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ABSTRACT

Abstract
English
The building Norra Djurgården 43:12 on the main campus of the Royal Institute
of Technology (KTH) in Stockholm will be retrofitted as students from the exter-
nal campus Haninge will be moved there. This occasion is supposed to be used to
improve the facility’s energy efficiency. Potential for this exists for both the space
and the water heating system. The effect of decreasing the supply temperature to
the radiators was examined based on equations for the heat transfer. It was calcu-
lated that lowering the supply temperature by 5 K would reduce the space heating
demand by 25 %, i.e. 94.25 MWh a−1 and avoid emissions of 9.9 t CO2 a−1.
Due to high heat losses from the secondary district heating circuit on KTH property
to the ground, an alternative for the domestic hot water supply at times without
space heating demand, i.e. from May to September, was considered. Two systems
were designed which can completely cover the demand and were evaluated in terms
of both energy and economic efficiency. The daily domestic hot water demand as
well as the peak demand were modelled especially for this purpose. A system com-
prising ten flat panel solar thermal collectors with a total aperture area of 23.3 m2

and an auxiliary heat pump of 7.5 kW capacity was calculated to achieve a maximum
coefficient of performance (COP) of 9.13 in June. In spite of the low operation cost,
the system has a negative Net Present Value as the fixed capital investment is very
high. The more competitive option is the installation of a heat pump of 12.22 kW
capacity which is supposed to use waste heat from the server room. If both the
cooling power and the heating power are considered as the benefit, the Net Present
Value calculates to about 274,500 SEK, otherwise it is still almost 99,000 SEK (ap-
proximately 32,000 EUR and 11,500 EUR respectively). These figures are based on
an operation cycle of one year, i.e. if the heat pump contributes to the space heating
supply from October to March. Compared to the use of outside air as a heat source,
the COP is increased by 83 % or 10 % respectively, depending on the definition of the
benefit. The reduction in the district heating demand calculated to 24.48 MWh a−1

provided the building can be disconnected from the KTH distribution network from
May to September. At the same time, emissions of 2.57 t CO2 a−1 could be avoided.
In conclusion, the installation of a heat pump using waste heat from the server room
appears to be a solution which is both energy efficient and economical.

Deutsch
Das Gebäude Norra Djurgården 43:12 auf dem Hauptcampus der Königlichen Tech-
nischen Hochschule (KTH) in Stockholm wird renoviert werden, da der Vorlesungs-
betrieb des externen Campus Haninge zukünftig zum Teil dort stattfinden wird. Bei
dieser Gelegenheit soll die Energieeffizienz des Gebäudes gesteigert werden. Poten-
tial hierfür besteht sowohl beim Heizen als auch in der Warmwasserbereitung. Die
Auswirkungen einer verringerten Vorlauftemperatur zu den Heizkörpern wurden auf
Grundlage von Gleichungen zur Wärmeübertragung betrachtet. Es wurde berech-
net, dass die Verringerung der Vorlauftemperatur um 5 K den Heizbedarf um 25 %
reduzieren würde, d. h. um 94,25 MWh a−1, und damit Emissionen in Höhe von
9,9 t CO2 a−1 vermieden werden könnten.
Aufgrund hoher Wärmeverluste vom sekundären Fernwärmekreislauf zum Boden
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auf dem Gelände der KTH wurde eine Alternative für die Warmwasserbereitung
zu Zeiten ohne Heizbedarf, d.h. von Mai bis September, in Erwägung gezogen.
Zwei Systeme, welche den Bedarf vollständig abdecken können, wurden entwick-
elt und sowohl auf ihre Energieeffizienz als auch auf ihre Wirtschaftlichkeit hin
geprüft. Der tägliche Warmwasserbedarf sowie der Spitzenbedarf wurden eigens
zu diesem Zweck modelliert. Für ein Hybridsystem, welches aus zehn Flachkollek-
toren mit einer gesamten Aperturfläche von 23,3 m2 und einer Wärmepumpe mit
7,5 kW Leistung besteht, wurde eine maximale Leistungszahl von 9,13 im Juni
ermittelt. Trotz der geringen Betriebskosten ist der Kapitalwert negativ, da die
Investitionskosten sehr hoch sind. Die konkurrenzfähige Alternative ist die Installa-
tion einer Wärmepumpe mit 12,22 kW Leistung, welche die Abwärme der Computer
im Serverraum nutzen soll. Werden sowohl die Kälte- als auch die Wärmeleistung
als Nutzen angesehen, berechnet sich der Kapitalwert zu etwa 32.000 EUR, ohne
Miteinbeziehung der Kälteleistung zu 11.500 EUR. Diese Zahlen beziehen sich auf
einen ganzjährigen Betrieb, d. h. die Wärmepumpe trägt von Oktober bis März zur
Heizleistung bei. Verglichen mit der Nutzung von Außenluft als Wärmequelle kann
die Leistungszahl um 83 % bzw. 10 % gesteigert werden, je nach Definition des
Nutzens. Die Verringerung des Fernwärmebedarfs wurde zu 24,48 MWh a−1 berech-
net, vorausgesetzt das Gebäude kann von Mai bis September vom Verteilernetz der
KTH abgekoppelt werden. Gleichzeitig ermöglicht dies Emissionseinsparungen von
2,57 t CO2 a−1. Zusammenfassend erscheint die Installation einer Wärmepumpe,
welche die Abwärme im Serverraum nutzt, als eine sowohl energieeffiziente als auch
wirtschaftliche Lösung.

Svenska
Byggnaden Norra Djurgården 43:12 på Kungliga Tekniska Högskolans (KTH:s) hu-
vudcampus i Stockholm kommer att renoveras då studenter från den externa cam-
pusen Haninge kommer att flyttas dit. Detta tillfälle skall nu utnyttjas för att
effektivisera byggnadens energiprestation. Potentialen för energieffektivisering finns
därtill i både uppvärmningen och varmvattenberedningen. I detta arbete har ef-
fekten av sänkt tilloppstemperatur till radiatorerna studerats. Effekten har kvan-
tifierats genom beräkningarna med hjälp av välkända ekvationer för värmetrans-
port. Beräkningarna har visat att värmebehovet kunde minskas med 25 %, d.v.s.
94,25 MWh per år, genom en sänkning av tillopstemperaturen med 5 K. Följaktigen
kunde CO2 emissionerna också minskas med ungefär 9,9 ton per år.
Då värmeförlusterna från den primära fjärrvärmekretsen mellan maj och september
är höga, har ett alternativ för varmvattenberedningen för denna tidsperiod pre-
senterats. Två system har presenterats som kan fullständigt täcka behovet och
har analyserats beträffande både energieffektiviteten och lönsamhet. Det dagliga
varmvattenbehovet samt spetsbehovet har modellerats just för detta syfte. Den
maxmimala värmefaktorn till ett system bestående av 10 plana solfångare med en
total aperturarea (genomskinliga arean) på 23,3 m−2 och en värmepump på 7,5 kW
har uppskattats till 9,13 i juni. Trots de låga driftskostnaderna är kapitalvärdet
negativt eftersom investeringskostnaderna var höga. Den andra lösningen innefat-
tade installation av en värmepump på 12,22 kW som använder sig av spillvärmen
från serverrummet. Om besparingen av både fjärrvärme och fjärrkyla betraktas
i lönsamhetsanalysen, beräknas kapitalvärdet till ungefär 247.500 SEK, respektive
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99.000 SEK om bara det minskade fjärrvärmebehovet betraktas. Dessa siffror är
baserade på ett års drift, d.v.s. om värmepumpen står för uppvärmningen från ok-
tober till mars. Jämfört med användningen av uteluft som värmekälla ökar värme-
faktorn med 10 %. Ökningen blir 83 % om i processens nytta inkorporeras både den
värme som absorberats från serverrummet och den värme som används för varm-
vattenberedning och uppvärmning. Reduktionen i fjärrvärmebehovet har beräknats
till 24,48 MWh per år, förutsatt att byggnaden kan kopplas ifrån KTH:s distribu-
tionsnätverk mellan maj och september. Samtidigt kunde CO2 emissionerna också
reduceras med 2,57 ton per år. Sammanfattningsvis kan det konstaterats att instal-
lationen av en värmepump, som använder sig av spillvärmen från serverrummet, kan
vara både en kostnads- och energieffektiv lösning för den undersökta byggnaden.
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NOMENCLATURE

