widely used heat source in the Million
Homes Program and provided by Göteborg Energi [5, 14]. The heat demand of the building
varies during the year and is at its lowest during the summer. Future heat demand predictions
are based on historical temperature from the Swedish Meteorological and Hydrological Institute,
SMHI. Factors such as wind, rain and insolation are not considered [15, 16].
The ventilation system used in the building is described as “semi ventilated”. About 60 % of the
air enters the building through controlled intakes, while the rest enters through vents and holes
in the walls. All exhaust air leaves though controlled exhaust pipes. The system partially reuses
heat from the exhaust air by transferring the heat from the exhaust air in a glycol mixture to the
air entering through intakes, at 40-50 % efficiency. The pumps and the fans currently running
are relatively new and are not in need of replacement [14, 15].
Table 1 presents some short facts about the building. For more details about the building
regarding heating system, dimensions and materials the reader is referred to Appendix I and
Appendix II.
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Table 1. The data is corrected to a normal year [14, 16].

Facts
Area (Atemp)
District heating usage 2013 (prediction)
Electricity usage 2013 (prediction)
District heating costs 2013
Electricity costs 2013
Total energy costs 2013
Specific energy usage
Hot water share
District heating costs
Electricity costs
Apartments

Value
6271 m2
850 MWh
83 MWh
612 000 kr
103 000 kr
715 000 kr
149 kWh/m2Atemp
33 %
0.72 kr/kWh
1.25 kr/kWh
80

2.2 Energy saving measures
Energy saving measures reduce the energy use of a building. They are not renovations, but can
often be implemented at the same time as other renovations. For some energy saving measures
the construction time increases, compared to a standard renovation, which can be disturbing for
the tenants.
The order in which the energy saving measures are carried out is very important for the total
energy savings potential. For example, if one makes changes to the heating system and then the
thermal envelope, the effects are not as good as if one would do the changes the other way
around [5]. The heating system should be adjusted to the condition of the building after the
measures have been carried out. This is one reason why the energy savings cannot be added to
each other and must be seen as separate. Other reasons are that the moisture content of
materials change, which in turn changes the conductivity and heat capacity. Normally air flows,
heat flows and temperatures also change, which complicates calculations further [5, 11, 17].
Another, theoretical, way of explaining the problem of summing up energy saving measures is to
use the balance temperature. That is the temperature for which the energy calculations are
dimensioned, typically 17°C [18]. When carrying out an energy saving measure the balance
temperature decreases, meaning the next energy saving measure should be dimensioned for a
smaller balance temperature. A smaller balance temperature means less heat losses. If the
balance temperature is set too high the calculated energy saving is too big and is not consistent
with reality [11].
There are regulations regarding energy saving measures and modifications to buildings, which
are controlled by The Swedish national board of housing, building and planning (Boverket).
Requirements apply for thermal insulation, installed electric power and specific energy use [5].
Further, it is important to communicate changes to the tenants. The new systems can be used
incorrectly and seen merely as a way of increasing rent, without raising the living comfort. For
example, it can be hard for a tenant to see the benefits of a new more effective fan for the
ventilation system. With feedback from the tenants the system can be adjusted to their needs,
and the risk of complaints decreases [5]. Most energy saving measures increase the living
comfort for the tenants, e.g. new windows reduce downdrafts. Some measures benefit the
tenants, but are paid by the property owner. However, the reduced heating costs that come from
the energy saving measures generally profit the property owner. A measure can be partially
4

compensated by increased rents, but generally require that the tenants experience the
improvement, e.g. new windows [5, 15].
History has shown that energy saving measures are rarely profitable unless they are
complemented by a renovation, since some of the costs are covered by the renovation [5].
Because energy prices are more or less constantly increasing, the yearly savings will be more
worthwhile in the future [19].

2.3 The thermal envelope
The thermal envelope of a building consists of the roof, walls, basement, windows and doors.
The roof, walls and basement are normally insulated, while doors and windows are not. Doors
normally have to be replaced to improve the insulating properties. Windows can be either
replaced or a window pane can be added. Both doors and windows can often be better sealed
[5]. The amount of heat that is leaving through the thermal envelope depends on the outdoor
and indoor temperature difference, which is explained in section 3.1.3.

2.3.1 Walls
When improving the walls of a building there are two general options: adding insulation to the
outside or to the inside of the wall. If insulation is added to the outside, it reduces heat losses
and thermal bridges. The risk of moisture damage is relatively small because it makes the old
outer wall warmer and thereby dryer. However, adding insulation on the outside also changes
the look of the building, which might lead to a conflict with cultural preservation groups. It is
also relatively expensive and is normally only economically viable if a renovation is needed. It
might also require the windows to be moved outwards, adding extra expenses [5].
Adding insulation to the inside of a wall increases the risk of moisture damages because the
existing wall becomes colder. It also decreases the inner area of the building, and moving electric
wires, radiators and pipes can be required. On the plus side, the outer façade will not be changed
and the look of the building can be kept the same [5].
When the walls have been insulated, the inside of the wall becomes warmer. Therefore the
internal temperature (measured in the apartment) can be decreased without lowering the
operative temperature (perceived temperature). As a consequence, the heating system should
be adjusted after insulating. Adding insulation also seals small holes decreasing the draft
through the building. When making changes to the façade, it can take up to two years in order to
stabilize the new moisture and temperature balance [20, 17].
The positive side effects of adding insulation to a wall is that it reduces the sound levels. Noise
pollution can be a big problem for people’s health. Reducing sound levels can, in a long-term
perspective, reduce problems associated with sleeping, stress and ability to speak [5].

2.3.2 Roof/attic
Adding insulation to the attic is normally a cost effective energy saving measure which reduces
the heat loss to the attic, but requires space. An easy way of adding insulation, when possible, is
to spray it on top of the existing insulation. An alternative is to raise the roof to allow space for
the extra insulation. This is rarely economically justifiable, but could be an alternative if
substantial changes have to be made.
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By insulating, the temperature in the attic decreases, which increases the risk of moisture
damage. Consequently it is important to seal all holes and slots around pipes, ventilation and the
attic hatch/door to prevent moister from reaching the attic [5].

2.3.3 Basement
For the basements there are two possible energy saving measures: insulating the inside or the
outside of the wall. Insulating the floor is normally not an option because it is too extensive.
Depending on whether or not the wall is below ground level, moisture can be a problem.
Analogously to the façade, if the outside of the wall is insulated, moisture is less of a problem
than if the inside of the wall is insulated. If the outside of the wall is below ground level, a
draining board both insulates and drains the basement. To do this, the soil around the building
has to be removed [5].

2.3.4 Windows and doors
Most windows from the Million Homes Program have a u-value (the u-value is explained in
section 3.1.3) of 3 W/m2K. They were poorly sealed and often put in plastic frames which meant
no maintenance would be needed. An easy fix is to seal around the windows. By sealing windows
about 8 kWh/m2Atemp can be saved for buildings from the Million Homes Program [5]. Changing
the window is preferable, but can be expensive. Most normal window types available today have
u-values down to 0.7 W/m2K [5].
The same analogy applies for doors; they should be sealed and changed to new ones with lower
u-value. The doors in apartment buildings rarely have moisture problems because they face the
stairway of the building, which is relatively dry since it normally is inside the thermal envelope.
An additional advantage is that new doors are safer and equipped with better locks that prevent
burglaries [5].

2.4 Ventilation
There are different ways of ventilating a building, but only those of importance for this thesis are
explained. The primary function of the ventilation system is to remove air pollution. Filters make
it possible to clean the air of small particles, and insulating pipes reduce sound levels, air and
heat leakage [21]. The need for ventilation is set by requirements of air quality and the thermal
climate, internal heat gain of the building and air pollution. Making changes to an existing
ventilation system normally requires accurate planning and analysis of heat, ventilation and
maintenance. The ventilation system in a building normally consists of fans, pipes, a heat
exchanger, a ventilation unit, air filters and vents. The key is to find space for all the pipes. The
system is dimensioned by the air flow and should reduce the pressure drop in the pipes as much
as possible, which also reduces the sound levels. Naturally the ventilation system should only be
used when needed and at minimum air flow, to reduce the energy needs [21].
One of the easiest ways to ventilate a building is commonly used in the Million Homes Program;
a large fan evacuates the air that enters through vents and holes in the walls. The system is
relatively simple, but the holes in the walls cause massive losses during winter. Because of this,
many property owners have replaced their ventilation systems over the years [5]. Fan and pump
efficiency has increased since the buildings were built, and as the pumps and fans wear down
over time, they have been replaced by new more effective ones.
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A smart way of ventilating a building is to reuse the heat in the exhaust air. There are many ways
to do so, but only the system which is within the scope of this thesis is explained. The ventilation
system, called FTX, requires the air intakes and the air exhausts to be close. By leading the
warmer exhaust air through a heat exchanger, and thereby heating the intake air, the need of
additional heating is reduced [22]. By heating the intake air the thermal comfort increases,
compared to when the air is heated by heaters inside the building. The thermal envelope has to
be well sealed for the FTX system to function well. The heat exchangers used in apartment
buildings normally have about 50-80% efficiency [23], however this value can be lower.
Sometimes only parts of the intake air can be heated by the exhaust air. A system similar to FTX
can then be used, but only parts of the energy in the exhaust air are reused. Some air will enter
through walls and vents located elsewhere, hence the leaks are bigger than the for the FTX
system. Furthermore, there are different layouts of vents and, consequently, ways of circulating
the air within the building, but these are not explained [23].
Maintenance has an important effect on the lifetime of a ventilation system. Contrary to popular
belief, the age of the building and its size does not affect the maintenance costs significantly. If
vents and holes are not sealed by dust and dirt, the age of the components in the ventilation
system is most important. After a while maintenance costs become higher than replacing parts
[21].

2.5 Internal heating
When calculating all energy input of a building, the internal heating must be accounted for. The
internal heating is calculated from heat losses from people (a human can be seen as a radiator),
water pipes and electrical appliances that contribute to heating the building.
On average, a human produces 80 W of heat and is home for 14 h per day. For the electrical
appliances 70 % of the electrical energy is heat losses which contribute to heating the building.
Of the hot water, 20 % of its heat will be lost within the thermal envelope and consequently
contribute to the internal heating [24].

2.6 Other energy saving measures
In addition to the above mentioned energy saving measures, several others exist. These are not
evaluated in this thesis, but might be of interest. For additional information about other energy
saving measures, see Appendix III.

2.7 Active Solar Energy Storage
Simplified Active Solar Energy Storage (ASES) is a patent pending technology that uses energy
from solar panels to heat a building. The solar panels are connected to a building’s heating
system and heat the air and hot water. During summer, when the solar power is more than
sufficient, the excess energy is stored in a partially insulated ground storage unit, located
underneath (or adjacent to) the building. During colder periods, such as night time and winter,
the stored heat is used in the building, and thus reduces the need for additional heating.
The system has four main components: solar panels, an accumulator tank, a heat pump and the
ground storage. The ground storage consists of compressed stone powder that is insulated on
top. There are collector hoses in the storage which are used to fill up and extract heat. 300 mm
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thick insulation is placed on top of the ground storage. It covers the area of the storage unit as
well as an additional 2 meters from the edges, in order to prevent sideway losses. The reason for
not insulating underneath is that the underlying rock can be used as a part of the storage.
However, the lack of insulating underneath the ground storage results in larger thermal losses
compared to a completely insulated system.
During the summer the storage is normally filled due to the excess of solar energy. The thermal
solar energy is stored until winter when it is needed. An accumulator tank is also connected to
ASES to handle daily variations. The tank can be heated by electricity when heat from the ASES
system is not sufficient. During the winter the temperature in the solar panels is not sufficient to
heat the hot water, thus additional heat from the storage is needed.
Further, the Coefficient of Performance (COP) is a measure of how much heat can be moved with
one unit of electricity, i.e. a higher COP is better. The average temperature in the ground storage
is higher than its surrounding ground, allowing the COP of the heat pump to reach up to 8. A heat
pump normally operates around 3, if used for geothermal heating [25].
ASES makes it possible to design a building as desired, and still reduce purchased energy. Note
that ASES itself does not reduce the energy need; the energy mostly comes from the sun. One
disadvantage of ASES is that adding solar panels change the look for the worse, according to
some people. Furthermore, installing ASES requires the installation of an advanced and costintensive pipe and solar thermal system, which might be an issue for some customers.
Converting an existing building to ASES might be complicated depending on the design of the
building.
If ASES is installed while the building is constructed the ground storage can be located
underneath the building, otherwise it has to be located in the ground adjacent to the building. If
the storage is located underneath the building, the temperature has to be controlled to avoid
moisture migration into the building. On the plus side, the upward losses from the ground
storage will heat the building, which is not the case if the ground storage is located in adjacent to
the building. Figure 2 shows an overview of ASES connected to a FTX system. ASES combined
with a FTX system makes it possible to store heat from the intake air while simultaneously
cooling it, usually during hot summer days. The heat exchanger is then connected to the ASES
system, which makes it possible to cool down and heat the intake air. This is normally desirable
during summer or in countries warmer than Sweden [26].
The amount of solar energy that can be used depends on a number of things; where the most
important parameters are the solar panel area, the tilt of the solar panels, and the geographical
position [27]. The solar panels which are normally used can produce about 440 kWh/m 2 per
year [28], assuming they are connected to an accumulator tank. The insolation must be powerful
enough for the solar panels to reach about 61°C in order to heat the accumulator tank, which is
at 55°C. Since the average ground storage temperature is much lower than 55°C, the insolation is
enough to heat the storage during most days of the year. This explains why solar panels, in
combination with the ground storage, produce 700-800 kWh/m2 per year [26].
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Figure 2. The ASES system for a small house. In this picture a FTX system is used.