Nomenclature
Symbol Explanation Unit

A Area m2

cp Isobar specific heat capacity kJ kg−1 K−1

Eg Solar irradiation W m−2

H Height m
h Specific enthalpy kJ kg−1

i Rate of return %
Kβ Incident angle modifier
k Help variable for economic analysis
L Length m
ṁ Mass flow kg s−1

N Last year of a time period
n Time periods a
p Pressure Pa, bar
Q Heat kJ
Q̇ Heat flow kW
r Rate of escalation %
ri Average rate of inflation %
U Heat transmission coefficient W m−2 K−1

U0 Characteristic heat transmission coefficient W m−2 K−1

U1 Characteristic heat transmission coefficient W m−2 K−2

V̇ Volume flow m3 s−1

W Width m
Ẇ Work kW
T Absolute temperature K
X Capacity of a component kW

α Rate of absorption
β Inclination angle ◦

γ Solar altitude ◦

∆CO2 Avoided CO2 emissions t a−1

∆p Pressure drop Pa
∆T Temperature difference K
∆T Logarithmic mean temperature difference K
ε Degression exponent for estimation of PEC
η Efficiency
η0 Optical efficiency
θ Temperature ◦C
µ Artificial ratio for first economic comparison CHF kWh−1

ρ Density kg m−3

τ Rate of transmission
φ Sunshine hours h

6



NOMENCLATURE

Index Explanation

a Ambient
ap Aperture
AUX Auxiliary
B Building (Norra Djurgården)
c Compressor
COLL Collector
cst Constant
d Daily
DH District heating, secondary circuit
eff Effective
esc Escalated
f Friction
HP Heat pump system
id Ideal
in Inlet
k At compressor inlet or outlet
L Longitudinal
loss Losses
m Collector mean
n Nominal
new After
OI Off-Season I (i.e. April, October, November)
OIa April
OIb October, November
OII Off-Season II (i.e. December-March)
old Before
out Outlet
P Pump
p Peak
R Radiator (water circuit)
r Real
rad Radiator (heat transfer to room air)
S Season (i.e. May-September)
s At throttling valve inlet or outlet
save Savings
SOL Solar thermal system
T Transversal
w Water
Y Whole Year

A At the beginning
χ In cooperation mode
Π In coexistence mode
Ω At the end
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NOMENCLATURE

Index Explanation

+C Additional cooling function

1 High temperature level (condenser)
2 Low temperature level (evaporator)

Abbreviation Explanation

AN Annuity
ANCF Average Annual Net Cash Inflow
AP Average Annual Profit
CELF Constant Escalation Levelisation Factor
CHF Swiss Franc
COP Coefficient of Performance
CRF Capital Recovery Factor
est Estimated value
ET Evacuated tube solar thermal collector
EUR Euro
FCI Fixed Capital Investment
FP Flat plate solar thermal collector
INS Installation Cost
MC Maintenance Cost
MPQ Main Product Quantity
MPUC Main Product Unit Cost
NPV Net Present Value
OC Operation Cost
OMC Operation and Maintenance Cost
PB Payback Time
PEC Purchased-Equipment Cost
SEK Swedish Crown
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1 Introduction

1 Introduction

1.1 Background
At the Royal Institute of Technology in Stockholm (in the following referred to as
KTH), students from an external campus in Haninge will be moved to the main
campus. A new lecture hall building is under construction and another building,
referred to as Norra Djurgården 43:12, will be retrofitted to host the students. Dur-
ing the retrofitting, only the building envelope will be kept the same, whereas the
inner structure, some of the windows, the heating, cooling and ventilation systems
as well as the occupation schedule will be changed. For example, rooms that are
now used as garages by the KTH Racing Team will host lecture halls in the future.
The building services will be adapted to meet the increased demand.

1.2 Intention, Goal-Setting and Outline
The intention of this investigation is to point out potential savings in the heating
demand for space and water heating in the university building Norra Djurgården
43:12 for its use after the retrofitting. A particular aim is to find the most econom-
ical sustainable solution for the domestic hot-water supply during summer time. In
this first section, an overview of the technical terms as well as the building-specific
data will be given in order to introduce the reader to the prevailing conditions. Sec-
tion ?? will first of all focus on the methods used in the identification of the potential
for savings in the space and the water heating systems. Thereafter criteria for the
assessment of optimization measures will be introduced. The domestic hot water
demand from May to September, which the alternatives for the water heating are
supposed to meet, will be modelled based on reasonable assumptions. Consequently,
parameters which influence the performance of the two suggested alternatives will
be described. Eventually, the relevant parts of an economic analysis will be out-
lined. In Section ??, the results of the calculations regarding efficiency and cost
effectiveness will be presented. The comparison in terms of cost and efficiency is
meant to offer Akademiska Hus (cf. Section ??) sound information for the evalua-
tion of optimization measures with regard to especially the water heating system in
Norra Djurgården 43:12. In Section ??, the obtained results as well as the methods
used in the course of this work will be discussed. Finally, Section ?? will give the
conclusions which can be drawn from this work.

1.3 Limitations
Several problems can be identified for Norra Djurgården 43:12 but not all of them
are investigated in the course of this work. The move of the students from campus
Haninge into the building demands an extensive retrofitting in order to adapt it to
the significantly increased future occupation. High heat losses occur both through
the building envelope and from the secondary district heating circuit to the ground.
The perimeter wall units installed on the facility’s south side require high main-
tenance and have a decreased performance due to dust and dirt which settles on
the air ducts. In this work, the focus lies on the potential for savings in the space
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1.4 Akademiska Hus

and water heating. First, a description of the respective current systems is given
and the technical terms are explained. Then, the savings are investigated which
can be achieved if the existing perimeter wall units as well as the old radiators are
exchanged and the supply temperature is lowered. As the core of this work, two al-
ternatives for the domestic hot water heating from May to September are examined.
These are also evaluated in terms of cost effectiveness. Yet, the economic analysis
is not a central part of this work and is therefore kept brief.

1.4 Akademiska Hus
Akademiska Hus is the second largest property company in Sweden and focusses
mostly on institutions for higher education and research. Amongst others it owns the
KTH buildings and pursues a business policy of long-term development. Besides the
mere ownership, Akademiska Hus deals with the planning, construction, technical
monitoring and maintenance of its buildings [? ].

1.5 Technical Explanations
1.5.1 General

Plate Heat Exchanger
Heat exchangers can be classified according to their type of construction and their
flow arrangement. All of them are designed to transfer heat between two streams
which can consist of the same medium or two different media. Another means of
distinction is whether or not the currents are brought into direct contact. Yet,
for the purpose of this investigation, it is sufficient to explain the functioning of a
counter-flow plate heat exchanger.

Figure 1: Flow Principle of a Plate Heat Exchanger [? ]. The warm current and the cold
current run counter-wise in an alternating pattern through the channels forming between
the thin corrugated steel plates. Heat is transferred from the warm to the cold fluid due to
a temperature gradient and without any physical contact.
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1.5 Technical Explanations

Such a plate heat exchanger is constructed of a number of very thin stainless steel
plates which are corrugated, so they form channels between them if two plates are
installed close enough to each other. Through these channels, two fluids can flow
in an alternating pattern without getting into contact but transferring heat from
the warmer to the colder current. The driving force behind this heat transfer is the
temperature gradient, which is proportional to the temperature difference between
the currents, so that a counter-wise flow is most effective in this respect. Alternative
flow arrangements are parallel-flow and cross-flow. The former can be used if the
outlet temperature of the warm current is not supposed to fall below a critical value,
for example to prevent the freezing of water, or if the heat transfer is to be limited [?
]. Figure ?? illustrates the flow principle of a plate heat exchanger in counter-flow
arrangement. A characteristic figure to compare heat exchangers is the UA-value
which is given in W K−1. It describes the quantity of the heat exchange between two
media in direct or indirect contact and is the product of the thermal transmittance
U and the surface area A over which the heat is exchanged. The higher this product,
the more heat will be transferred [? ]. It can also be calculated from the installed
heat exchange power Q̇, i.e. from the heat flow between the currents:

UA = Q̇
∆TDH−∆TR

ln

(
∆TDH
∆TR

) (1)

The denominator in Equation (??) gives the logarithmic mean temperature differ-
ence across the heat exchanger.

District Heating
A building connected to the district heating pipe network receives hot water from a
district heating plant and returns cold water to it. In a heat exchanger, the heat is
transferred to the building’s heating water circuit. The temperature of the district
heating water is increased in the plant by different means, partly in boilers which are
furnished with a mixture of fuels. Further energy supplies are heat obtained from
sea water or recovered from sewage water and district cooling, waste heat and elec-
tricity. A detailed overview on the composition of the energy supply to the district
heating production in Stockholm in 2012 can be seen in Figure ??.
Since the electricity used had been generated entirely from renewable energy sources,
conventional energy carriers contributed only 13 % to the production of district
heating in Stockholm in 2012 [? ]. The environmental impact of district heating
is relatively low with an equivalent of 105 g CO2 emissions per produced kilowatt
hour [? ]. In comparison, a condensing boiler for gas has a CO2 equivalent of
260 g kWh−1 and 290 g kWh−1 for oil [? ].

District Cooling
Similar to district heating, a building connected to the district cooling pipe net-
work is provided with cold water. The heat which is meant to be removed from
the building can be rejected to the district cooling water in a heat exchanger. A
seawater heat pump together with heat exchangers for free cooling with seawater
cool down the water in the district cooling plant [? ]. To minimize the cooling
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1.5 Technical Explanations

Figure 2: Composition of the Supplied Fuel to the District Heating Production by Fortum
Heat and Power AB in Stockholm in 2012 [? ].

losses in the pipes, the plant is located close to the water. A large stratified storage
tank is used to compensate for the consequent distance to the distribution network.
Chillers before the storage tank lower the water temperature further if necessary.
During the day, the cold water at the bottom of the storage tank can be delivered
to the district cooling network, whereas the warm return water flows into the top of
the tank. The water’s difference in density according to the temperature prevents
the layers from mixing. At night time when the demand is low, the stored water
is returned to the district cooling plant and cooled down there [? ]. As the return
water temperature increases, so does the capacity of the seawater heat exchangers.
The electricity used during the production of district cooling is generated entirely
from renewable energy sources. In Stockholm in 2012, for every supplied gigawatt
hour of electricity, 7.3 gigawatt hours of district cooling have been obtained. The
energy supplied to the production has been composed to 23 % of free cooling, 2 %
of cooling by chillers, 35 % of cooling from the co-generation of district heating and
district cooling and to 40 % of heat from sub-cooling in heat pump processes [? ].
Compared to the use of individual cooling machines, district cooling reduces the
annual CO2 emissions in Stockholm by approximately 50,000 tons [? ].

1.5.2 Space Heating

Radiator
The radiators are connected to the building’s heating water circuit. Water at a
high temperature is led into two parallel panels with a ribbed surface, one directed
towards the room and the other one mounted on the wall with support. A nozzle
ensures an even distribution of the water flow along the panel. The water runs
down within the panels, heating them up, and returns at the bottom to the radi-
ator’s outlet at a temperature lower than at the inlet. Between the panels, sheet
metal formed into distinct ribs is installed, which receives heat from the panels by
conduction. Figure ?? shows the functioning of a water-based panel radiator. The
room air flows along the front side as well as in between the water-based panels and
is heated up mostly by convection. In spite of the denomination, the contribution of
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1.5 Technical Explanations

Figure 3: Functioning of a Water-based Panel Radiator [? ]. Hot water heats up the
radiator. The heat is transferred mostly by convection to the room air flowing along the
surface.

radiation is small at the relatively low operating temperatures. Since the radiators
are mounted on the wall, the air cannot circulate much along the surface facing away
from the room. The ribs maximize the area for heat transfer and thus the heat flow
from the heating water to the room air.

Perimeter Wall Unit
In the bottom of a perimeter wall unit, fresh air flows through a channel. This air is
pressed through small valves on top of the channel and then flows through the unit
into the room. On its way up, the fresh air takes with it room air at the desired
temperature coming from an air-to-water plate heat exchanger. This way, even cool
air can rise up and exit the unit. Figure ?? illustrates how the perimeter wall unit
works.

Figure 4: Different Functions of a Perimeter Wall Unit [? ]. Fresh air is supplied to
the room and mixed with air evacuated from there. According to demand, the room air
is either cooled or heated in the unit as it flows through an integrated water-to-air heat
exchanger.
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The forced convection inside of the unit causes room air to enter it through an inlet
underneath in the front (i.e. on the side directed towards the room). From there,
the room air passes through the air-to-water plate heat exchanger, where it is either
heated or cooled, according to demand, and then transported on by the fresh air
as described earlier. Figure ?? shows the complete installation of a perimeter wall
unit, integrated into the window-sill. The unit’s plate heat exchanger is connected
to both the building’s heating and cooling water circuits as can be seen in Figure ??.
It is tilted to the front in order to maximize the heat transfer area while keeping the
perimeter wall unit as compact as possible.

(a) Integration into the Window-sill (b) Water and Air Connection

Figure 5: Installation of a Perimeter Wall Unit [? ? ]. The perimeter wall unit is
integrated into the window-sill and connected to the building’s heating and cooling water
circuit as well as the air ventilation circuit.

The unit’s heating and cooling capacity is dependent on several factors, some of
which can be controlled directly and influence the others. The unit length will
determine the geometry and thus also the area for the heat exchange. Since the
pipe diameters are standardized, by choosing the volume flows, the pressures will
be set, too. The air flow through the supply air channel determines therefore at the
same time the air pressure, which influences how much room air will be evacuated
into the perimeter wall unit and pass the plate heat exchanger inside. The supply
and return water temperatures in the heat exchanger set both the temperature
difference on the water side and the mean temperature difference (i.e. between
water side and air side) in the heat exchanger. In connection with the volume flow
of water, the heating or cooling capacity on the water side is fixed. Something
which cannot be controlled directly and yet has an effect on the heating capacity
is the pressure drop on the warm water side. It can only be compensated for by a
correspondingly increased water flow. How much heat will be transferred between
the water cycle and the room air depends on both the mean temperature difference
in the heat exchanger and its UA-value as explained in detail in Section ??. The
water flow heating and cooling capacities per unit as a function of the water flow
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1.5 Technical Explanations

through the plate heat exchanger as well as the temperature difference on the water
side are illustrated in Figure ??. The indices v and k in this figure are derived from
the Swedish terms ’värme’ for heat and ’kyla’ for cold. Furthermore, the respective
power is denoted P instead of Q̇ here, whereas q is the water volume flow.

(a) Heating (b) Cooling

Figure 6: Heating and Cooling Capacity per Unit as a Function of the Water Volume Flow
and the Temperature Difference to the Ambient [? ].

To operate the apparatus, fresh air has to be circulated in the air duct at a high
enough pressure to provide for both the supply and the room air’s transport through
the unit. This means, the supply air has to be pressed through the valves on the top
of the duct into the unit, where at the outlet of the plate heat exchanger, it is mixed
with the heated or cooled room air at atmospheric pressure. At another position,
air has to be evacuated from the room to maintain a constant pressure and CO2
level. Hot and cold water respectively from the building’s heating and cooling water
circuits has to be transported to and through the plate heat exchanger in the unit.
An advantage of the perimeter wall units is that they provide several functions at
once and even offer the possibility of electrical trunking. However, dust and dirt, for
example from flowers placed on top of the units, easily block the valves on the upside
of the fresh air supply channels, decreasing the apparatus’ performance significantly.