When designing the ASES system, the aim is to keep as much heat in the storage as possible for
colder days, while maintaining a low temperature. A higher temperature in the storage leads to
higher losses. However, it also allows for more energy to be stored. In the fall, the storage should
be as full as possible to reduce the need for district heating during winter.
The temperature is never homogenous in the storage unit. When extracting energy, the
temperature around the hose decreases and consequently lowers the COP factor. To reduce this,
the system extracts heat in pulses. By doing so the temperature is more homogeneously
distributed in the ground storage, although there is still a temperature gradient.
If the temperature around the hose decreases enough, the water in pores of the stone powder
freezes and latent heat can be used. By letting the water closest to the collector hose freeze,
more energy could be extracted without lowering the temperature in the storage. All the more,
frozen water has higher conductivity which is favorable in this case [29, 26].
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2.8 Geothermal heating
Geothermal heating can refer to many things, from heated springs to geothermal power plants
[30]. The expression “geothermal energy” is misleading since heat from the earth’s core is not
extracted. In this thesis, geothermal heating refers to the technology for which boreholes are
drilled into the ground and the heat there is transferred to a building using a Ground Source
Heat Pump (GSHP) [31]. From now on, the system will be referred to as a GSHP system. Note
that the ASES system also uses a heat pump, but the GSHP system refers to the geothermal
heating system.
The boreholes, often called energy wells, are typically 100-250 meters deep, and 115, 140 or 160
mm in diameter. A protective casing tube has to be mounted 2 meters into the rock, and a
minimum length of 6 meters is required through the overlying earth. The distance from the end
of the casing tube downwards is called the active borehole depth, and is often the dimensioning
depth [31].
Inside the borehole there is a collector hose, commonly a u-shaped polyethylene pipe, through
which a liquid refrigerant runs (collector medium). The refrigerant normally consists of water
mixed with an anti-freeze, commonly an alcohol. It is circulated through the collector hose in a
closed system and used to transport heat from the ground to the heat pump [31]. There are
many types of collectors available. However, a borehole with two, three or four pipes connected
in the bottom is mostly used. Surrounding the collector is the ground water that fills the
boreholes and transports the heat from the ground to the collector.
A schematic picture for a GSHP system is shown in Figure 3. The figure illustrates how a
collector medium enters a borehole and is heated by the surrounding rock. As the medium
leaves the borehole, it transfers the heat to a building via a heat pump.

Figure 3. A simplified GSHP system. The picture illustrates how the temperature increases in one borehole.
The collector is cooler (bluer) when entering the ground and hotter (redder) when leaving.

Drilling boreholes can be problematic and cause damage to surrounding buildings if vibrations
spread. The Swedish National Board of Housing, building and planning has outlined the
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procedure for boreholes in Normbrunn 07, which must be followed. The municipality and the
provincial government must be notified of, and approve, the installation [32].
There is a paradox when it comes to storing energy in the rock; if a borehole can extract energy
efficiently it means the conductivity of the rock is relatively good, but it also means saved heat is
led away effectively, which is bad for storage. Another complication is that the ground water, in
the worst case, could transport the desired saved heat away, i.e. the saving is lost [33].
When extracting heat, the rock surrounding the borehole is cooled and the extracted heat must
be replaced. Heat is then transferred from the surface down into the rock, meaning the surface
area is important so that enough heat can be supplied to the ground. The time for solar heat to
reach half the borehole depth is typically 50-85 years [33]. Some heat also comes from the
earth’s core. This is expressed by the geothermal gradient, which is the temperature increase
per 1 km in the earth. In Sweden this is about 10 – 30°C/km. It can also be seen as a heat flow,
which in Sweden is about 0.050 W/m2 [34].
The temperature in the ground depends on how much heat is extracted as well as the distance
between boreholes [35]. After several decades of extracting heat, a steady state of heat transfer
from the ground is reached, assuming the natural heat recirculation is sufficient. Available
surface area is important for the natural heat recirculation; the surface provides the heat which
is supplied to the ground. If boreholes are located too close to each other (normally about 30
meters or less) the surface area and natural heat recirculation are limited. This means that the
heat supply is limited and the temperature in the ground decreases [31]. Further, if too much
heat is extracted from the borehole and the ground, the natural heat recirculation might not be
sufficient. When more heat is extracted than supplied to the ground, heat must be supplied to
the ground to maintain a balance.
Extracting heat decreases the temperature in the ground, and the lowest accepted temperature
around the hose is normally a few degrees below 0°C. As explained earlier, the COP decreases at
lower temperatures, which is why lower temperatures are not desired [31].
Furthermore, the flowing ground water is normally warmer than the ground and is therefore
considered to be a heat source [31]. When extracting heat, the water around the collector hose in
the borehole can freeze. If so, the conductivity increases and more heat can be extracted from
the ground. This is favorable, assuming the heat recirculation is adequate.

2.9 Price trends
Future energy prices are important when calculating economic profitability. There are many
ways of estimating future energy prices, and the results differ consequentially. The Swedish
Energy Agency and The Swedish National Board of Housing, Building and Planning predict
electricity prices will increase by about 0.8 % per year, and district heating prices by about 0.95
% per year until 2030. Historically, district heating prices have gone up by 2-5.7 % per year and
electrical prices by 4 % per year [36, 37, 38]. There are many theories and speculations about
future price trends, but these are not evaluated in this thesis.
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3 Theory
The heat flow dynamics in a building are complicated and depend on geographical location or
climate, time of year, moisture content, insolation, behavior of the tenants, and time since
renovations or major changes have been carried out in the building, etc. [11]. Advanced
computer programs can be used to simulate a building over time, but sometimes simplified
models are good enough. The theory used for the model in this thesis is presented in this
chapter. Note the difference between °C (Celsius) and K (Kelvin), used in numerous equations.

3.1 Building theory
To compare energy performance of different buildings, a reference area is often used. For the
comparison to be relevant the area needs to be calculated the same way for all buildings. The
Swedish National Board of Housing, Building and Planning has defined Atemp as “The area
enclosed by the inside of the building envelope of all storeys including cellars and attics for
temperature-controlled spaces, intended to be heated to more than 10°C. The area occupied by
interior walls, openings for stairs, shafts, etc., are included. The area for garages, within residential
buildings or other building premises other than garages are not included.” [39]. When comparing
the energy performance of buildings, this definition is often used. The energy saving is normally
expressed as kWh per m2Atemp. Atemp must not be mistaken for other areas used in energy
calculations.
The following sections present equations related to the energy use of a building, and particularly
of the thermal envelope. The use of the equations is explained in section 4.

3.1.1 Energy balance of a building
The energy balance controls temperatures, moisture content and the heat flows. Maintaining
constant indoor temperature is often the parameter which defines other parameters [21]. There
is a difference between perceived temperature and the actual temperature. The perceived
temperature (also known as operative temperature) depends on air flow, distance to cold walls,
insolation, etc., while the actual temperature is the measured temperature [40]. To maintain a
desired temperature the following heat balance equation must be fulfilled.
[Wh]

(1)

Ev is heat leaving through ventilation. El is heat leaking through the thermal envelope. Eh is heat
entering trough the heating system. Ei is internal heat sources, such as computers, humans, etc.
Es is heat from the sun. Et is heat leaving as transmission through the thermal envelope and can
be expressed as
[Wh]

(2)

Aenvelope is the area [m2] of the thermal envelope. Ey is the energy passing through an area over a
year and can be calculated as
[Wh/m2]

(3)

where U is the u-value (see equation (7)) and Gt is the degree hours. Equation (2) can also be
used for parts of the thermal envelope, such as windows and the wall.
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3.1.2 Degree hours
Degree hours are used to estimate the heat requirements of a building and are calculated as
∑

(

(

[°Ch]

(4)

Tb is the balance temperature, which can be described as the temperature at which the heating
system is not needed. For older buildings, such as the ones from the Million Homes Program, this
temperature is normally set to 17°C [5]. Tout is the outdoor temperature for a given day, t is the
time [hours] for which Tb >Ti [41]. Combined with the u-value (see section equation (7)), degree
hours give the energy passing through an area in one year, which is shown in equation (3).

3.1.3 Heat conductivity through thermal envelope
Heat conductivity, λ, describes a material’s ability to transfer thermal energy (heat) and is
affected by density, porosity, moisture, and temperature [11]. The heat conductivity explains
how much heat is transferred in different materials, such as concrete walls, insulation material
and different soil types. Insulation and other materials create a heat resistance that prevents
thermal transport in a material. The heat resistance, normally referred to as the R-value, comes
from a simplified way of calculating heat resistance and is expressed as
[m2K/W]

(5)

where d is the distance through the material [m] and λ is the heat conductivity [W/mK]. The
heat resistance differs for different materials since their conductivity differ. If a segment consists
of more than one material, the heat resistance of the materials can be combined into one heat
resistance for that segment, expressed by the additive rule

∑

[m2K/W]

(6)

where Ri is the heat resistance of one material and n is the number of materials [11]. The heat
transfer coefficient, normally called u-value, can be calculated by inverting R and is useful to
calculate the energy (heat) passing through an area. The u-value, called U below, is calculated as
[W/m2K]

(7)

For insulation purposes a lower u-value is desirable, since that means less heat passes through
the area. Further, a smaller temperature difference between the two sides of the calculated area
is also desired, since that also gives a lower u-value.

3.2 Ground temperature
Outdoor temperatures are normally gathered from statistical databases, and indoor
temperatures are set. The temperature in the ground can also be gathered from statistical
databases, but if a database is not provided it can be calculated as
(

(

(

[°C]

(8)

where T(z, t) is the temperature at depth z from ground surface [m] at time t [s]. T0 is the yearly
average temperature [°C] at the ground surface, which is approximately the same as the average
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air temperature. TA is the amplitude of the average yearly air temperature [°C]. d0 is the
penetration depth [m], normally equal to (a*t0/π)1/2. t0 is the sinusoidal variation [s], normally
set to 1 year. a is the diffusivity, which is = λ/Cp [m2/s]. α0 is the temperature delay compared to
the air temperature [rad] [42]. Heat capacity and conductivity for granite rock, clay and the
stone powder in the storage are presented in Appendix II.

3.3 Ventilation
The energy leaving through the ventilation system can be calculated by comparing the energy
(heat) content of the intake air and the exhaust air, which can be estimated as
(

[kJ]

(9)

where Cp is the specific heat capacity [kJ/kgK], ṽ is the air flow [m3/s], ρ is the density [kg/m3],
Tin is the temperature of the intake air [K], Tout is the temperature of the exhaust air [K] and ts is
the time [s] [11].

3.4 Solar assisted ground storage
The solar assisted ground storage is, in theoretical terms, a sand box used for storing heat. If the
temperature in the storage is higher than its surroundings, a heat flow from the warmer storage
to the colder surrounding is induced (losses), in accordance with the second law of
thermodynamics. During winter, when the temperature in the storage unit is lower than in the
surrounding ground, the heat flow is reversed (referred to as negative losses). The heat flow
through the insulation on top of the storage is expressed as
(

[W]

(10)

where di is the thickness of the insulation [m], λi is the heat conductivity of the insulation
[W/mK], Tstorage is the temperature in the ground storage [°C], Tout is an approximation of the air
temperature [°C] [43]. The equation can be used to find heat flows downwards into the granite
rock, but requires that a part of the granite is regarded as insulation.
Equation (11) and (12) are necessary for this thesis and are derived in Appendix IV. In this
thesis ASES is combined with district heating. To find the need of district heating for the building
the following equation is derived:
[Wh]

(11)

EBuilding is the energy needed for the building. Eground storage is the energy coming from the ground
storage. Esun is the energy from the solar panels used for heating the building, additional
insolation on the building is neglected. Edistrict is the energy from district heating.
When looking at the ground storage, all heat flows affect its temperature. The temperature in the
storage is important and tells how much energy is stored and it controls the losses. The
following expression
[°C]

(12)

14

can be used to estimate the temperature of the storage for a coming month. In equation (12) Ti is
the temperature in the storage for a given month and Ti+1 is the temperature the following
month. EBuilding is the energy usage of the building [Wh]. Esun to ground is the energy from the solar
panels used for heating the ground storage [Wh], i.e. the solar energy not used to heat the
building directly. Elosses is the energy from losses (can be positive or negative) [Wh]. Estorage is the
energy changed in the storage unit [kWh] and Sp is the specific heat capacity of the storage unit
[Wh/°C]. Note that Elosses depends on the temperature of the storage, the surrounding rock and
the air.
Extraction of energy from the ground storage decreases the temperature, mostly around the
collector hose [33]. The temperature decrease Td close to the hose caused by extracting heat can
be calculated as
[°C]

(13)

where q0 is the extracted power in the hose [W/m]. The heat resistance m g caused by the heat
extraction is calculated as
(

[mK/W]

(14)

where Dh is the distance from the surface to the hose [m] and Rh is the hose radius. Equation (14)
assumes homogeneous conductivity of the surrounding material and for it to be in contact with
the hose. Td gives the temperature decrease around the collector hose, but the real temperature
around the hose Those is calculated as
[°C]

(15)

where Ts is the temperature in the surrounding ground [33].

3.4.1 Heat storage unit capacity
An important designing parameter for the ground storage is the amount of energy that can be
stored. This can be calculated as
(

)

[Wh]

(16)

where C is the heat capacity [kWh/m3K], V is the volume of the storage unit [m3], Tstorage is the
temperature in the storage [°C] and Tsurrounding is the temperature surrounding the storage [°C]
[43].

3.4.2 COP
The Coefficient of Performance (COP) is used to determine the electrical energy need of a heat
pump. The term is commonly used when speaking of heat pumps, and is a ratio describing how
much heat that can be moved using one unit of electrical energy. The COP can be defined as
[unitless]

(17)

where Thot is the higher temperature (in the leaving medium) and Tcold is the colder temperature
(in the entering medium). The equation described is the maximum COP, in practice it is
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multiplied with an efficiency factor η. As equation 17 shows, the smaller the difference between
the higher and lower temperature, the higher COP [29].