1.5.3 Water Heating

Heat Pump
A heat pump transfers heat from a low temperature level, the heat source, to a
higher temperature level, the heat sink. The ambient air, ground or lake water, but
also waste heat from industrial processes can provide heat sources, just to give a
few examples. The heat is often transferred to the room air, the heating water for
the radiator system or the hot tap water of a building [? ]. As the Second Law
of Thermodynamics states, by nature, heat never flows from a lower to a higher
level of temperature. Consequently, additional energy of high quality, i.e. which can
perform mechanical work, has to be supplied to the system in order to achieve the
heat transfer from heat source to heat sink. In a basic vapour compression cycle,
this additional energy is the mechanical work of the compressor. The compressor is
driven by either an electric motor or an engine using fuel [? ]. A working fluid at a
lower temperature than the heat source takes up heat from there in a heat exchanger
and evaporates. The vapour is compressed by the compressor, which increases its
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1.5 Technical Explanations

temperature to a level above the one of the heat sink. In another heat exchanger,
the heat is rejected from the working fluid to the heat sink medium. The working
fluid condenses but its temperature is still higher than the one of the heat source. In
order to maintain the cycle, the working fluid has to be expanded, which is realized
by a throttling device. Figure ?? illustrates the principle of a heat pump.

Figure 7: Principle of a Basic Vapour Compression Cycle. The refrigerant is evaporated
and then compressed in the compressor, which causes an increase in both the pressure and
the temperature. On the higher pressure level, the working fluid is condensed again. A
throttling device maintains the cycle. The heat to be transferred from the heat source to
the heat sink is absorbed by the refrigerant in the evaporator and rejected again in the
condenser.

The useful heat rejected on the heat sink side consists of both the heat absorbed
from the heat source and the heat gained from the compressor work. Consequently,
as the coefficient of performance is defined as the ratio of the useful heat to the
energy supplied to the heat pump, i.e. the compressor work, it cannot be less than 1.

Flat Panel Solar Thermal Collectors
A flat plate solar thermal collector consists of several components. The topmost
layer is a cover plate made from hardened glass. Below, the heat transfer fluid cir-
culates in pipes which are attached to a blackened absorber plate. An aluminium
frame supports the whole construction at the sides and the back. The frame has
to be insulated properly both from the absorber plate and the air spaces to avoid
heat losses from conduction and convection respectively. The structure of a typical
liquid-cooled solar thermal flat plate collector can be seen in Figure ??. Solar radi-
ation is transmitted at a rate τ through the cover plate and absorbed at a rate α
by the absorber plate, where it converts to heat or thermal energy1. The absorber
surface is heated up and transfers heat by conduction to the harp-shaped arrange-
ment of pipes attached to it. From there, the heat is removed by both convection

1’Heat is the exchange of energy that takes place owing to the motions and collisions of
molecules’ [? ]. This energy is also referred to as thermal energy.
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1.5 Technical Explanations

and conduction to the heat transfer fluid. Some of the heat is also lost again from
the absorber surface to the adjacent air space due to convection and re-radiation.
The thermal transmittance which results in heat losses by conduction, convection
and re-radiation can be summed up and expressed by an effective heat transmission
coefficient Ueff :

Ueff = U0 + U1 · (θm − θa) , (2)
where θm is the collector mean temperature and θa is the ambient temperature in
◦C. The coefficients U0 and U1 are obtained by measurements and characteristic for
the respective models of collectors.

Figure 8: The Structure of a Typical Liquid-Cooled Flat Plate Collector [? ].

The cover plate is meant to minimize these heat losses. It insulates the air space
to the ambient air and absorbs rather than transmits most of the re-radiation from
the absorber surface. Through this process, the cover plate, too, is heated up. Its
temperature is higher than that of the surroundings, yet lower than that of the
absorber plate. Therefore, a heat transfer by convection occurs from the cover
plate to the ambient air but altogether, the heat losses from the absorber plate
can be reduced [? ]. The heat transfer fluid transports the heat it has absorbed
in the solar thermal collector to a heat exchanger, where it is finally rejected to a
storage tank. According to the climate, the heat transfer fluid has to meet special
requirements with regards to the temperatures it is exposed to. This means, a fluid
with a low freezing point should be chosen in a cold climate like Sweden’s, whereas
for applications in hot climates, a high boiling point is more important [? ]. Water
has some beneficial properties for the use as a heat transfer fluid such as a high
heat capacity and a very low viscosity, which has a positive effect on the energy
required to pump the water. In order to lower the freezing point for the use in
cold climates, ethylene or propylene glycol is added. The mixtures have a lower
heat capacity than water and a higher viscosity but compared to other media such
as air or silicone oil which is used especially in hot climates, the values are still
quite acceptable. Table ?? gives an overview on the specific heat capacities and the
kinematic viscosities of a selection of heat transfer fluids at different temperatures.
(Note that the viscosity is given in milli Pascal, not to be confused with m· Pa.)
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1.5 Technical Explanations

Table 1: Specific Heat Capacities and Kinematic Viscosities of Heat Transfer Fluids at
Different Temperatures [? ]. The relatively high specific heat capacity and at the same
time low kinematic viscosity of water are beneficial for the use as a heat transfer fluid.
Yet, its high freezing point limits the exclusive application in cold climates, so ethylene or
propylene is added.

Fluid Temperature Specific Heat Capacity Viscosity
◦C kJ kg−1K−1 mPa s−1

Water 38 4.17 0.684
66 4.19 0.432
93 4.21 0.305

Ethylene glycol-water 38 3.43 2.30
50 % by weight 66 3.52 1.20

93 3.64 0.76
Propylene glycol-water 38 3.64 3.10
50 % by weight 66 3.73 1.50

93 3.83 0.90
Silicone oil 38 1.55 14.98

66 1.59 9.13
93 1.63 6.40

Air 21 1.01 0.018
66 1.02 0.021

Evacuated Tube Solar Thermal Collectors
An evacuated tube solar thermal collector works according to the same principle as
the flat plate collector. The functioning will therefore not be explained in detail
here. Solar radiation is transmitted through the hardened cover glass and absorbed
by the absorber surface which is heated up. Attached to this surface is a U-shaped
heat pipe in which a heat transfer fluid2 circulates. Heat is transferred from the
absorber surface to the fluid in the heat pipe and on to the manifold. There, the
heat pipes of several evacuated tubes plug into dry connect sockets of a pair of
contoured copper pipes which form the header. The header pipe contains either
water or another heat transfer fluid and is connected to a heat exchanger where the
absorbed heat is rejected to a storage tank [? ]. In some models, the heat exchanger
is also integrated into the manifold. The structure of an evacuated tube collector
as can be seen in Figure ?? differs, however, from that of a flat plate collector.
Several glass tubes are mounted onto an aluminium frame instead of one continuous
collector plate. The space between the cover glass and the absorber is evacuated, so
that no heat losses from convection occur from the absorber surface.

2For a selection of heat transfer fluids and their physical properties see Table ??.
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1.5 Technical Explanations

Figure 9: The Structure of an Evacuated Tube Collector [? ]. In this model, the heat pipe
is located at the top of the evacuated tube. Usually, it is placed in the centre.

As is the case for the flat plate collector, the cover glass largely absorbs the re-
radiation from the absorber surface. The low heat losses increase the collector’s
efficiency but simultaneously, it becomes more susceptible to overheating at high
ambient temperatures.