3.5 Ground source heat pump system
When designing a GSHP system the active borehole depth, H, is the most important
dimensioning factor. The active borehole depth is set by the power and energy need, and the
conductivity of the surrounding material. There is a limit of maximum power (heat flow) and
energy that is possible to extract. While extracting heat, the temperature around the borehole
(TR) decreases, but the temperature in the measured further away in the surrounding rock (TS)
is relatively constant. The difference between TR and TS increases with energy extraction, and is
shown by the relation
{

( )

( )

[°C]

( )

(18)

where Ts [°C] is the temperature in the surrounding rock. TR [°C] is the temperature closely
adjacent to the borehole. Q is the power extracted [W/m]. t is the time [s] for which heat has
been extracted and R is the radius of the borehole. t1 is the break time and is explained in
equation (19). Equation (18) is only valid for t > 1 hour (3600 s) [33].
From equation (18) it can be derived that a larger borehole radius is favorable. If Q, H, Ts and λ
are constant, the difference Ts-TR decreases with an increasing R (borehole radius), i.e. when
extracting heat, the temperature close to the borehole (TR) increases with an increasing
borehole radius. This should be interpreted as an increased thermal absorption capacity [33].
The break time t1 [s] is the time for which the surrounding temperature gradient is
approximately 0, meaning the temperature in the surrounding rock is constant for a constant
heat flow Q. t1 can be approximated as
[s]

(19)

where a is the diffusivity [m2/s] and H is the active borehole depth [m]. When t ≥ t1, the
stationary heat flow Q can be derived from equation (18) and is expressed as
(

[W]

(

(20)

where Q is the extracted heat flow [W] that can be used for heating. The undisturbed ground
temperature Ts is the temperature [°C] when no heat is extracted. When extracting heat from
deep boreholes, the geothermal heat gradient has to be considered. The relation is
[°C]

(21)

where T0 [°C] is the average temperature at the surface. Qgeo [W/m2] is the geothermal heat flow
from the earth’s core and λ is the conductivity of the rock [33]. Dm is defined as
[m]

(22)
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where Di is the thickness of the surface material [m] and H is the active borehole depth. Dm can
be interpreted as the depth where the heat is extracted. In reality the heat is extracted along the
entire borehole and the most in the upper section.

3.6 Economy
There are two financial methods used for the evaluation in this thesis; the net present value
method and the direct return method.

3.6.1 Net present value method
There are many ways of comparing economic profitability. A common and relatively simple way
is to use the net present value method. Because different energy saving measures have different
lifetimes, each measure has to be treated separately. The net present value, NPV, is calculated as
[kr]

(23)

where I is the investment and PV is the present value. The present value is calculated according
to
∑

(

[kr]

(24)

where t is the time step (normally 1 year), N is the lifetime expressed in years and i is the
discount rate [%], which is used to discount future cash flows to the present value [44]. This is
set by cost of capital minus the price trend of the investment. The greatest difficulty with NPV is
setting the capital of cost and estimate price trends. If NPV>0 the investment is profitable. The
time at which NPV = 0 is called the payback time.

3.6.2 Direct return method
By decreasing the energy usage of a building a series of positive side effects appear; running
costs decrease, the property value increases and consequently the loan to value ratio increases,
the image can be improved, higher rents are motivated (and thereby a more stable cash flow)
and less dependency on energy prices [45]. The direct return method aims to estimate a
property’s real value. The relation between the property value and the net operation costs is
[kr]

(25)

The net operating cost equals gross cash inflows minus running and maintenance costs. The
running costs include property tax and other acquisition costs. The net operating cost should be
normalized to a normal year [46]. The rate of return is frequently difficult to determine due to
the many factors affecting it, such as location, current economic situation, events in the area,
proximity to shopping malls and public transport, etc.
The property value increase is determined by comparing the net operating cost before and after
carrying out an energy saving measure. From the perspective of a property owner, there are two
ways of defining the net operating cost, depending on what is included in the rent. If the heat is
included in the rent, the energy (heat) saved equals money saved by the owner. However, if the
heat is not included in the rent, the profit of an energy saving measure benefits the tenant. The
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reduced heat cost for the tenant can be compensated by an increased rent. In both cases, the
monthly net operating cost increases.
For the real value method to be valid, the buyer must view the property as an investment and
only be interested in the financial benefits. If the buyer sees the investment differently and is
interested in making “a green decision”, the method is not valid, as the buyer values a green
image more than a yearly profit. In other words, the real value only applies for investors
interested in making money on the property.

4 Method and assumptions
Although there are many possible energy saving measures, only those associated to the thermal
envelope and the ventilation were evaluated. The measures were evaluated in terms of
profitability and efficiency. All measures were compared to each other, ASES, and ASES
combined with a GSHP system. Designing for extreme temperatures is expensive and was
therefore not considered. All calculations assume a normal year, meaning average temperatures
and no unexpected events.
Information about the building was initially compiled in order to determine what remained to be
found and calculated. Construction drawings provided information about building materials and
dimensions. The drawings were not complete, and required the use of some general information
about the Million Homes Program. Buildings from the Million Homes Program are well explored
and some general information is compiled in the book “Renoveringshandboken för hus byggda
1950-75” [5]. Additional information was found from online sources for companies and
governmental agencies. Information about ASES was mostly gathered from its founder Jan Erik
Eskilsby and information about geothermal energy was gathered from literature. Energy data
presenting district heating use and hot water use were provided by the energy company
Göteborg Energi. Electricity usage for the building and apartments was provided by Stena
Fastigheter [14]. Most input data are presented in Appendix I and Appendix II. Some energy
saving measures, such as wall renovation and insulation, draining and insulating the basement,
and installing ASES, may require building permits, but this was not considered.
Most energy saving measures have positive side effects, such as increased living comfort,
reduced downdrafts and increased thermal comfort. These were not considered, but are
important for the tenants and can be used as an argument for rent increases.
For calculations associated to both ASES and the building, the ground temperature is of
importance, especially for the ground storage unit and the basement. The ground temperature
was estimated using equation (8). The monthly average outdoor temperature was used as air
temperature [47]. A reference depth of 0 m was used to find α0. Studies have shown that the
ground is rarely homogenous and consist of more than one material. Therefore, the conductivity
differs as a function of the position in the ground [42]. However, for the purpose of this thesis,
the ground was assumed to be homogenous.

4.1 Model of the building
The building was modeled as a box consisting of walls, windows, doors, roof and a basement.
The energy equation (1) was used to balance all parameters over the year. Energy leaving the
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box (thermal envelope) was calculated using equation (2). To find the district heating need
equation (11) was used. The heat resistances of all materials were found and summed using
equation (5) and (6), the u-values were found using equation (7). Dimensions and conductivity
for building segments and materials are presented in Appendix I [48, 39].
Degree hours were used to calculate the energy (heat) through each building segment using
equation (3) and (4). Statistical data of the monthly average temperatures in Gothenburg were
used [47], see Appendix V. The balance temperature was set to 17°C, in accordance with
recommendations from Swedish National Board of Housing, Building and Planning [48].
The extra heat from insolation through windows during summer was assumed to be
compensated for by losses during winter and therefore not calculated. Furthermore, insolation
is normally not included in energy calculations on buildings [48]. In older buildings there are
losses caused by air leakage through the thermal envelope and estimating these losses is very
difficult. Previous pressure tests of buildings from the Million Homes Program have shown that
about 10% of all heat leaves as air leakage through wall components, motivating the use of this
approximation [49]. For simplicity, the losses were assumed be unchanged when carrying out
the energy saving measures. Heat losses caused by airing were neglected.

4.1.1 Walls
For the walls, the heat resistances of different materials were calculated according to equation
(5). In reality, a wall consists of different materials and joints which transfers heat unevenly, but
for simplicity the walls were assumed to be homogenous [11]. By choosing stone wool as
insulation material the wall becomes more fire resistant, this is not the case for other insulation
materials.
Adding insulation to the outside of the wall was chosen since the risk of moisture damage is
decreased. It was also chosen because adding insulation to the inside of the wall decreases the
living area, which in turn motivates lower rents. The standard procedure consists of adding 95
or 120 mm insulation [5]. Because of available data, 95 mm was chosen for calculations. The
costs were estimated by Stena Fastigheter [8]. The maintenance need, with and without the
energy saving measure, was estimated. Time required for carrying out the measure was also
estimated and the costs were taken from tables [50, 51].

4.1.2 Windows
The existing windows are two pane windows mounted in a plastic frame. Since there was no
information about the existing u-values, data for a typical window of the Million Homes Program
were used [5]. The total window area was calculated from drawings and all windows were
assumed to use the same materials and construction.
Two alternatives were evaluated; replacing the existing windows with new three pane windows,
or adding a window pane to the existing window. For stability reasons, adding a pane would be
done on the inside of the existing window. This has been done in other buildings owned by Stena
Fastigheter, resulting in lowered u-values. Before implementing a measure like this, the window
construction has to be checked. Adding a window pane makes the structure heavier and
reinforcement might be necessary [15].
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The costs were estimated separately by Stena Fastigheter, and they included material and
installation costs. Because the windows are plastic, no maintenance was assumed to be needed.
With both options the comfort in the apartment increases and downdrafts are greatly reduced.
Both options motivate a rent increase [15].

4.1.3 Attic insulation
To reduce the heat losses through the top of the building, the attic must be insulated. The best
measure found was to spray the attic with an additional 400 mm of insulation on top of the
existing 150 mm, and simultaneously sealing all holes [52, 14]. The attic, seen in Figure 4, is
spacious and accessible, making the measure easy to carry out.
The insulation used on the roof differs from the one in the walls and has a higher u-value. By
using mineral wool the risk of fire is reduced. The investment cost of this measure was
calculated by Stena Fastigheter [14]. Because hot air rises, it is possible that insulating the top of
the building will save more energy than calculated, however, to avoid overly optimistic result
this was not evaluated.

Figure 4. The attic of the building. There is 150 mm insulation and there is sufficient space for more
insulation.

4.1.4 Basement
The basement was divided into three parts in the “box model”; the upper wall, the lower wall
and the floor. The upper wall (1 meter from the ceiling and down) is insulated while the lower
part is not, as shown in Figure 5. The floor is made of concrete with 50 mm of insulation on top.
The floor is cumbersome to change and was therefore not examined further.
The basement must be heated due to the presence of the shelters, meaning the air remains
relatively warm. The heating in the basement also helps heating apartments on the first floor
[15]. The area in the basement that is not used for shelters is used for district heating control
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systems and numerous storage boxes. The basement is mostly below ground level and
surrounded by clay, a typical soil type in Gothenburg [13]. The temperature on the outside of the
wall used for energy calculations was calculated at 1.5 meters depth, using equation (8).
Making changes to the inside of the wall is not desirable, therefore mounting a standard 100 mm
thick standard draining plate to the outside of the basement wall was seen as the best option.
The draining plate both prevents moisture problems and insulates. It was assumed that the
outer clay and soil had to be removed to mount it, and that the same material would be used as
refill. Time requirements of this were estimated and the costs found in tables [50, 51], see
Appendix VI.

Figure 5. The basement inner wall. The upper part is insulated while the lower part is not.

4.1.5 Ventilation
Although ventilation is not a part of the thermal envelope, it was evaluated due to the amount of
energy leaving the building through it. Two alternatives were evaluated; converting to a FTX
system, and modifying the existing system to include a new counterflow heat exchanger.
The FTX system consists of two new fan rooms, a new roof curb, new counterflow heat
exchanger, new duct system, new piping, insulation of pipes, new wiring, new protective devices,
as well as the dissemblance of the existing system. It would also require the existing system to
be partially demolished. The modified version would use existing pipes and equipment, but with
a new heat exchanger and some new pipes. Despite the complexity of the FTX system, the
tenants were assumed to remain in the apartments during the installation.
The Swedish National Board of Housing, Building and Planning require a ventilation flow rate of
at least 0.35 l/m2s [39]. The existing ventilation system has a flow of 0.61 l/m2s, which is above
the regulation. To maintain the air quality the air flow was unchanged [14].
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The amount of heat leaving the ventilation system was calculated from the energy content of the
exhaust air, using equation (9). The balance temperature was set to 17 °C, which corresponds to
the heat coming from the heating system [18]. The temperature was used as balance
temperature when calculating the degree hours for the ventilation systems. The actual indoor
temperature is 20-21°C, but because of internal heat sources, it was set lower. The energy
efficiency of the heat exchangers was used to estimate the energy saving. For the existing system
and the new heat exchanger the exhaust air flow is larger than the intake air flow, while for the
FTX system the flows are equal. When converting to FTX, holes and vents on the thermal
envelope are sealed, which makes it hard to estimate the decrease in losses. To avoid falsely
positive results the losses were left unchanged for all ventilation systems.
The costs of the improved ventilation systems, including demolition and installation, were
estimated separately by Stena Fastigheter. Replacing the heat exchanger would decrease the
maintenance cost compared to the existing system. For the new heat exchanger and the FTX
system the maintenance costs were assumed to be reduced to half [15]. A new more effective
heat exchanger increases the pressure drop in the system, and hence increases the resistance.
Due to this fact, the power need increases, and consequently the electricity need increases as
well. Both new ventilation systems were assumed to increase electricity use, but the FTX system
was assumed to use more electricity than the new heat exchanger [53, 14].
The lifetime of a ventilation system is difficult to predict since some components break before
others, but a lifetime of 20 years was selected based on the literature [21]. Data about the
ventilation system can be found in Appendix II.

4.1.6 Heating and electricity
Usage data were provided for the building. A ratio between hot water and heating was given for
the district heating [16]. Usage data for the first 6 months of 2013 were multiplied by two to
estimate the usage over a normal year. The reason for not using older data was that energy
saving measures have been carried out since. Therefore older data are no longer representative.
Internal heating comes from heat losses of electrical appliances, inhabitants and hot water. To
estimate the internal heat gain from these sources, statistical data were used. Each inhabitant
can be seen as a heater during the time spent at home every day [24].
The prices for district heating and electricity were assumed to be the same as the current
pricing, provided by Stena Fastigheter. Historical price trends were used to estimate future price
increases, but varied because of uncertainty [54, 19]. Non official sources from the industry
revealed significantly higher price increases than officially presented, which was another reason
to vary energy price trends.

4.2 ASES
The model of the ASES system was designed as units; the ground storage, the solar panels, the
district heating and the building (using energy). All units were assumed to be lossless, except for
the ground storage. This means that the building was seen as a heat consumer, the solar panels
and district heating as heat suppliers, and the ground storage would handle the difference. Due
to the laws of thermodynamic, the losses from the ground storage could not be neglected and
were therefore calculated, see section 4.2.1. The heat usage of the building was known, and the
solar heat supply was calculated. ASES was dimensioned for the heat demand of the building
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given the current conditions, i.e. no other energy saving measures were assumed to be carried
out. When the solar power was insufficient, district heating was used, calculated using equation
(11). The storage unit was designed to minimize heat losses. To reduce losses, the solar energy
was used directly for heating, and the extra heat was stored. That way there is a smaller
temperature difference between the ground storage unit and its surroundings, amounting to
smaller losses. The latent heat was used for calculations, i.e. the extra energy that is released
when water freezes. Water within 10 cm of the radius of the collector hose was assumed to be
able to freeze. The porosity of the storage unit was assumed to be 30% [26]. Temperature
changes were assumed to occur monthly. The temperature drop in the heat pump was assumed
to be a constant 4°C, but in reality this varies slightly [26, 31]. The hot water was assumed to be
heated directly from the solar panels. However, from November to March the temperature of the
solar panels is not high enough to heat the hot water directly, and heat from the storage unit and
district heating was therefore used.
The system would be installed to an existing building, meaning the ground storage unit would be
located adjacent to the building. The storage system is designed as units, called quartiles, which
are 20x20 meters. Because there is granite rock 2 meters below the clay, the storage unit cannot
go deeper without resorting to expensive rock blasting. The area available for the heat storage is
limited to 40x80 meters, which gives a ground storage volume of 6400 m3. In each quartile there
is a 3000 m long hose with a transmission power of 25 W/m, meaning the hose can transfer a
maximum of 432 MWh/month.
The cost of the heat pump is an important share of the total investment cost for the ASES system.
It can therefore be smart to minimize the peak power, by decreasing the size of the heat pump.
The ASES was redesigned for this purpose to show the difference. However, when optimizing the
size of the heat pump, the ground storage cannot be used as effectively, resulting in an increase
of the running costs of ASES.
The cost of implementing and maintaining ASES was based on earlier experiences, and included
everything from solar panels, piping, and control system, to the ground storage and all its
components [26]. The lifetime of the ASES system is defined by the lifetime of the components.
The first thing to break is normally the circulation pump, and it has an estimated lifetime of 15
years [21, 26]. Replacing the circulation pump was assumed to be a part of the maintenance
costs [55] and therefore not limiting. The heat pump is generally the next thing to break, and
with some maintenance, a lifetime of 30 years was estimated [56, 26]. This was therefore set as
the lifetime of the ASES system.

4.2.1 Heat losses
Heat can be lost through all sides of the ground storage. Due to the insulation that covers the
adjacent ground, the temperature difference is smaller, and therefore the sideways losses were
neglected [57]. The heat losses through the top and bottom were calculated using equation (10).
Extra insulation on top was evaluated, but found to be economically unviable and therefore not
used.
The temperature in the granite rock was determined using equation (8). Thermal heat from the
earth’s core is negligible for the storage unit [58]. The granite rock underneath the ground
storage conducts heat effectively, causing great heat losses [59]. When heat is transferred down
into the granite rock, it works as a damper and some of the heat is used to heat the granite [60].
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At a calculated depth under the storage unit, the temperature was found to remain relatively
constant, meaning the heat does not reach further depths. This is called the thermal stability
depth. Downward losses were found using the heat conductivity of the granite rock and the
thermal stability depth, calculated using equation (10). The depth was varied and investigated in
a sensitivity analysis, due to its uncertainty.

4.2.2 Storage capacity
The heat storing capacity of the ground storage is directly proportional to the yearly
temperature difference for a given volume and material, and was calculated using equation (16).
Due to the limited volume of the ground storage unit, thermal changes can occur relatively fast.
Therefore, the thermal changes were assumed to occur monthly [57].
The granite rock was assumed to contribute to the heat storing capacity of the ground storage,
equivalent to half the depth to thermal stability [57]. Due to the smaller temperature difference
between maximum and minimum temperature in the underlying granite at different times over
the year, the heat storing capacity is reduced. For example, when the temperature in the ground
storage is at its maximum by the end of the summer, the temperature in the underlying granite
rock is lower. This can be interpreted as a lower heat capacity of the underlying granite rock
compared to that of the ground storage. The difference in the underlying granite was calculated,
using equation (8), at five depths; from 0 meters under the storage, to half of the thermal
stability depth. The granite rock was assumed to contribute to the ground storage with the
average temperature difference of these depths [57].
To find the heat storing capacity of the ground storage and the underlying granite rock, the
specific heat capacity [MWh/°C] can be used. The specific heat capacity differs between the
ground storage and the underlying granite rock, due to the different maximum temperature
differences and materials. To find the total heat storing capacity, different specific heat
capacities can be summed up, assuming the temperature changes evenly in the volumes. As the
temperature increases, the ground storage stores a certain amount of energy and the underlying
granite rock stores another amount. The total amount is the sum of the two.
When the temperature in the ground storage increases, only some heat reaches the underlying
rock and consequently its temperature does not change as much. A ratio of how much the
temperature of the underlying rock changes when the ground storage change 1°C can be used.
This can be interpreted as only parts of the underlying rock will be used for storage as the
temperature in the ground storage increases. In theory the temperature is spreading uniformly
throughout the underlying granite rock and in this way the storing capacities can be summed
[57]. The ratio was calculated using the maximal temperature difference between warmest and
coldest day in the underlying granite rock and the ground storage. The ratio was multiplied with
the volume of the underlying rock to adjust its heat capacity. By adding the heat capacities of the
underlying rock and the ground storage, the total specific heat capacity for heat storage was
found, see Appendix II.
For simplicity, no groundwater was assumed to be passing through. The conductivity and heat
capacity are dependent on humidity, therefore the ground storage was assumed to be constantly
saturated.

24

4.2.3 Storage unit temperature
No actual thermal limits exist in the storage, although higher temperatures increase losses. The
heat pump operates best between 3 and 30°C, which was seen as desirable storage temperature.
By keeping the temperature high, more heat can be stored. It also means losses are higher, which
is not desirable. To find the temperatures in the ground storage, the temperature was set to 4°C
in February, since this is normally the lowest temperature [55]. The temperatures for the other
months were calculated using equation (12). When the temperature in the storage was lower
than its surroundings, the losses were negative, i.e. the surrounding ground heats the storage.
For the months when the solar energy was not sufficient for heating, the storage was emptied,
leading to a lower internal temperature. Emptying the storage decreases the temperature close
to the collector hose, which was calculated using equation (13), (14) and (15). The temperature
decrease was found to be negligible; hence, it did not affect the COP factor.

4.2.4 Solar power
The solar panels were assumed to produce 700 kWh/m2 each year and the energy was
distributed as presented in Table 2. The distribution was based on data from earlier installations
[57]. Experiences have shown that it is possible to extract more solar energy [26], especially
since there is nothing shading the roof in any direction.
The roof, with the long sides facing south and north, was assumed to be broadened one meter on
each side, which would increase the roof surface area and consequently the solar panel area. The
solar panels on the north side need to be mounted on a scaffold to face south, pushing up the
investment price slightly. The scaffold is a simple design, but changes the look of the building.
Table 2.The sun distribution over the year. The roof area 1002 m 2 and 700 kWh/m2 gives the energy per
month, presented in the third column.

Month
January
February
Mars
April
May
June
July
August
September
October
November
December
Sum

Sun distribution
2%
4%
7%
11 %
14 %
16 %
15 %
13 %
8%
5%
3%
2%
100 %

MWh
14.03
28.06
49.10
77.15
98.19
112.22
105.21
91.18
56.11
35.07
21.04
14.03
701.38

4.2.5 Electricity and district heating need
The electricity need for the heat pump was calculated by using the COP-factor, which was
determined by equation (17). Due to the relatively small temperature decrease close to collector
hose, this was not put into the model. Instead the storage temperature was used for COP
calculations. The thermal efficiency was given by the heat pump vendor that has provided the
heat pumps to other ASES installations [56]. To avoid a false positive result, the lowest
temperature efficiency was used. The calculated electricity need was for the compressor. The
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electricity usage of the circulation pump and control system were neglected, because it was
equivalent to that of a light bulb [26]. The electricity usage could also be assumed to be about the
same as pumps and control system for the district heating, i.e. the electrical energy saved by
reducing district heating was assumed to be used by the ASES system. The district heating was
used when the energy from the ground storage and solar panels were not enough, calculated
using equation (11).

4.3 GSHP system
The GSHP system was modeled as the ASES system, but seen as an extra heat source. It was
dimensioned to cover the energy need that was not provided by the solar panels; consequently
no district heating was needed. To use the GSHP system as main heat source was feasible not
possible. During the colder winter days when the temperature in the solar panels was high
enough, the hot water was assumed to be heated by a combination of heat from the ground
storage and the boreholes. The cost of the GSHP system was estimated by finding prices for a
necessary heat pump, drilling, collector (including the hose) and installation [61, 62].
Before making any calculations one has to understand the complexity of a GSHP system, or
rather the theory behind it. Simplified, the theory assumes boreholes filled with water that is not
flowing. The conductivity of water is relatively poor, but its heat capacity is good. Because of
this, there is a temperature gradient close to the collector hose. Further, as the hot collector
medium goes up in the collector hose, it is cooled down by the descending collector medium. The
collector hose basically behaves as a heat exchanger with itself; meaning it is hard to tell the
temperature at a given position in the collector hose. Furthermore, if the upper ground freezes,
it cools down the collector hose even more, and the heat in the ground might not be possible to
extract. This reasoning makes the temperature around the hose, theoretically expressed as TR,
difficult to predict. The temperature, in theory, assumes stationary heat flow after a long time
during constant conditions, something that rarely occurs.
The temperature in the rock was calculated using equations (21) and (22). Stationary heat
extraction was assumed and the most common geothermal heat flow from the earth’s core was
used [34]. The system was assumed to use the same heat pumps as ASES. Around the collector
hose the temperature decreases while extracting heat. The lowest acceptable temperature was
used to set the temperature (TR) around the borehole. Equation (20) was used to calculate the
heat flow in the borehole. The result was later validated. The depth of the boreholes was chosen
to about 200 meters, since deeper holes are more expensive and would stress the circulation
pump unnecessarily. The active borehole depth was assumed to start underneath thermal
stability depth. A u-shaped collector with two tubes of the borehole diameter (140 mm) was
chosen, as this is most common [31]. The groundwater was not considered, and since its
interference is normally positive, this simplification could be done [33].
Since energy was only needed (and extracted) during part of the year, it was assumed that the
surrounding granite rock would (temperature-wise) recover each year. There is an issue
regarding the time perspective. Normally the temperature decreases the most during the first
years when the GSHP system is installed, and later a steady state temperature is reached.
Because the extraction time << t1 (see equation (19)), the boreholes were assumed not to
interfere with each other, meaning a steady state is reached immediately.
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All boreholes were assumed to be located underneath the ground storage. The boreholes close to
the edges are assumed to tilt away from the ground storage. In reality, some of the heat losses
from the storage would cause a higher temperature in the granite rock close to the surface. The
higher temperature would increase the heating power of the GSHP system and thereby recover
some of the losses. This was not considered, but seen as a way of motivating the yearly thermal
recovery in the rock.
In this thesis the granite rock was assumed to be homogeneous and standard numbers for
conductivity were used. In reality, one borehole could be drilled to perform thermal response
test and thereby get the real conductivity, but that is an expensive procedure [31].

4.4 Financial evaluation and costs
All energy saving measures were evaluated financially using the net present method, which was
calculated using equation (23) and (24). The method requires all measures to be evaluated
separately. By summing the net present values for all the measures yearly, the payback time was
found. The payback time was rounded upwards to full years.
The investment costs of all energy saving measures on the thermal envelope, except the cost of
draining of the basement, were estimated by Stena Fastigheter [8, 14, 15]. The costs were mostly
estimations and vary depending on the building, how they are estimated, market economy, etc.
The investment cost and maintenance costs are presented in Appendix VII.
To estimate the value increase of a building, the direct return method was used, and calculated
using equation (25). The method is used by Stena Fastigheter and other property companies [63,
26, 64]. The rate of return was set to 6 % [63].
Lifetime for the walls, basement, roof/attic, windows and doors were estimated by building
engineers and compared to literature [5, 6, 21, 52], see Appendix VIII. The life time of the ASES
system and ventilation system have been discussed separately. The required return was 6 % and
the inflation was assumed to be 2 %, giving the interest rate 8.12 % [63].

5 Results
An energy overview for the current conditions of the building is shown in Figure 6. In the figure,
the total district heating usage is 849 MWh and the total energy usage is 933 MWh. The first
column presents the electricity usage for the property; the electricity use for the apartments is
not included. The second column presents the heat leaving through the ventilation system. The
third column presents the heat used for heating water. The fourth column presents the amount
of heat leaving through the thermal envelope; divided into the roof, basement, windows and
walls. Note that the columns cannot be summed because there are more heat sources to account
for than district heating and electricity, such as electrical appliances and heat from humans.
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Figure 6. Energy usage of the evaluated building. The energy used for ventilation and hot water energy comes
from district heating. The heat leaving through the thermal envelope comes from district heating and internal
heat sources.

Heat is leaving the thermal envelope as transmission losses through its different parts; these are
shown in Figure 7. The relatively large share leaving through the basement is caused by the high
conductivity of the concrete walls that and the temperature difference of inside and outside of
the wall. The heat comes from district heating and internal heat sources.
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Walls

Doors

Windows

Figure 7. Heat leaving through the thermal envelope. All numbers are MWh per year.

Furthermore, the ground storage is an important part of the ASES system, and hence a central
part of this thesis. Due to its size, there are limited options of where to locate the ground storage
and since the building already exists it cannot be located underneath. The only possible option
found is shown in Figure 8. A sidewalk and a football field need to be temporary moved for the
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construction of the ground storage. The storage is 80x40 m and the calculations of ASES are
based on this area.