Because of the tubes’ round geometry, an evacuated tube collector is not affected
the same way as a flat plate collector by the variation in the sun’s position over the
day. This is described in more detail in Section ??. Some models with revolving
tubes even track the path of the sun actively. Diffuse radiation is harnessed more ef-
ficiently than by flat plate collectors, especially with the help of a mirror installed on
the frame behind the tubes, a so-called Compound Parabolic Concentrator (CPC) [?
]. This advantage is particularly perceptible in winter, when the sun is at a low an-
gle. Not all models are equipped with this technology, though. In order to prevent
mutual shading and to increase the amount of absorbed radiation, the individual
tubes have to be installed with space in between them. Thus, the aperture area,
i.e. the area through which light enters the collector [? ], differs significantly from
the total collector area. When calculating and comparing collector efficiencies as
described in Section ??, it is important to take that into consideration. At cold am-
bient temperatures, the heat losses from the absorber surface to the surroundings
are still relatively small due to the vacuum insulation of the collector tubes, which is
a big advantage compared to flat plate collectors. For the above-mentioned reasons,
they are the preferred type of collector in cold climates or if the roof area available
for installation is limited.
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1.6 Norra Djurgården 43:12

1.6 Norra Djurgården 43:12
The facility in question, Norra Djurgården 43:12, was built in 1957 and is used by
KTH for different purposes. The building has a total area of 4,094 m2, 3,668 m2

of which are use area and 3,502 m2 the rooms’ total area [? ]. It contains offices,
student rooms as well as a garage.

1.6.1 Occupation

Currently, the building is occupied on a regular basis by 60 to 80 people since it has
already more or less been taken out of use due to the planned retrofitting. It can
be estimated that before, there would be around 250 people in the building. If all
rooms were used simultaneously by the maximum amount of occupants, there would
be a total of 490 people in the building. With the students from campus Haninge
moving to KTH main campus, this maximum amount of people will more than
double to 1,041. Yet, the use on a regular basis will hardly exceed about 550 people
in the future. The occupations both before the recent decrease as well as in the
future have been estimated in Table ??. Norra Djurgården 43:12 will be retrofitted
to meet the new demand and directly beside it, another building for lecture halls is
under construction.

1.6.2 Energy Audit of 2008

In 2008, the energy consultancy Bengt Dahlgren issued an energy audit to Norra
Djurgården 43:12 which the following data originates from [? ]. The building’s en-
ergy demand calculated to 157 kWh m−2 a−1 including heating, domestic hot water,
district cooling, electricity for building installations and electricity for comfort cool-
ing. Comparable facilities have an energy demand of between 116 kWh m−2 a−1 and
174 kWh m−2 a−1. Since 2012, new non-residential buildings with a heating method
other than electric heating may not consume more than 80 kWh m−2 a−1 in accor-
dance with the regulations from the Swedish National Board of Housing (BBR) [?
]. Electricity contributed with 21 kWh m−2 a−1 to the total energy demand and was
used for heating, warm tap water, building installations and comfort cooling. In to-
tal, 387 MWh a−1 of district heating were used, of which 10 MWh a−1 for domestic
hot water. The latter was calculated as 30 % of the total water use assuming an
energy input of 50 kWh to heat 1 m3 of water. It was estimated furthermore that
approximately 2.5 % of the energy demand result from heating tap water, 38 % from
heating the ventilation air and altogether 59.5 % from covering heat losses through
the building envelope. Approximately 43 % of the total electricity consumption of
annually 180 MWh were due to the installations in the building itself [? ]. The
total district cooling demand amounted to 58 MWh a−1, of which 10 % were due to
activity in the building (process cooling) and the remaining 90 % served the comfort.

1.6.3 Building Envelope

The building’s framework is made of concrete and brick, parts also consist of wood
such as the roof. The façades are built of large bricks, which the building has been
listed for. The roof is covered in cardboard and some of its area is tilted to the
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middle in order to collect and divert the rain water off the roof. The fan room on
top of the building has a pitched roof covered with steel plates. While the massive
brick walls have no insulation, 350 - 400 mm of mineral wool is laid out on the attic’s
floor. The windows are double-glazed with wooden frames and no outer protection
from the sun. The entrance doors consist of aluminium and glass; an extra airlock
exists on the east side of the building, whereas the inner doors to the halls protect
from draft at the other entrances which are located in the stairwells. The concrete
floor and the walls in the basement are without any insulation to the ground. Yet,
the basement only stretches out underneath a minor part of the building [? ].

1.6.4 Technical Description of the Existing Heating System

In the mechanical room in the basement, four plate heat exchangers are installed,
one each for air conditioning, space heating, warm tap water and cooling. Space
heating is realized by water-based radiator panels on the north side and perimeter
wall units on the south side of the building. In order to control the heat given off
to the rooms, the supply temperature to the radiators is dependent on the outdoor
temperature. When the temperature is -3 ◦C outside, for example, Akademiska Hus
can observe a supply temperature to the radiators of 46 ◦C, whereas the maximum
supply temperature is 60 ◦C at an outdoor temperature of -20 ◦C. The domestic hot
water temperature is always at 55 ◦C.
All plate heat exchangers installed in the mechanical room are water-based and
connected to a distribution substation on the KTH main campus. The substation is
integrated into the primary district heating and cooling networks driven by Fortum.

2 Methods

2.1 Identification of Potential Savings in Heating
2.1.1 Comparison of U-Values

Table ?? compares the current U-values of the building envelope as estimated by
Incoord3 and the pursued U-values. The latter correspond to the requirements of
’Miljöbyggnad Silver’, a label within a certain classification system which is based
on especially Swedish regulations and construction practices. It is apparent that an
improvement of the building envelope could save a fair amount of heating energy.
In 2008, the part of heating demand due to the maintenance of a 22 ◦C indoors
temperature have been estimated to 59.5 % [? ]. However, an external insulation
must not be installed as Norra Djurgården 43:12 is listed for its brick façades and
an internal insulation is costly as well as problematic with respect to moisture in
the walls. During the retrofitting, the windows will be exchanged at least. The
improvement of the building envelope is more of a task from the field of building
physics but the potential is pointed out nevertheless for the sake of completeness.
In this work, the focus will be on the saving potential lying in the building services
as stated in Section ??.

3The energy consultancy Incoord is in charge of the retrofitting [? ].
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2.1 Identification of Potential Savings in Heating

Table 2: Current and Pursued U-Values of the Building Envelope in Comparison. The cur-
rent U-values are a multiple higher than the prerequisite values for the label ’Miljöbyggnad
Silver’ [? ].

Current U-Value Pursued U-Value Relative Decrease
W m−2 K−1 W m−2 K−1 %

External Wall 1.09 0.15 86.2
Roof 0.16 0.10 37.5
Roof Fan Room 0.29 0.10 65.5
Floor 0.45 0.15 66.7
Outer Door 2.804 0.90 67.9
Windows 2.80 0.90 67.9

2.1.2 Exchange of the Perimeter Wall Units and the Radiators

When the facility was connected to the district heating network in 1998, the radiators
and parameter wall units were not exchanged. They are still dimensioned for a
supply temperature of 80 ◦C and a return temperature of 60 ◦C. With the current
heating system, i.e. a supply temperature of 60 ◦C and a return temperature of
40 ◦C, the margin for the use with lower temperatures is fully exploited. Akademiska
Hus has decided to replace the perimeter wall units by water-fed radiator panels as
they require less maintenance. Due to dust and dirt which settles on the valves
of the air duct, the parameter wall units’ performance is reduced as mentioned in
Section ??. By Incoord’s account, within the context of the retrofitting, also the
existing radiators will be exchanged. The new radiators will be dimensioned for
lower temperatures ex works, which offers the possibility of further reducing the
supply temperature. Let ∆TB = θin − θout be the difference between the radiators’
supply and return temperature. Then, the heat transferred from the secondary
district heating circuit to the building’s heating water circuit can be described as

Q̇B = cp,W · ṁB ·∆TB (3)
or Q̇DH = cp,W · ṁDH ·∆TDH

if heat losses to the walls from the pipes connecting the heat exchanger with the
radiators are neglected. As the temperatures in the respective pipes decrease, so
do the heat losses and the assumption is reasonable. Furthermore, the temperature
dependence of the specific heat capacity of water is negligible for small differences
in temperature. Thus, it can be assumed to be the same for the building’s heating
water circuit and the secondary district heating circuit. Furthermore, if losses in
the heat exchanger are neglected, the heat flows on both sides are equal:

Q̇B = Q̇DH (4)
4The door’s total U-value is assumed to be determined by the U-value of the glass panel of which

it mostly consists. The glass is ’Emmaboda Securit’ and ’Emmaboda Climalit 15’ [? ]. According
to the manufacturer Emmaboda, the U-value is 2.8 W m−2 K−1.
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The temperature difference ∆TDH on the side of the secondary district heating
circuit as well as the mass flow ṁB of the building’s heating water circuit are assumed
to be constant. From Equation (??), we get

ṁB ·∆TB = ṁDH ·∆TDH (5)

⇒ ṁDH = ∆TB
∆TDH

· ṁB (6)

and ∆TB ↓ ⇒ ṁDH ↓ . (7)

For a constant temperature difference ∆TB but at a lower temperature level, the
district heating demand only decreases with the reduction of the heat losses to the
building’s walls. The heat losses decrease due to lower temperatures in the pipes
of the heating water circuit. Even for more or less constant heat losses, however, a
lower supply temperature can be beneficial as it offers the possibility of combining
district heating with other renewable energy sources such as solar thermal collectors.