Figure 8. The suggested ground storage location. The ground storage is marked in blue and the evaluated
building is marked inred.

5.1 Energy saving results
There is a difference between increased energy efficiency and reduced need for purchased
energy. While energy saving measures on the thermal envelope and new ventilation systems
increase the efficiency, the ASES and the GSHP system reduce the need for purchased energy.
ASES uses solar energy and the GSHP system uses heat extracted from the ground. Using the
GSHP system as the main heat source for the building is not possible because it would require an
area for the boreholes as large as the neighborhood. Hence, the GSHP system is only evaluated in
combination with ASES.
The purchased energy comes from district heating and electricity (electricity for apartments is
excluded), but ASES, as well as ASES combined with the GSHP system, use more heat sources.
For ASES, the heat demand is always covered by a combination of solar heating, heat from the
ground storage and district heating. For ASES combined with the GSHP system (named ASES +
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GSHP below) the heat demand is covered by solar power, heat from the ground storage and the
granite rock. For calculations of ASES and the GSHP system, no energy saving measures on the
thermal envelope are carried out, i.e. the systems cover the heat demand of current conditions
for the building, 850 MWh.
In Figure 9 the need of purchased energy for the evaluated building is presented for different
combinations of energy saving measures, ASES and the GSHP system. Solar energy from the
solar panels is free energy (not purchased) and is therefore not presented.
Energy saving measures on the thermal envelope change the heat flows, moisture content,
temperatures and settings of the heating system. Consequently, the effects on the thermal
envelope are difficult to predict and cannot be summed up, since the result may be falsely
positive. Despite this, the energy saving measures on the thermal envelope are summed in
columns 2 and 3 in Figure 9 and Figure 10. The result should be seen as an estimation of the
saved energy after the heating system is adjusted.
The added window pane is used when the energy saving measures (referred to as ESM in the
figures) on the thermal envelope are summed up in Figure 9 and Figure 10. The 3 pane window
would reduce energy need by 13 MWh. The type of ventilation system used is of importance, as
can be observed by the difference between columns 2 and 3 in Figure 9 and Figure 10.
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Figure 9. The need of purchased energy for the evaluated building for current conditions, all energy saving
measures (ESM) summed, ASES and ASES combined with the GSHP system.

Figure 10 presents the heat leaving the evaluated building through the thermal envelope and the
ventilation. The figure does not include heat leaving as hot water. The losses for the evaluated
building are assumed to be unchanged when the energy saving measures are carried out to
avoid falsely positive results. ASES and the GSHP system do not affect the thermal envelope or
the ventilation system and are therefore not shown.
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Figure 10. The heat output through the thermal envelope and ventilation. Hot water and electricity are
excluded.

In Figure 11, the energy saving measures are presented separately, to illustrate the difference
achieved by carrying out each measure. The reason for the relatively large losses in the
basement is the high conductivity of the concrete wall. The outside of the basement wall is in
contact with the cold ground, which further increases the losses. The existing wall is poorly
insulated, which explains the significant improvement.
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Figure 11. Energy saving measures on the thermal envelope. The measures are shown separately.
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The evaluated ventilation systems and their energy usage are shown in Figure 12. The existing
system partially reuses heat through a liquid-circulating heat exchanger. By changing this to a
new counterflow heat exchanger, the efficiency is increased and the energy usage reduced.
Converting the building to a FTX system is more efficient; however it is more complicated and
more expensive.
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Figure 12. The ventilation systems. A new heat exchanger and a new FTX system requires about 5 MWh
respectively 20 MWh additional electricity [14, 53].

Heat usage and available solar heat is of importance when designing the ASES system, as shown
in Figure 13. The solar power is much greater than the heat demand during summer, and it is
this excess heat that is stored. During winter, when the heat demand is larger than available
solar power, the stored heat is used. Over the year the heat demand is larger than the energy
provided by the solar panels, meaning an additional heat source is needed. The heat sources are
district heating and the GSHP system, which are both dimensioned for the remaining heat
demand requirements. The ASES calculations assume that the roof is extended by one meter in
every direction and that the roof is completely covered with solar panels. This is reasonable
considering the design of the roof.
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Figure 13. The heat demand and available thermal energy from the solar panels [14, 26, 57].

A combination of heat from the ground storage, solar power and district heating always cover
the heat usage; in Figure 14 these are summed up in the red curve. This almost aligns with the
blue heat usage curve and the difference corresponds to the losses in the ground storage.
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Figure 14. The heat usage and supply. The curves are matched by a combination of ASES and district heating.
The excess (mismatch) equals the losses.

Some of the heat in the ground storage is lost since the temperature of the ground storage is
higher than its surroundings. The losses can go either upwards to the air or downward to the
underlying granite rock. The ground storage losses and temperature for ASES are shown in
Figure 15.
ASES is designed to minimize the storage temperature in order to reduce the losses, which are
directly proportional to the temperature in the storage unit. The upward losses follow the air
temperature (air temperature is not shown in the figure). During summer the air temperature is
higher than the ground storage temperature, resulting in negative losses. The temperature of the
underlying granite rock is almost constant, which explains why the downward losses curve
follows the ground storage temperature. The temperature difference between the granite rock
and the ground storage is also largest during winter, causing the largest losses downwards.
Negative losses means there is a heat flow from the air/granite rock into the ground storage, i.e.
the storage is acting as a geothermal system.
In January the temperature of the ground storage reaches 4°C, which is the lowest acceptable
temperature. For this reason no additional heat can be extracted, and the ground storage
temperature is constant until the solar panels starts heating the ground storage in April.
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Figure 15. The losses and temperature in the ground storage for ASES. The accumulated losses over the year
are about 53 MWh.

When combining ASES with the GSHP system, the district heating is no longer necessary. Energy
from these systems is matched with the heat demand of the building, as shown in Figure 16. The
mismatch equals the losses in the ground storage. The heat from the GSHP system is shown in
green to illustrate how much of the energy comes from this system alone.
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Figure 16. The heat demand for the building and heat supply for ASES combined with the GSHP system. The
green curve shows the heat from the GSHP system supplied to the building and is included in the red curve.

Combining ASES with the GSHP system increases the average storage temperature and
consequently increases the losses to about 64 MWh, compared to 53 MWh for ASES alone. The
storage losses and temperature are shown in Figure 17. As with ASES, the latent heat is used,
resulting in a lowest acceptable temperature set to 4°C. The ground losses curve follows the
temperature curve due to the relatively constant temperature in the granite rock underneath.
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Figure 17. The storage losses and temperature for ASES combined with the GSHP system. Negative losses
means heat is going in to the ground storage. The accumulated losses are about 64 MWh.

The boreholes for the GSHP system are placed underneath the ground storage. In order to cover
the heat demand, 11 boreholes are needed, evenly spread in three rows comprising of 4, 3 and 4
holes. There is no hole in the middle because this spot is surrounded by other boreholes, i.e. the
middle is least able to extract heat. The active borehole depth starts underneath the thermal
stability depth, meaning no heat from the storage unit will directly be extracted.
The heat power needed is about 100 kW and it is covered by two 60 kW heat pumps, for both
ASES and ASES combined with the GSHP system. The industry recommendation is to use 60% of
maximum power of a heat pump i.e. if 100 kW maximum power is needed, the heat pump should
be 60 kW. This covers about 80-90 % of the energy need, and the rest is covered by electricity
[31]. The selected heat pumps provide 120 kW, which is more than 100% of the power required.
However, the heat pump power is dimensioned for average power need and not the maximum,
which is unknown. Further, surveys have shown that it is more economically viable in the long
term to use the heat pumps close to their maximum power [31].

5.2 Financial results
The financial results are calculated using the net present value method and the direct return
method. The reason for using the net present value method is that some energy savings are
worth more in the future due to increasing energy prices. The price trends and other parameters
used to calculate the financial result are presented in Table 3.
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Table 3. Parameters for financial calculations. Used parameters for financial calculations [51, 26, 14, 16].

Parameters
Atemp
Cost of capital
Electricity price increase per year
District heating price increase per year
ASES investment price
Electricity price
District heating price
Rate of return

6271 m2
8,12 %
4%
2%
1050 kr/m2Atemp
1.25 kr/kWh
0.72 kr/kWh
6.00 %

The financial profitability of all energy saving measures, including ASES and the GSHP system, is
presented in Table 4. The total profits marked in green are profitable and those marked in red
are not. The saving per year is the total energy saving for district heating and electricity in
2013’s pricing. They should be compared to the energy costs in 2013, which are estimated to
715 000 kr. The lifetimes of the investments are estimated in Appendix VIII.
For the window replacement, a monthly rent increase of 10 kr/apartment is justified [15]. When
renovating a wall, the new wall is most likely better than the old one, even though no additional
insulation is added. For energy calculations, only the benefits of additional insulation and
reduced maintenance costs are considered. The wall is in need of renovation, at an estimated
cost of 5 036 000 kr [8]. The cost is based on earlier renovation costs of similar buildings owned
by Stena Fastigheter. The renovation cost is subtracted from the total investment cost in “Wallrenovation”. The costs associated to 95 mm wall insulation are evaluated. Costs for installing
120 mm insulation are not available. The difference in savings per year for the wall comes from
the difference in maintenance costs and would amount to 4.7 MWh, or about 3400 kr per year.
Maintenance costs for the measures are presented in Appendix VII.
Table 4. Financial result. The saving per year is in 2013 currency, total profit is accumulated for the measure’s
lifetime, and the payback time is years after 2013. Property value increase is based on the savings per year.
All costs are rounded to 1 000 kr. “X” is the new heat exchanger.

Measure
Ventilation FTX
Ventilation X
Basement
Wall
Wall renovation
Attic insulation
3 pane window
Add window
Doors
ASES
ASES+GSHP

Investment
3 745 000 kr
870 000 kr
179 000 kr
5 284 000 kr
250 000 kr
220 000 kr
5 184 000 kr
1 944 000 kr
80 000 kr
4 478 000 kr
5 591 000 kr

Saving per
Total profit
Payback
Property
year
time
value
115 000 kr -2 497 000 kr
Never
1 920 000 kr
51 000 kr
-327 000 kr
Never
849 000 kr
85 000 kr
978 342 kr
2
1 420 000 kr
85 000 kr -4 374 000 kr
Never
1 413 000 kr
52 000 kr
345 000 kr
6
871 000 kr
17 000 kr
79 000 kr
70 000 kr
700 kr
375 000 kr
470 000 kr

34 000 kr
-4 039 000 kr
-940 000 kr
-70 000 kr
332 000 kr
248 000 kr

26
Never
Never
Never
23
26

285 000 kr
1 320 000 kr
1 162 000 kr
12 000 kr
6 245 000 kr
7 841 000 kr

The energy saving measures that are found not profitable in Table 4 can be profitable if the rent
is increased. The necessary rent increase to make the measure profitable is shown in Table 5.
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Table 5. Monthly rent increase per apartment to make the measures profitable. "A” means the measure is
already profitable.

Measure
Ventilation FTX
Ventilation new heat exchanger
Basement
Wall
Wall -renovation
Attic insulation
3 pane window
Add window pane
Doors
ASES
ASES+GSHP

Rent increase per apartment
267 kr/month
35 kr/month
A
468 kr/month
A
A
367 kr/month
93 kr/month
6 kr/month
A
A

Some combinations of different energy saving measures are presented in Table 6. ASES
combined with the wall renovation is the combination that reduces the need for purchased
energy the most. Note that ASES does not extend the lifetime of the building, compared to some
other energy saving measures which do.
Table 6. The investment cost of all energy saving measures summed. “X” is the new heat exchanger. In column
3 the cost of renovating the wall is excluded.

Combination

Investment

Investment - renovation

FTX + 3 pane window

14 693 000 kr

9 657 000 kr

FTX + Add window

11 453 000 kr

6 417 000 kr

X + 3 pane window

11 818 000 kr

6 782 000 kr

X + Add window

8 578 000 kr

3 542 000 kr

ASES + Wall

9 762 000 kr

4 726 000 kr

Regardless of costs, it is often interesting to know the total reduced need for purchased energy
for a given measure. The reduced need of purchased energy is presented in Table 7, organized in
decreasing order.
Table 7. Reduced need of purchased energy. For the existing building the energy usage is 149
[kWh/m2Atemp].

Measure
ASES+GSHP
ASES
Ventilation FTX
Ventilation new heat exchanger
Basement
3 pane window
Add window
Wall insulation
Attic insulation
Doors

Reduction [kWh/m2Atemp]
117
92
33
25
17
14
12
5
3
0
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Reduction
79 %
62 %
22 %
17 %
11 %
9%
8%
4%
2%
0%

5.3 Generalized result
Every building is unique, but similar conditions apply to other buildings as the one evaluated in
this thesis, assuming that the surrounding buildings use about as much energy per m2Atemp and
that the heat is evenly distributed in the buildings. Some generalized calculations can therefore
give estimations of their reduced purchased energy potential.
For the given conditions (no changes to the building) it is found that 1434 m2 of solar panel area
is sufficient for the building to be self-sufficient in terms of heat. It is also found that a building
with 6 storeys can be self-sufficient with the currently available solar panel area of 1002 m2,
provided the heat usage is evenly distributed in the building. This is an extremely generalized
result and should be seen merely as rough estimations.
A building which is also owned by Stena Fastigheter and located close to the one evaluated in
this thesis, is more appropriate for ASES implementation (less storeys and more roof area). The
building, shown in yellow in Figure 18, could be self-sufficient in terms of heat. There are also
more open areas appropriate for the ground storage location close to this building.

Figure 18. A possibly better suited building for ASES. The building is shown in yellow and the location of
suggested ground storage unit in blue. The building evaluated for this thesis is shown in red.

Furthermore, rough calculations suggest that a combination of ASES and other energy saving
measures could make the evaluated building self-sufficient in terms of heat. A possible
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arrangement is combining ASES with draining the basement, new heat exchanger and insulation
of the attic. Because of the uncertainty of summing up the benefits of energy saving measures,
this result should be seen as a possible combination that needs further evaluation.
ASES is designed to minimize losses in the ground storage, i.e. minimizing the storage
temperature. Another option is to minimize the peak heat power, consequently reducing the
heat pump size as well as the investment cost of ASES. A smaller heat pump (the total max
power is reduced to 100 kW instead of 120 kW) reduces the investment cost by 33 750 kr.
Higher average ground storage temperature occurs when using the smaller heat pump, hence
increasing the losses by 20 MWh per year, or the equivalent 14 400 kr. Therefore, the gain is lost
in about two years.

6 Validation
All heat that enters a building has to leave according to the energy equation, assuming no heat is
stored [29]. When looking at the evaluated building, all energy that heats the air comes from
district heating, losses from hot water pipes, losses from electrical appliances and humans. The
heat can leave as thermal losses through the thermal envelope, ventilation and air leaks through
holes in the walls. Only parts of the hot water will be contribute to heating of the building, the
rest leaves through pipes and not through the thermal envelope or the ventilation.
In theory, all heat going in must go out, if it is not stored. However, the theory used to calculate
heat distribution within the building and how the heat leaves through the thermal envelope is
simplified, meaning it will differ from reality. Therefore some deviations are accepted, normally
up to 10 %. The calculated heat balance of the building evaluated in this thesis is shown in
Figure 19. About 5.5 % less heat is going in to the building than going out, which is seen as
relatively good. The method should consequently be representative when calculating other
energy saving measures.
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Figure 19. The heat balance in the building. There is 785 MWh leaving and 742 MWh entering the building.

The results of the calculations for ASES were compared with an earlier ASES installation in an
industrial building which used oil for heating [26]. The oil usage corresponds to 121 kWh/m2,
see Appendix IX. The energy usage for the industrial building was reduced to 25 kWh/m2
(electricity), or about 21 %, after installing ASES. If the solar panel area is sufficient to cover the
heat demand of the evaluated building, the energy need is reduced to 20 % of current usage. The
similarities of the results indicate that the calculation method for ASES is reasonable.
The volume underneath the ground storage is partially used for extra storage. Assuming
homogenous ground, the storing capacity of the underlying ground can be expressed as energy
per square meter ground storage over a year. In earlier ASES installations, about 75 kWh/m2 can
be stored in the rock underneath the ground storage [26]. The typical rock underneath the
ground storage consists of clay and granite rock, which together have better heat storing
properties than the granite rock alone. Assumptions made in this thesis correspond to 54
kWh/m2 storing capacity in the granite rock underneath. The slightly lower storing capacity is
partially explained by the lack of clay and partially by calculation method, which tries to avoid
overly positive results. For the thermal stability depth used, a clay content of 43 % would result
in 75 kWh/m2 storing capacity.
When calculating the amount of heat possible to extract through the GSHP system, the
temperature difference between the surrounding rock and the temperature close to the energy
well (TR) is very important. TR was set to 2°C, which means 24.6 W/m can be extracted. This is in
agreement with standard boreholes which normally extract 10 to 30 W/m and a maximum of 50
W/m [65, 66, 33]. A sensitivity analysis was, however, conducted to determine the effect of
changes to this parameter.
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7 Sensitivity analysis
Because some parameters are believed to be of great importance for the final result, they are
varied. The parameters are the electricity price, district heating price, cost of capital, investment
cost for ASES, temperature around the collector hose in the GSHP system (TR) and the depth for
thermal stability.
The cost of capital is critical for an investment’s profitability. For the result 8.12 % is used, but
varied in Table 8 to examine its sensitivity. The measure is profitable when the cost of capital is
lower than that in Table 8. As seen, the basement cost and wall insulation (excluding renovation
costs) are not sensitive to variations. Attic insulation, ASES and ASES combined with GSHP are
very sensitive to increasing capital of cost. Adding a window pane and changing the heat
exchanger are only profitable if no return is required.
Table 8. The cost of capital. The table shows for which cost of capital an investment is not profitable, “X”
means never profitable.

Measure
Ventilation FTX
Ventilation new heat exchanger
Basement
Wall insulation
Wall insulation-renovation
Attic insulation
3 pane window
Add window pane
Doors
ASES
ASES+GSHP

Cost of capital
X
2.83%
49.47%
X
35.26%
9.32%
X
3.67%
X
8.84%
8.56%

The yearly district heating price increase could possibly determine the profitability of several
measures. In Table 9, the limit for when a measure is profitable is presented. A low the yearly
district price increase is good since that means the profitability is less dependent on the district
heating prices. As shown, no measure’s profitability changes without changing the district
heating price trend significantly. In other words, no measure is very sensitive to district heating
price changes. Note that increasing district heating prices are favorable while increasing
electricity prices are not.

42

Table 9. The yearly district heating price increase. The table shows for which price increase a measure is
profitable. “A” means the measure is always profitable, even without a price increase.

Measure
Ventilation FTX
Ventilation new heat exchanger
Basement
Wall insulation
Wall insulation-renovation
Attic insulation
3 pane window
Add window pane
Doors
ASES
ASES+GSHP

District heating yearly increase
11.66%
6.97%
A
20.33%
A
0.81%
10.78%
6.72%
12.47%
1.49%
1.71%

The electricity price increase only affects those measures for which the electricity usage is
increased, i.e. ventilation systems, ASES and ASES combined with the GSHP system. In Table 10
the yearly electricity price increase for which the measure is no longer profitable is shown. The
ventilation systems are never profitable. In the table it is shown that ASES (with and without the
GSHP system) is sensitive to electricity price changes.
Table 10. Electricity price increase. The table shows the yearly price increase for which the measure is not
profitable anymore.

Measure
Ventilation FTX
Ventilation new heat exchanger
ASES
ASES+GSHP

Electricity increase
X
X
5.60%
4.27%

It is reasonable to think that not only the electricity or district heating price do not increase
independently, which is why both have been varied for ASES and ASES combined with the GSHP
system in Table 11. The table shows that as long as both the electricity price and district heating
price are increased, ASES and ASES combined with the GSHP system are profitable. The payback
time is rounded to full years.

43

Table 11. Different energy price increases. ASES and the GSHP system is affected by the electricity price (the
ventilation systems are never profitable and are therefore not shown). The payback time is in years.

Energy
Electricity
District heating

Yearly increase Measure
5.00% ASES
3.00% ASES+GSHP

Total profit
872 000 kr
893 000 kr

Payback time
20
21

Electricity
District heating

5.00% ASES
4.00% ASES+GSHP

1 749 000 kr
2 042 000 kr

17
18

Electricity
District heating

5.00% ASES
5.00% ASES+GSHP

2 803 000 kr
3 423 000 kr

15
15

Electricity
District heating

6.00% ASES
3.00% ASES+GSHP

637 000 kr
506 000 kr

21
23

Electricity
District heating

6.00% ASES
4.00% ASES+GSHP

1 514 000 kr
1 656 000 kr

16
17

Electricity
District heating

6.00% ASES
5.00% ASES+GSHP

2 568 000 kr
3 037 000 kr

15
16

Electricity
District heating

6.00% ASES
6.00% ASES+GSHP

3 843 000 kr
4 708 000 kr

13
14

The thermal stability depth in the granite rock is estimated to 15 meters, half of that depth is
assumed to be used for storage. When changing the thermal stability to 10 or 20 meters the part
of the granite rock used for storage is changed, consequently the need for district heating,
geothermal heating and the losses are changed. Both systems cover the energy need, but the
costs are changed, which can be seen in Table 12. The investment cost increase for ASES
combined with the GSHP system is caused by the cost of extra boreholes. For all depths the
measures are still profitable. The payback time varies because of changing savings per year.
Table 12. Financial result for 10, 15 and 20 meters depth to thermal stability. 15 meters is shown for the
comparison purpose. Because of different storage capacities 12, 11 and 10 boreholes are needed for the GSHP
system. The payback time is in years.

Measure

Investment

Saving per
year

Total profit

Payback
time

Value
increase

ASES

4 477 791 kr

361 929 kr

158 000 kr

26

6 032 000 kr

ASES+GSHP

5 674 541 kr

469 585 kr

149 000 kr

27

7 826 000 kr

15 meter
ASES

4 477 791 kr

374 725 kr

332 000 kr

23

6 245 000 kr

ASES+GSHP

5 590 541 kr

470 482 kr

248 000 kr

26

7 841 000 kr

ASES

4 477 791 kr

384 354 kr

462 000 kr

22

6 406 000 kr

ASES+GSHP

5 506 541 kr

471 444 kr

349 000 kr

25

7 857 000 kr

10 meters

20 meters
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The different depths to thermal stability affect the need of district heating and geothermal heat.
Table 13 can be interpreted as the energy performance of the ground storage. It shows how
much energy is needed to support the heat demand of the building for different thermal stability
depths, and consequently ground storage capacities. The electricity usage for ASES does not
change since the same amount (maximum) of heat is always extracted from the storage. The
temperature and losses change to always handle the heat demand.
When the storage capacity is lowered a higher temperature is needed to store the same amount
of heat. The higher temperature also increases the losses, which is why the losses are bigger for
the smaller storage. The losses in the ground storage correspond at the most to 10 % of the total
heat demand.
Table 13. Energy result for 10, 15 and 20 meters to thermal stability. 15 meter is shown for comparison.

Thermal stability
depth

District
heating
[MWh]

Heat GSHP system
[MWh]

Losses
[MWh]

Electricity
[MWh]

219

---

71

69

---

233

90

114

201

---

53

69

---

214

66

113

188

---

39

69

---

194

48

112

10 meters
ASES
ASES+GSHP
15 meters
ASES
ASES+GSHP
20 meters
ASES

If the temperature around the collector hose in the GSHP system is varied, the same amount of
heat is extracted, but a different number of boreholes are needed. Because the GSHP system is
always used combined with ASES, the cost for extra boreholes is relatively small. The result of
changing the temperature around the collector hose is shown in Table 14. Note that TR is the
average temperature around the collector hose for when heat is extracted. Variations in savings
per year are explained by variations of losses and how much heat that can be extracted. When TR
is bigger than 4°C the payback time is longer than the lifetime and the system is no longer
profitable. TR = 5°C corresponds to 12.91 W/m, which is very low and indicates that the system
is underutilized.
Table 14. TR variations. The GSHP system cost is increasing because of the extra boreholes needed.

TR [°C]

Boreholes Cost with ASES

Saving per year Total profit

Payback time

1

10

5 507 000 kr

469 680 kr

319 000 kr

25

2

11

5 591 000 kr

470 482 kr

248 000 kr

26

3

13

5 759 000 kr

470 122 kr

74 000 kr

28

4

15

5 927 000 kr

470 871 kr

-81 000 kr

30

5

19

6 263 000 kr

470 435 kr

-424 000 kr
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ASES is estimated to cost 1050 kr/m2Atemp, based on earlier experiences [26]. The maximum
price is normally 1200 kr/m2Atemp, but for the evaluated building ASES, with and without the
GSHP system, are both found non profitable at this price. In Table 15 the limit for when the
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systems are not profitable anymore is presented. In the table it is shown that the margins for the
profitability of the systems are small. The energy efficiency of the system is not price dependent
and thus not changed.
Table 15. Investment price limit. The price for which the investment is no longer profitable is shown.

Measure
ASES
ASES+GSHP

Investment limit [kr/m2Atemp]
1128
1108

It is of interest to compare the results to a case for which the cost of capital is 10 % and the
district heating price increase follows the electricity price increase of 4 %. This is presented in
Table 16 and should be compared to Table 4. The results show that the two scenarios give
similar results. It can also be interpreted as even though the return is increased, the profitability
does not necessarily change e.g. the profitability and payback time of the basement and the attic
insulation are similar for both cases. The biggest difference between Table 4 and Table 16 is the
total profit of ASES and ASES combined with the GSHP system, which is doubled when the
district heating price increase is doubled in Table 16.
Table 16. Financial result for 10 % cost of capital and 4 % district heating price increase, otherwise data from
Table 3 is used.

Measure
Ventilation FTX
Ventilation X
Basement
Wall
Wall -renovation
Attic insulation
3 pane window
Add window
Doors
ASES
ASES+GSHP

Investment
3 745 000 kr
870 000 kr
179 485 kr
5 284 277 kr
248 673 kr
220 000 kr
5 184 000 kr
1 944 000 kr
80 000 kr
4 477 791 kr
5 590 541 kr

Saving Total profit
Payback
Property
per year
time
value
115 00 kr -2 439 000 kr
Never
1 920 000 kr
51 000 kr
-315 000 kr
Never
849 000 kr
85 000 kr
993 000 kr
2
1 420 000 kr
85 000 kr -4 408 000 kr
Never
1 413 000 kr
52 000 kr
351 000 kr
5
871 000 kr
17 000 kr
37 000 kr
25
285 000 kr
79 000 kr -4 041 000 kr
Never
1 320 000 kr
70 000 kr
-945 000 kr
Never
1 162 000 kr
700 kr
-69 000 kr
Never
12 000 kr
375 000 kr
706 000 kr
20
6 245 000 kr
470 000 kr
829 000 kr
21
7 841 000 kr

8 Discussion
Because of the scope of this thesis there are many things that need to be addressed in the
discussion. It should be noted that all parameters are estimated and the results are, hence,
indications rather than facts. Many cost estimations are based on average costs and depending
on the method of estimating, what property they regard and local conditions, these result vary.
There is also an issue regarding sources for this thesis; some data and estimations are given by
the founder of ASES and the property owner. Costs are the most uncertain estimations because
all details that cannot be considered and evaluated in detail. For this thesis typical costs for the
measures were used based on earlier experiences or statistical data. The costs are difficult to
validate, but have despite this been used, due to the lack of alternatives. To avoid misleadingly
positive result worst case scenarios were calculated.
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The lifetimes used in this thesis have not been varied, even though there are arguments that they
should. When the lifetimes were estimated there was a conflict between literature studies and
the opinion of professionals. The literature normally claims that the lifetime of a product is when
a part of it breaks. The professionals claim that by carrying out maintenance and replacing
smaller parts (as they claim is a part of the maintenance) the lifetime can often be doubled or
tripled compared to literature. The lifetimes chosen were within the intervals of the literature,
but sometimes in the higher range.