A lower supply temperature will also reduce the difference between the room
temperature and the radiator’s mean temperature. This temperature difference can
be described similarly to the denominator in Equation (??) as

∆T rad = (Tin − Ta)− (Tout − Ta)
ln
(
Tin−Ta

Tout−Ta

) . (8)

The relation between this temperature difference, the radiator’s surface area Arad
and the heat Q̇R given off to the surroundings is expressed by

Q̇R = ∆T rad · UArad. (9)

For a constant heat flow Q̇R,

∆T rad ↓ ⇒ UArad ↑ (10)

and if

U = const.⇒ Arad ↑ .

What Equations (??) and (??) point out is that a lower supply temperature demands
a larger surface area if the same heat flow from the radiator shall be maintained.
Definite figures can be taken from Section ??.

2.1.3 Losses from District Heat Distribution in Summer

On account of Akademiska Hus, from May to September, no space heating but only
domestic hot water is required in the building. The losses to the ground during the
distribution of the district heat over the campus become relatively high compared
to the demand during these months, as calculated in Section ??. A distribution
central on the KTH main campus is connected to the primary district heating water
circuit from Fortum. The heat is distributed from the sub-station to the individual
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buildings. When the hot water reaches Norra Djurgården 43:12, some heat losses
to the ground have occurred. These heat losses are high compared to the demand
during summer time. For this reason, Akademiska Hus would like to find a more
economical sustainable alternative to district heating for these months. In Section ??
and Section ??, two possible solutions are discussed in detail, a hybrid system with
solar thermal collectors as well as a heat pump and an air-to-water heat pump only,
the capacity of which is sufficient to cover the whole demand.

2.2 Efficiency and Coefficient of Performance
A useful means of evaluating and comparing different systems is the ratio between
the benefit and the expenditure. This ratio is called efficiency and usually, it has
a value which is less than 1. For a heat pump, however, it is called Coefficient of
Performance, COP in short, and is greater than 1. There, the benefit is the heat Q̇1
which is made available on the heat sink side. This heat consists of the one absorbed
from the heat source plus the mechanical work provided by the compressor Ẇc which
is the expenditure. On the contrary, for refrigerating purposes, the heat absorbed
from the heat source Q̇2 is the useful one. In order to distinguish between the COP
for heating and for cooling applications, it is labelled with according indices 1 and
2. The COP for a heat pump can thus be described as:

COP1 = Q̇1

Ẇc

= ṁ · (h1k − hs)
ṁ · (h1k − h2k)

= (h1k − hs)
(h1k − h2k)

, (11)

where h2k and h1k are the specific enthalpies at the compressor inlet and outlet
respectively. The specific enthalpy hs is the same at the condenser outlet and the
evaporator inlet as isenthalpic throttling is assumed5.

A figure of merit which takes into consideration the quality of a system’s or
process’ energy input and output, i.e. the ability to perform work, or exergy, is
the exergetic efficiency. According to this definition, a ’good’ system requires a low
input not only of energy but also of exergy.

The efficiency η of a solar thermal collector is the ratio of the heat absorbed
by the heat transfer fluid to the solar irradiation. It can be calculated from the
rate of transmission τ , the rate of absorption α and the effective heat transmission
coefficient Ueff in Equation (??)

η = τ · α− Ueff ·
θm − θa
Eg

= τ · α− U0 ·
θm − θa
Eg

− U1 ·
(θm − θa)2

Eg
. (12)

Equation (??) is valid only for irradiation perpendicular to the absorber surface.
However, the incident angle of the sun varies over the day as well as throughout
the year, which influences the product τ · α, also often referred to as the optical
efficiency η0. This is taken into account by a so-called incident angle modifier Kβ [?
]:

η0,eff = Kβ · η0 (13)
5This notation is in accordance with [? ].
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The factor Kβ in Equation (??) can be divided into a transversal part KβT which
takes into account the effect of the different incident angles of the sun during the day
and a longitudinal part KβL which describes the effect of the change throughout the
year. While for flat plate collectors, these two factors are the same, for evacuated
tube collectors, their product is used.

KβL = KβT (For flat plate collectors)
Kβ = KβL ·KβT (14)

The longitudinal incident angle modifier (IAM) is dependent on the location and its
curve is similar for all collectors. However, the transversal IAM differs between both
collector types and models. Definite values for the respective factors can sometimes
be found in manufacturers’ data sheets and simulation software is equipped with
corresponding data. Figure ?? gives examples for a flat plate collector and an
evacuated tube collector and shows how the two IAM vary with the incident angle.

(a) Flat Plate Collector (b) Evacuated Tube Collector

Figure 10: Example IAM Curves for Different Types of Collector [? ]. For a deviation
∆βL < 40 ◦ from the ideal collector inclination angle, the longitudinal IAM is about 1.0
for both types of collector. The transversal IAM varies, however, for the evacuated tube
collector.

As can be seen, for a deviation ∆βL < 40◦ from the ideal collector inclination
angle at which the solar radiation strikes the absorber surface perpendicularly, the
longitudinal IAM KβL is about 1.0 for both types of collector. In the case of the
evacuated tube collector, the transversal IAM KβT , too, is about 1.0 for a deviation
∆βT from the ideal angle of up to 10 ◦. For 80◦ < ∆βT < 90◦, KβT decreases steeply
from 1.0 to 0.0, whereas between 10◦ and 80◦, it even obtains values of above 1.0.
Evacuated tube collectors with a round absorber surface do not necessarily have
their maximum optical efficiency when the solar beams arrive perpendicularly in
the horizontal plane. The model in Figure ??, for example, has its optimum at a
deviation ∆βT of ± 50◦.
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2.3 Modelling of Demand
2.3.1 Occupation Before and After the Retrofitting

As pointed out in Section ??, the current use of Norra Djurgården 43:12 does not
resemble the regular occupation as before the retrofitting. The available data on the
district heating demand from 2009 to 2011, however, has been measured when there
were still more people in the building than currently is the case. The number of
users at that time is unknown, cf. Section ??. Therefore, a completely independent
model of the monthly and eventually daily domestic hot water demand was created in
order to design suitable alternative systems. The first step in this was to determine
the number of people who will effectively use the building after the retrofitting.
With equal assumptions, the occupation before was estimated in order to obtain a
numerical ratio. This ratio should later provide a means of examining whether the
modelled demand is realistic. Table ?? shows the estimated occupation before and
after the retrofitting and is the basis of all the following models.

2.3.2 Drinking-Water

Neither the students nor the employees use the building during all of the year. Es-
pecially in summer, the occupation will be significantly lower as this period contains
the summer vacation. The second step in modelling the monthly domestic hot wa-
ter demand was thus to create a schedule for the occupation. On the basis of this
schedule, it could then be estimated how much drinking-water would be needed
during the respective months. According to ARGEBAU6, the daily drinking-water
demand per user varies between 10 ` and 15 ` in educational establishments and
between 15 ` and 25 ` in offices [? ]. Table ?? shows the modelled monthly demand
of drinking-water.

2.3.3 Domestic Hot Water

Finally, from the monthly drinking-water demand, the monthly demand of domestic
hot water can be modelled. As mentioned in Section ??, the use of domestic hot
water was calculated as 30 % of the total water use in the energy audit of 2008 [?
]. This is in accordance with other sources that estimate the proportion of hand
washing plus cleaning to 40 % of the total drinking-water use in public buildings
as a mixture of hot and cold water is taken from the tap [? ]. Calculating with 41
employees and 500 students, the total domestic hot water demand is about 500 m3

per year, see Table ??. From May to September, the daily hot water demand has
been estimated to 2,800 `, neglecting the exceptionally low usage during July when
the building is almost unoccupied. To heat the water from 10 ◦C to 55 ◦C, about
26 MWh are required annually. From this point on, all calculations will be based
on the modelled daily domestic hot water demand of 2,800 ` and a total of 153 days
from the 1st May to the 30th of September.

6Group of the Ministers and Senators of the Länder Responsible for Building, Housing and
Settlement
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Table 3: Model of Monthly Drinking-Water Demand. From the monthly drinking-water
demand, the monthly domestic hot water demand can be estimated.

Months Students Researchers Total Demand
Presence Water Usage Presence Water Usage
weeks m3 weeks m3 m3

January 3.0 112.5 3.8 19.5 131.98
February 4.0 150.0 4.0 20.5 170.50
March 4.4 165.0 4.4 22.6 187.55
April 4.2 157.5 4.2 21.5 179.03
May 4.4 165.0 4.4 22.6 187.55
June 1.2 45.0 3.2 16.4 61.40
July 0.0 0.0 2.4 12.3 12.30
August 1.4 52.5 3.4 17.4 69.93
September 4.2 157.5 4.2 21.5 179.03
October 4.4 165.0 4.4 22.6 187.55
November 4.2 157.5 4.2 21.5 179.03
December 2.6 97.5 3.4 17.4 114.93

Table 4: Model of Monthly Domestic Hot Water Demand. From May to September, if the
exceptionally low demand in July is neglected, the average maximum demand of domestic
hot water is 2.8 m3 d−1. Approximately 26.09 MWh are needed annually to provide the
demand.

Months Drinking-Water Demand DHW Demand Energy Demand
Total Total Daily Max.
m3 m3 m3 MWh

January 132.0 39.6 2.6 2.07
February 170.5 51.2 2.6 2.68
March 187.6 56.3 2.6 2.95
April 179.0 53.7 2.6 2.81
May 187.6 56.3 2.6 2.95
June 61.4 18.4 3.1 0.96
July 12.3 3.7 0.3 0.19
August 69.9 21.0 3.0 1.10
September 179.0 53.7 2.6 2.81
October 187.6 56.3 2.6 2.95
November 179.0 53.7 2.6 2.81
December 114.9 34.5 2.7 1.81
Total 1, 660.8 498.2 26.09
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2.3.4 Daily and Peak Water Heating Demand

The properties of water vary slightly with temperature, see Table ??, which shall
for the sake of simplicity be neglected here. In engineering practice, a specific heat
capacity of 4.19 kJ kg−1 K−1 is used [? ]. Furthermore, a density of 1,000 kg m−3

is often assumed. The daily water heating demand can then be found as:

Qd = 2.8 m3 · 1, 000 kg
m3 · 4.19 kJ

kg K · 45 K = 527, 940 J (15)

= 146.65 kWh ≈ 150 kWh

Assuming a certain distribution of the daily demand, the peak demand can be
estimated. The critical time is the lunch hour from 12 o’clock to 1 o’clock. If one-
third of the daily demand occurs before that time, one-third after and one-third
during the lunch hour and the storage shall be completely full at 12 o’clock, this
means that during four hours, about 933 ` of water have to be heated from 10 ◦C
to 55 ◦C. The required capacity to meet this peak is then:

Q̇p = 1
3 ·

2.8 m3

4 h · 3, 600 sh · 1, 000 kg
m3 · 4.19 kJ

kgK · 45 K ≈ 12.22 kW (16)

The logarithmic mean temperature of 10 ◦C and 55 ◦C is 32 ◦C. Had the calculations
for the peak demand been carried out with the values from Table ?? for the specific
heat capacity and density of water at 38 ◦C, the deviation from the result above
would have been less than 0.2 %.

2.4 Identification of the Influences on the Performance
2.4.1 Solar Thermal Systems

Comparing with existing installations [? ], a basic solar thermal system for Norra
Djurgården 43:12 should consist of the following main components: solar collectors
with a heat exchanger, a storage tank with another heat exchanger and an auxiliary
heater. Further components are a control unit, a solar pump to circulate the heat
transfer fluid, an expansion vessel and a number of different valves. The solar
thermal system’s performance can be affected by a range of factors. In relevant
forums [? ? ], you often read about problems with the control unit or the right
dimensioning of the storage tank, for example. A too small tank in proportion to
the collector area will increase the risk for overheating of the solar collectors as the
solar pump stops circulating the heat transfer fluid when the storage is filled with
hot water. In that case, the heat is not removed from the collectors any more. If the
tank is too large, on the other hand, the auxiliary heating will be used extensively,
resulting in a low solar yield, i.e. the share of solar thermal power in the supply.
The same problems can occur if the control unit is not well adjusted to the system
and does not switch on and off the solar pump at the right point of time.

Designing a solar thermal system for Norra Djurgården 43:12, the roof area
available for installations has to be known as well as its orientation to the equator
and the angle at which the collectors should be mounted. The ideal angle between
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the sun rays and the collector area is 90◦. The type of collector, too, will influence
the dimensioning of the system’s respective components. Of particular importance
for at least the economic part is the choice of the auxiliary heater. Heat pumps,
in general, have a high installation cost and thus render the system economically
uncompetitive if they are run only as a backup. For that purpose, pellet burners
or gas condensing boilers among others are better suited as they are cheaper. The
solar collectors can, however, pre-heat the water and the heat pump provides the
remaining temperature lift, which will increase the heat pump’s COP. The required
collector area for this combination will be smaller than for the case that the desired
water temperature is to be provided by the collectors alone. In order to determine
the size of the collector area, the daily demand has to be known and finally, the
volume of the storage tank is chosen in proportion to the collector area.
For Norra Djurgården 43:12, the maximum available roof area are the two rectangles
on either side of the ventilation room which are about 110 m2 each, see Figure ??.
The roof is oriented southwards with about 12◦ deviation to the east and tilted by
19◦ as can be seen in Figure ??. In Stockholm in June, the sun has an angle γ
relative to the horizontal of approximately 54◦ at its highest point of the day, the
solar noon [? ]. This angle is called the solar altitude and varies according to
location as well as throughout the year [? ]. In December, for example, the solar
altitude is about 8◦. The intensity of the solar radiation decreases with the cosine
of the solar altitude [? ].

E ′g = Eg · cos γ (17)
Equation (??) is known from the field of optics as Lambert’s cosine law. The quan-
tity Eg affects the output of the collector but not its efficiency. As described in
Section ??, the incident angle modifier Kβ does, however. Therefore, the collector
surface is attempted to be installed perpendicularly to the sun rays. Its inclination
angle β relative to the horizontal and the solar altitude γ should for that purpose
sum up to 90◦ as illustrated in Figure ??.

βOII=82°

βS=36°

γS=54°

γOII=8°

Figure 11: Ideal Collector Inclination Angle Resulting from the Solar Altitude. In order
to install the collector surface perpendicular to the sun rays (as marked red here), its
inclination angle β and the solar altitude γ should sum up to 90◦.

An inclination angle is chosen which gives the highest output for the whole year. As
a rule of thumb, this angle should correspond to the latitude7 [? ]. The standard
mounting frames have a fixed angle of either 30◦, 45◦ or 60◦. Some (more costly)

7Stockholm: 59◦ 20’ N, 18◦ 4’ E [? ]
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designs can be adjusted in steps of 5◦ from 25◦ to 60◦. Taking the above-mentioned
constraints into account, an extra elevation of 15◦ upward from the horizontal in
June and 60◦ in December respectively would be ideal for Norra Djurgården 43:12.