8.1 Results
The calculations were divided into the thermal envelope modifications and ASES, and are
therefore discussed separately here. Other aspects which were encountered while writing this
thesis are also discussed, but without verified information. The discussion is based on the
assumption that reducing the energy usage is of interest. If a renovation is necessary, carrying
out an energy saving measure is recommended.
The increase in property value is an interesting parameter to evaluate, which is presented in
Table 4. The most significant improvements, with respect to property value increase, were
draining the basement, insulating the wall and ASES. For the basement, the property value
increased by approximately 8 times the investment costs, and for the wall (renovation excluded)
this increase was about 4 times. As for the ASES (with and without the GSHP system) the
property value increased by about twice the investment. For the other measures the value
increase was approximately as much as the investment cost, or less. This aspect can be used to
motivate energy saving measures.
The value increase calculated in this report is based on the energy saved. The same method is
used to estimate the property value. There is a difference in estimating the property value and
the selling price. The price for which a building is sold depends on location, the buyer and
several other parameters which were not evaluated in this report.

8.1.1 The thermal envelope
The results show that it is difficult to make energy saving measures profitable. About half of the
measures evaluated are profitable, i.e. they generate more money than the investment cost.
However, the payback times are relatively long for the majority of the measures. For the
measure to be an interesting investment, the payback time needs to be closer to 10 years (or
less), corresponding to about 10 % return per year. Only the wall insulation and the basement
measures meet this requirement.
One of the smallest changes to the thermal envelope, draining of the basement, proved to be the
smartest investment, with an extremely short payback time. Other profitable measures were
attic and wall insulation. Adding insulation to the attic is a relatively easy measure, but has a
long payback period. The wall insulation is profitable only if the costs of the renovation are not
considered as investment costs. Similarly, if the windows needed replacement, this cost could
have been excluded from calculations and yielded a different result. The energy saving of the
windows is relatively big, but the high investment cost makes it unprofitable. However, when
the windows have to be changed, new three pane windows are recommended. As with the wall,
the windows would possibly be profitable in the situation when replacement is required, but
that was not evaluated.
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Changing the ventilation system to FTX is an extensive measure and thus cost intensive. By
replacing the existing heat exchanger to a better, a lot can be gained. The action requires fewer
changes and is consequently less cost intensive. Converting to a FTX system might require
tenants to temporarily move out, which is not the case for replacing the heat exchanger. In this
thesis the tenants were assumed to stay.

8.1.2 ASES
First of all, it must be noted that ASES does not save energy. While other measures evaluated in
this thesis save energy, ASES uses solar thermal energy and thereby reduces the need for
purchased energy. The results show that ASES has the potential of reducing the energy usage
more than all the energy saving measures on the thermal envelope together. Combined with the
GSHP system the gain is even more significant.
Something that was not evaluated, but that remains interesting, is the addition of solar panels on
the façade. The angle is less optimal, but the surface area is relatively big and should therefore
have potential. Another interesting combination is ASES with FTX. When improving the thermal
envelope of the building, the need for cooling could arise during warm summer days. If ASES is
combined with a FTX system it is possible to cool warm internal air in the summer and heat cold
air in the winter. This might be more interesting in the future as the indoor climate
requirements are increasing. The best energy saving result is most likely achieved by combining
ASES with other energy saving measures. Some combinations should make the building selfsufficient in terms of heat, as explained in the result. However, because of the uncertainty this
has to be evaluated further.
For both ASES and ASES combined with the GSHP system, the losses to the granite rock are the
most significant. The losses going up through the insulation follow the air temperature curve
well. Because of the insulation the upward losses are much smaller, showing the importance of
the insulation. While some losses are bad, others are good. For example, heat is going into the
ground storage when the storage temperature is lower than the surrounding, reducing the
overall losses. The heat going in to the ground storage is in this thesis called negative losses,
which is a misleading term since it is not actually losses, but heat gain. Considering the mismatch
of available solar energy and heat usage of the building, the total losses are seen as relatively
small.
In the generalized result, which should be seen merely as possibilities, it was found that there is
another building which is possibly better suited for ASES. A lot of buildings from the Million
Homes Program have 3 or 4 storeys, which could be better suited for ASES. This should be
evaluated further.
Assuming ASES is implemented in thousands of buildings, it has the potential of increasing
redundancy of the national energy system. ASES decreases the need for purchased energy, since
solar energy is used. This means buildings with ASES installed are less sensitive to energy price
changes. Due to the decreased need for heat, additional heating systems (such as district
heating) can be downscaled which reduce costs for the heating systems. However, these cost
savings are compensated by the costs of installing and running ASES
As of today (October, 2013), the new political instruments to be used to reduce the energy usage
of buildings in Sweden are not decided. It is believed that a power limit to buildings will be
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introduced in order constantly improve the energy use of buildings. If this is true, the potential
of ASES, is even more important. The existing political instruments for energy restrictions are
focused on kWh/m2, but the reality is that many factors are to be considered in order to reach
outlined goals.

8.2 Sensitivity
The sensitivity analysis shows that most results are insensitive to changes of the thermal
stability depth, the temperature around the collector hose in the GSHP system (TR), cost of
capital, district heating prices and electricity prices. The attic insulation is sensitive to increasing
cost of capital changes, which could be caused by increasing inflation. Insulating the basement
and the walls (assuming cost of the renovation is deducted) seem to be the most profitable
measures and will always (within reasonable limits) be profitable.
ASES and the GSHP system are inversely affected by the electricity price. However, it is not likely
that the electrical price will change without an increase in district heating prices. Therefore,
ASES and the GSHP system are most likely profitable, as seen in Table 11. The systems are also
sensitive to cost of capital increases. However, as long as the district heating price increases, cost
of capital increases should not be a problem, as shown in Table 16.
If the investment price of ASES is increased the measure is no longer profitable. Earlier
experiences give prices from 800 -1200 kr/m2Atemp; 1050 kr/m2Atemp is in the higher range of
this interval and seen as the most likely cost. However, this is difficult to validate. ASES is
currently (October 2013) being installed in a building of a similar size as the one studied in this
thesis, but the costs of this is yet to be finalized.
If the district heating prices increase, the results would differ. Assuming the cost of capital is 10
% and the district heating price increase follows that of the electricity price increase of 4 % per
year, the result is very similar to the one presented in this thesis. In conclusion; many scenarios
yield similar results.

8.3 General discussion
The goals set by the EU were not in focus while conducting this thesis, but something I want to
discuss. The goals are clear, but there is no outlined way of reaching them. The politicians are
asking the industry to pay for actions that will cost billions of Swedish crowns. Because most
people living in the Million Homes Program buildings generally have a lower income, the rents
cannot be increased too much. This means there are insufficient funds to apply necessary
changes for energy saving efficiency. Property owners in these situations are therefore only
doing what must be done and what is profitable. A non-profitable company is not financially
sustainable; governments need to sponsor the changes for the climate goal to be achieved. There
are governmental contributions, but these only cover a few per-cents of the actual costs
involved. Perhaps a new Million Homes Programme is needed where major changes are
sponsored by the government.
Another important topic of this thesis is the future energy prices. They are difficult to predict
and were varied to test the sensibility of the different measures. While doing this thesis I have
come across many who believe district heating prices will increase at a faster rate than
published in any reports. I have come across those who believe that if the district heating usage
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decreases the district heating will become more expensive. Losses in pipes will proportionately
increase, and as the usage goes down the running costs will consequently increase. An analysis
of the future energy pricing was not done in this thesis, but it is recommended for investors to
further investigate this aspect. The outcome is important, since the higher the costs per kWh, the
more profitable an energy saving measure is.
Before implementing energy saving measures, there are several questions which must be
answered. Is it the most cost effective? What needs to be done? Are there any other benefits such
as extra fire protection, more appealing design or extra security? Are there social aspects or
cultural values that could cause problems or that can be improved? The list of factors to be
addressed before implementation is long. When studying examples from previous energy saving
measures, it was found that smaller measures like optimization of existing technology (such as
adjusting the heat system), proves to give the best results. Relatively small measures can save up
to 30 percent of energy usage. That is without major renovations or construction changes, such
as adding insulation, changing heating system or windows. The easiest solution might in fact be
lowering the temperature where it is possible. The basement of the building is in some
perspectives unnecessarily heated and because of the concrete walls, the heat losses are
extremely high. It is recommended that measures like these are evaluated before making bigger
changes to the thermal envelope.
When renovating, it is recommended to change equipment such as pumps and fans even though
they are not worn out. Professionals working with ventilation systems have reported that when
a fan or a pump breaks, a replacement is required quickly. At this point a more energy efficient
component is not a priority, but rather getting the system running again is. Consequently, the
system efficiency is not improved and energy will not be saved.

9 Conclusions
This thesis confirms the results from several preceding studies; it is hard to make energy saving
measures profitable. About half of the measures evaluated are profitable. For the majority of the
measures, the payback times are relative long. Only draining the basement and insulating the
walls (excluding renovation costs) are interesting, if a yearly return of 10 % is required. Other
profitable measures are insulating the attic and ASES (with or without the GSHP system).
However, ASES is sensitive to changes in price of energy and could in some scenarios be nonprofitable.
The property value increase was calculated for all energy saving measures. The increase
resulting from draining the basement is about 8 times of the investment cost and the payback
time is less than two years, making the measure the most profitable measure evaluated in this
thesis. The property value increase for the wall (renovation excluded) is about 4 times, about 1.5
for ASES (with or without the GSHP system) and about 1 for insulating the attic.
ASES is the measure that reduces the need for purchased energy the most of the alternatives
evaluated in this thesis. However, it is not necessarily the smartest investment. All energy saving
measures summed do not reduce the need for purchased energy as much, or as cheaply, as ASES.
Renovating the walls, modifying the attic, or changing windows extends the lifetime of the
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building, but ASES (with or without the GSHP system) does not. This is worth considering before
investing into the system.
It is believed that by combining ASES with other energy saving measures the need of purchased
energy is reduced the most, e.g. combining ASES with attic insulation, draining the basement and
renovating the walls. It is also believed that the right combination can cover the heat demand of
the building, making the district heating unnecessary. The effects of this are difficult to predict
and need to be evaluated further.
Possibly the most interesting result is related to the surround buildings that surround the
studied building. The surrounding buildings have larger roof area (where solar panels can be
mounted), less storeys, and more open spaces wherein the ground storage can be located.
Assuming they are in similar condition, installing ASES could make them self-sufficient in terms
of heat, which should be evaluated further.
Another interesting conclusion is the potential of ASES in apartment buildings in general. So far,
ASES has only been built in single family homes and an industrial building, but by using ASES in
larger buildings, the need for purchased energy is greatly reduced. ASES will not save the
world from the energy crisis by itself, but the system has the potential of significantly reducing
the need of purchased energy of certain buildings. The implementation of ASES should definitely
be considered as an opportunity to reduce the usage of purchased energy of existing buildings,
as new climate goals are set.
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Appendix I
This appendix presents data about the thermal envelope. The walls of the building are mostly
lightweight concrete, insulation and windows. The basement is split into the upper wall, lower
wall and floor. Purple color is the u-value before making the energy saving measure, green is
after [67].
Table 17. Wall conductivity and materials.

Wall
First floor

Lambda
[W/mK]

Distance
[m]

R-value [m2K/W] U-value [W/ m2K]

Insulation
First floor (lightweight concrete)
First floor insulation
8 floors
Concrete
Foam
8-floor
8- insulation

0.04
0.12

0.95
0.3

27.14
2.50
29.64

0.40
0.03

1.70
0.04

0.14
0.115

0.08
3.11
3.19
30.33

0.31
0.03

Table 18. Roof/attic conductivity and materials.

Roof/attic
Part
Insulation
Existing
Roof+insulation

Lambda [W/mK]
0.04
0.12

Distance [m]
0.4
0.15

R-value [m2K/W]
9.52
1.25
10.77

U-value [W/ m2K]
0.47
0.09

Table 19. Basement conductivity and materials.

Basement
Wall
Insulation
Upper conctrete
Upper insulation
Upper wall
Upper wall+ insulation
Lower wall
Lower wall insulation
Floor
Bottom concrete
Bottom light concrete
Bottom insulation
Bottom

Lambda [W/mK]
0.04
1.70
0.14

Distance [m]
0.10
0.20
0.05

1.70

0.25

1.70
0.12
0.14

0.18
0.05
0.08

R-value [m2K/W]
2.86
0.12
0.36
0.47
3.33
0.15
3.00
0.11
0.42
0.54
1.06
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U-value [W/m2K]

2.11
0.30
6.80
0.33

0.94

Table 20. Heat flows through the thermal envelope. The first floor differs from the upper 8 floors, which is
why they are separated. For the total heat losses the added window pane is used for estimations [67, 52, 14,
5].
Measure

U-value Today
[W/m2*K]

U-value improved
[W/m2*K]

Area [m2]

Energy today
[kWh/year]

Energy improved
[kWh/year]

Roof
Basement

0,47

0,09

775,71

29615,42

5848,58

Floor
Upper wall
Lower wall
Foundation

0,94
2,11
6,80

0,94
0,30
0,33

775,71
150,24
183,29
1109,25

59542,39
25704,12
101244,84
186491,35

59542,39
3662,76
4956,04
68161,19

First floor
8 floors
Wall

0,40
0,31

0,03
0,03

Door
3 pane window
Added window

2,00

0,90

342,52
2740,19
3082,71
11,00

11129,32
69766,21
80895,53
1787,07

938,62
7338,02
8276,63
804,18

3,00
3,00

0,80
1,10

541,08
541,08

131856,43
131856,43

35161,72
48347,36

Total (MWh)

430,65

131,44

Walls

Total area (Atemp)

6271,42
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Appendix II
This appendix shows different data used for models and calculations in this thesis.

1. Thermal envelope data
Table 21. Data used for thermal envelope data.

Parameter
Indoor temperature
Existing window
Added window
3-glass window

Value
17 °C
3.0 W/m2K
1.1 W/m2K
0.8 W/m2K

Comment
[48]
[5]
[15]
[15]

2. Ventilation
Table 22. Parameters used for ventilation.

Parameter
Specific heat capacity (air)
Air density
Temperature air leaving
Total flow (exhaust flow)
Recovery flow (intake flow)

Value
1.0 kJ/kgK
1.2 kg/m3
20-22 °C
3.8 m3/s
2.2 m3/s

Existing heat exchanger,
energy recovery efficiency
New heat exchanger, energy
recovery efficiency

42 %

Extra electricity for new
heat exchanger
FTX energy recovery
efficiency

5 MWh

Extra electricity for FTX

20 MWh

Comment
[68]
[68]
Measured on site
Projected
Exhaust air that can be used
for recovery
Best guess [15]

75 %

Still recovery from 2.5 m3/s,
but higher efficiency. Lowered
efficiency because of leakage
[15].
[53]

75 %

Full recovery. Lowered
efficiency because of leakage
[14].
[14]

3. Heat and electricity
Table 23. District heating use and hot water share.

Parameter
District heating
Hot water share

Value
849.8 MWh/year
33 %

Heat losses from hot water

20 %

Electrical appliances

70 %
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Comment
[16]. Estimated for 2013.
Meaning 67 % of district
heating goes to heating air
[16].
The share of the heat from the
water that heats the building
[24].
Share of electricity energy in
appliances that are heat losses
[24].

Table 24. Number of people per apartment. A person was assumed to generate 80 W during 14 h/day [24].

Apartment size
[number of
rooms]
1:a

Average [people/apartment]

Apartments
in evaluated
building

Total number of
people

1.42

12

18

2:a

1.63

36

72

3.a

2.18

0

0

4:a

2.79

32

96

Sum:

80

186

4. ASES, GSHP system and ground data
Table 25. Data used for calculations.

Parameter
Roof area

Value
1 002 m2

Granite storing ratio

12/25

Solar panel energy
Energy ratio ASES

700 kWh/m2 and year
68 %

Average storage unit temp

12 °C

Temperature amplitude,
ground storage
Contributing granite rock
depth
Ground storage volume
Granite storage volume
Energy in rock

13 °C

TR

2 °C

Geothermal gradient
Geothermal heat flow
α0
Active borehole depth
Di

1 °C/100 m
0.050 W/m2
33π/24 rad
200 m
9.5 m

Borehole radius

0.07 m

7.5 m

Comment
Adding 1 meter in every
direction to the existing roof
Used to calculate the share of the
granite rock that can be used for
storage.
Facing south on the roof
(Energy supplied by ASES – extra
electricity – losses)/Heat
demand for building. Used for
estimating the investment.
Used to find thermal stability
[26]
Used for equation (15)
Half the distance to thermal
stability

6 400 m3
24 000 m3
75 kWh/m2

How much energy that can be
stored in the rock per year.
Applies for area of the ground
storage [26]
Average temperature around the
collector hose in the borehole.
Temperature increase [34]
[34]
Calculated for equation (8)
Distance from surface from
which is, not possible to be used
by the GSHP system.
Most common [31]
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5. Conductivity and heat capacity
Table 26. The capacity and conductivity for the stone powder used in the ground storage unit, the
surrounding clay and the granite rock. Note the difference between humid and saturated compressed stone
powder [59, 57].

Material

Conductivity [W/mK]

Heat capacity
[kWh/m3K]

Stone powder (humid)

1.7

0.6

Stone powder (saturated)

2.4

0.8

Clay

0.9

1

Granite

3.6

0.6

61

Appendix III
In this appendix some alternative energy saving measures are presented that are not a part of
the thermal envelope. There are even more ways to save energy than presented here, but those
are not relevant for this thesis.

1. Heat system
To streamline the district heating, thermostatic valves and pumps should be changed and pipes
insulated. Furthermore, adjusting the heating system, buying a better control system, and using
individual measuring in the apartments would help. Changing to a new high effective pump is
more expensive, but since the initial investment only accounts for 10 % of its lifetime cost, a new
pump is normally worth the investment [5].
Adjusting the heating system in a building should be done when all other energy saving
measures, such as the climate shell and ventilation, are completed [5]. New control systems can
reduce the energy demand in a building by up to 30 % [69]. Buildings from the Million Homes
Program are normally adjusted according to outdoor and indoor temperatures, using a precomputed curve or a reference sensor [5].
As a rule of thumb; if the temperature is decreased by 1°C, the energy demand decreases by 5 %
[5]. Therefore, areas which do not need to be as warm as the apartments should have a lower
temperature to save energy, or not be heated at all.

2. Appliances
The efficiency of stoves, refrigerators and freezers is continually increasing, and new appliances
use about 60 % less energy. In addition to higher efficiency, new freezers and refrigerators are
quieter and might not have to be defrosted. A new stove is quicker and better insulation does not
only save energy, but also protects people from risks of fire and burning. New dish washers and
washing machines use less water and electricity, produce less noise, and also provide a better
and cleaner result [5].

3. Water
Water use affects the energy usage because a lot of the water used is heated. To reduce the water
usage there are many smart inventions. Installing new washing machine, circulation pump and
shower nozzles are some examples. By installing individual hot water measure equipment,
water saving nozzles and individual billing the energy usage could be reduced by 17 kWh/Atemp
[5].

4. Illumination
Illumination consumes about 26 % of all electric energy in buildings in Sweden today, and this
represents between 2 500-3 000 kWh per year for an apartment [70]. Illumination is an
important part of a person’s lifestyle; it affects the way people work, how they feel and how they
perform [71]. Lamps are easy to change and are one of the most cost effective measures that can
be done in order to improve energy usage. If the armature is also changed, the improvements
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are even greater [5]. Furthermore, movement- and daylight-detectors could also be used to save
energy.
Technology for illumination has improved significantly since the Million Homes Program was
begun. The energy use for halogen lamps are about 70 % and LED lamps about 20 % compared
to conventional lamps [71]. Furthermore, the European Union has recently announced that they
will be gradually stop the distribution of the light bulb and replace it with low energy and LED
lamps, meaning only low energy and LED lamps will be available in the near future [72].

5. Behavioral changes
In theory, the easiest measure to save energy would be to change the behavior of the tenants. By
teaching the tenants how to be energy efficient (e.g. by taking quick showers and turning off
lights when leaving a room) the energy usage can be reduced in the property. By letting the
tenants see their electricity usage and pay for it, the usage is normally reduced [37]. Just by
increasing awareness of energy usage, studies show that behavioral changes reduce use by 20 %
on average. In these cases, pressure from friends as well as visualization of usage, have been
contributing factors in decreasing the energy use [73].
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Appendix IV
Two expressions were derived for this thesis, both from the thermo dynamics first law. For
purpose of this thesis the energy is measured in Wh and not Joule, which it usually is.

1. Building energy
Thermodynamic laws say energy cannot be created or be destroyed, only transformed. For an
arbitrarily system
[Wh]

(26)

has to be true. Ein is the energy going in to the arbitrarily system, Eout is the energy going out and
Estored is the energy stored or emptied within the system. From the evaluated building’s
perspective
[Wh]

(27)

where Edistrict is the energy from district heating, Esun is the energy from the solar panels used for
heating the building, solar energy direct from the sun is neglected. During summer most of the
energy from the solar panels heats the ground storage. For equation (27), only the share used
for heating the building is included. Eground storage is the energy from the ground storage. Since, in
this thesis, the heat from the building cannot be used to heat the ground storage, Eground storage ≥ 0.
Further, all heat leaving the building (Eout) as transmission losses, hot water and ventilation is
seen as the energy usage of the building, called EBuilding. The storage capacity of the mass of the
building is neglected, i.e. Estored = 0. Then
[Wh]

(28)

Equation (26-28) gives
[Wh]

(29a)

[Wh]

(29b)

which can be written as

2. Temperature difference in the ground storage
Equation (26) can also be applied for the ground storage. In that case Ein is the heat from the
solar panels that is not used to heat the building. Eout is heat going to the building and thermal
losses in the ground storage, i.e.
[Wh]
(30a)
and
[Wh]

(30b)
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EBuilding is the same as in equation (28-29b). In ASES energy can be stored in the ground storage,
meaning Estored cannot be neglected. Using equation (30a) and (30b), equation (26) can then be
written as
[Wh]
(31)
Note that Estored can be either positive or negative. Furthermore, the specific energy Sp [Wh/°C]
for the storage tells how much energy that can be stored or extracted when changing the
temperature. By using the specific energy for the storage, the temperature change (∆T) caused
by adding or removing heat (∆E) can be calculated as
[°C]

(32)

Using equation (31) and (32) gives
[Wh]

(33)

The temperature of the storage unit Tstorage is in equation (33) expressed as
[°C]

(34)

The result in equation (33) and (34) is useful. The energy difference in the storage equals the
sum of the energy to the building, heat from the sun and losses. The storage temperature a given
month is Ti, then the temperature the following month (Ti+1) will be
[°C]

(35)

∆T is the temperature change during month i. For the storage this change is caused by the
difference in solar energy, building usage and losses during the month. This means that
[°C]

(36)

Equation (33), (35) and (36) gives
[°C]
(37)
Esun to ground, EBuilding and Elosses vary monthly.
The same derivation can be carried out for the GSHP system. In that case everything as the same,
except that the GSHP system is seen as an extra heat source.
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Appendix V
This appendix shows how the degree hours were calculated. The calculations are based on
equation (4).
Table 27. Degree hours for the building. The balance temperature is 17 °C [48], average temperature in
Gothenburg is used [47].

Degree hours
Month
January
February
Mars
April
May
June
July
August
September
Oktober
November
December

Hours
744
672
744
720
744
720
744
744
720
744
720
744

Balance temp [K]

290

Average temp Gothenburg [°C]
271.9
271.8
274.6
278.8
284.6
288.6
290
289.2
285.7
281.9
277.2
273.8
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Degree hours
13466.4
12230.4
11457.6
8064
4017.6
1008
0
595.2
3096
6026.4
9216
12052.8
Sum 81230.4

Appendix VI
This appendix presents the estimation of the cost of insulating and draining the basement.
Table 28. The estimated costs of insulating the basement [51, 50]. The job requires one worker and one
machine. One day is 8 hours.

Moment
Excavator
Cleaning/ remove dirt
Grind tar
Mount board
Protective cloth
Protective list
Refill
Sum
Costs
Insulation board
Protective list
Protective cloth
Machine
Worker
Planting and after care
Sum
Total costs
Facts
1 m length =
Circumference
Area
Plant area

30
0.1
0.3
0.15
0.2
0.1
60

Unit
m/day
h/m2
h/m2
h/m2
h/m2
h/m
m/day

100
15
20
600
300
25

kr/m2
kr/m
kr/m2
kr/h
kr/h
kr/m2

2.22
150
333
154

m2/m
m
m2
m2

h/m
0.27
0.22
0.67
0.33
0.44
0.10
0.13
2.17

Cost
36 000 kr
9 990 kr
29 970 kr
14 985 kr
19 980 kr
4 500 kr
18 000 kr
133 425 kr
Cost
33 300 kr
2 250 kr
6 660 kr

3 850 kr
46 060 kr
179 485 kr
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Appendix VII
This appendix shows the costs used for the financial result.
Table 29. Energy prices [15]

Product/service
Electricity
District heating

Cost
1.25 [kr/kWh]
0.72 [kr/kWh]

Comment
[14]
[14]

1. Thermal envelope
Table 30. Costs for the thermal envelope. The costs are used for financial calculations.

Product/service
3 pane window

Cost
8 000 kr each

Adding a window pane

3 000 kr each

Window rent increase
(monthly)
Basement

10 kr/apartment

Comment
Includes material and
installation [15]
Includes material and
installation [15]
[15]

179 485.00 kr

See 0for calculations

Attic insulation

220 000 kr kr

Attic maintenance

0 kr

New doors
Ventilation maintenance
existing system
Ventilation full FTX

20 000 kr each
10 000 kr/year

Include material and
installation [14]
Difference between before
and after adding insulation 
Not important for investment
calculation.
[15]
Existing system [15]

Ventilation new heat
exchanger
Ventilation maintenance
new systems
Wall renovation
Wall insulation
Maintenance before wall
renovation
Maintenance after wall
renovation

820 000 kr

3 745 000 kr

5 000 kr/year

Includes all material and work
[14]
Include installation and
material
[15]

5 035 604 kr
248 673 kr
51 000 kr

[8]
[8]
[51]

7 500 kr

[51]

Cost
800-1200 kr/m2Atemp

Comment
Varies depending on the
building, 1050 is estimated for

2. ASES
Table 31. Costs for ASES.

Product/service
System
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Ground storage insulation
Maintenance cost

400 kr/m3
6 000 kr/year

this thesis. Includes material
and installation. Calculated for
the area for which the heat
demand is covered. [26]
[26]
An operator is assumed to
cost 500 kr/h and work 1
h/month [26].

3. GSHP
Table 32. Cost for the ASES combined with the GSHP system [61, 26, 62]. Maintenance costs are assumed to be
the same as for ASES.

Product/service
Heat pump (60 kW) (Nimbe
F1345)
Heat pump installation
Collector
Drilling + work
Total costs (11*200 m)
Maintenance

Cost
168 750 kr

Comment
[61]

20 000 kr
200 kr/m
220 kr/m
1 112 750 kr
6000 kr

[62]
[62]
[62]
Sum
Combined with ASES
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Appendix VIII
This appendix presents the estimated lifetimes of the energy saving measures.
Table 33. Lifetimes for the different measures [52, 53, 26, 21].

Measure
Wall
Window
Roof/attic
Basement
Doors
ASES
GSHP
Ventilation

Lifetime [years]
20
40
40
30
40
30
30
20
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Appendix IX
This appendix presents data used for the validation of ASES.
Table 34. ASES validation calculation data.

Parameter
Oil usage
Diesel density
Diesel Energy density
Oil furnace efficiency
Area

Value
35 000 liters
0.82 kg/dm3
45 MJ/kg
85 %
2500 m2

Comment
[74]
[74]
[74]
[75]
[26]
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