The collector efficiency is affected furthermore by the collector mean temperature
as the heat losses to the surroundings increase with the temperature difference to
the ambient. Even if a system with flat plate collectors is able to meet the demand
in summer, it should thus be investigated whether the higher investment cost for
evacuated tube collectors pays back with regard to the performance throughout the
year. Once the solar thermal system is installed, of the many factors which influence
the collector efficiency, only the volume flow V̇ and the collector inclination angle β
can be controlled. According to how fast the heat transfer fluid is circulated, it
has more or less time to absorb heat from the absorber surface. This offers the
possibility of a certain regulation of the collector outlet temperature which again
affects the collector mean temperature and thus also the temperature difference to
the ambient. For a high collector efficiency, this temperature difference should be
as low as possible, which requires a high volume flow. Then, the collector outlet
temperature is low. At the same time, the temperature must not fall below a certain
value in order to maintain the heat flow to the domestic hot water circuit. Table ??
gives an overview on the parameters influencing the output of the collectors and of
their interdependencies.

Table 5: Overview on the Parameters Influencing the Collector Output. The collector
output depends on numerous parameters which for their part are dependent on the location,
the time of the year as well as the day, the collector model, the installation and the
operation. Relatively few means remain to influence the output once the collectors are
installed, so that a thorough planning in advance is crucial.

Location & Time of the Year

θa → ∆T → η
γ → E ′g
φ (sunshine hours)
KβL → η0 → η

Location & Time of the Day KβT → η0 → η

Collector Model U0, U1 → η
η0 → η

Installation A
β → KβL → η0 → η

Operation
θin → θm → ∆T → η
V̇ → θout → θm → ∆T → η
θout = θout(V̇ )→ θm = θm(V̇ )

Different collector models have been compared in order to find the most suitable one
for Norra Djurgården 43:12. Table ?? shows the definite values of the parameters
used in the comparison. The climate data was calculated as an average of data
for the years from 2003 to 2012 [? ], whereas the heat transmission coefficients
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U0 and U1, the optical efficiency η0 and the aperture area Aap are taken from the
manufacturer’s data sheet [? ]. In Table ??, the specific data for the collector is
only shown for the model which performed best in the comparison. Concerning
the collector inclination angle β, it can be concluded from Figure ?? that it is
reasonable to assume its influence on the collector efficiency as low presumed that
∆βL <40◦ and ∆βT ≤ 12◦. Therefore, the incident angle modifiers have not affected
the comparison.

Table 6: Assumptions and Data for the Parameters Influencing the Solar Thermal Col-
lector Output [? ? ]. This setting was used in the comparison of the different collector
models; the specific data on the collector model is given only for the one which was decided
on.

Parameter Unit

Month - June December
θa

◦C 15.6 0.3
E ′g W m−2 616.0 188.0
φ (sunshine hours) h 9.4 1.1
γ ◦ 54.0 8.0
KβL (∆βL) - 1.0 (0◦ < ∆βL < 40◦), 0.8 (∆βL = 62◦)
KβT (∆βT ) - assumed as 1.0 (= sun in the south)
U0 W m−2 K−1 3.660
U1 W m−2 K−2 0.017
η0 % 83.4
Aap m2 2.33
β ◦ 20, 45, 50, 80
θin

◦C assumed as 20
θm

◦ 40, 50, 60, 70, 80

This being laid down, it is possible to compare different models of both flat panel
collectors and evacuated tube collectors. Table ?? gives an overview on how the
efficiencies change with the difference between the collector mean temperature and
the ambient temperature. Since evacuated tube collectors have smaller heat losses,
they operate at higher temperatures than flat panel collectors. From observation of
different systems’ live data, the assumption appeared reasonable that at the given
solar radiation in Stockholm, the mean temperature of an evacuated tube collector
will be 20 K higher than the mean temperature of a flat panel collector [? ].

An existing heat pump (’Vitocal 160-A’) especially for the operation in combi-
nation with solar thermal collectors has provided a guideline for the correct ratio
between collector area and heat pump capacity. Either one module of the evacuated
tube collectors or two modules of the flat plate collectors presented in Table ?? can
be connected to it. In Table ??, it was calculated how many units of the respective
possible combinations would be needed to meet the peak demand of 12.22 kW.
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Table 7: Different Collectors’ Efficiencies at Varying Temperature Differences. The collec-
tor efficiency varies with the temperature difference to the ambient as well as the collector-
specific parameters.

Collector Model Type Collector Efficiency η (∆T ), %
∆T , K

24.4 34.4 44.4 54.4 64.4 74.4 84.4

Vitosol 200-F FP 60.6 52.5 43.8 34.7 25.0
Vitosol 300-F FP 67.3 59.7 51.6 43.0 33.8
Vitosol 200-T ET 66.7 63.6 60.3 56.9 53.3
Vitosol 300-T ET 68.2 64.8 61.3 57.5 53.6

Table 8: Required Units of Different Combinations to Meet the Peak Demand. A multiple
of the resulting capacity is required to meet the peak demand. Either two modules of the
flat plate collectors or one module of the evacuated tube collectors can be connected to the
heat pump.

Number of
Component

Model Aperture area ∆T Output Units needed
m2 K kW

1 Vitocal 160-A 1.50

2 Vitosol 200-F 4.66 44.4 2.76 4.4
2 Vitosol 300-F 4.66 44.4 2.98 4.1
1 Vitosol 200-T, 2 m2 2.15 64.4 2.30 5.3
1 Vitosol 200-T, 3 m2 3.23 64.4 2.70 4.5
1 Vitosol 300-T, 2 m2 2.15 64.4 2.31 5.3
1 Vitosol 300-T, 3 m2 3.23 64.4 2.72 4.5
2 Vitosol 200-F 4.66 64.4 2.22 5.5
2 Vitosol 300-F 4.66 64.4 2.47 4.9
1 Vitosol 200-T, 2 m2 2.15 84.4 2.21 5.5
1 Vitosol 200-T, 3 m2 3.23 84.4 2.56 4.8
1 Vitosol 300-T, 2 m2 2.15 84.4 2.21 5.5
1 Vitosol 300-T, 3 m2 3.23 84.4 2.57 4.8

In Table ??, the decimal has just been kept for the required units of each combination
in order to show the proportion between the systems. Obviously, only whole units
can be installed and as the supply is supposed to meet the demand even at peak
times, the value has to be rounded up to an integer. Together with the collector
efficiencies from Table ??, the respective pairings’ solar yield can be calculated.
The systems have been sized according to the integral factor for the required units
from Table ??. An overview on the solar yield of the respective systems at varying
temperature differences is given in Table ??.

One can either try and find the most environmentally friendly solution or the
cheapest or an optimum in between. As a first attempt to relate the investment cost
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to the cost per unit heat, the following ratio µ has been created:

µ =
(
PECCOLL
QCOLL,d

+ PECAUX
QAUX,d

) [
Unit Money
Unit Heat

]
(18)

The idea behind this ratio is that the investment for both the solar collectors and
the heat pump as an auxiliary heater is cost effective only in case of a high number
of operating hours. It is no qualified means of comparing between rather different
systems. However, for a modification of one particular system such as combinations
of the same heat pump with different collector models, it can provide an estimation
of which component is most suitable. Since the same currency is used for all models
as well as for the heat pump, it need not be converted. The purchased-equipment
cost of the heat pump has been estimated according to Equation (??) which will be
explained in Section ??. Table ?? gives an overview on the respective systems’ ”µ”
in CHF kWh−1 for one sample day in June.

Table 9: Different Systems’ Solar Yield at Varying Temperature Differences. As the col-
lector efficiency decreases with increasing temperature difference to the ambient, the share
of solar thermal power in the supply also deteriorates.

Collector
Model

Combined System’s
Capacity

Solar Yield (∆T ), %
∆T , K

kW 24.4 34.4 44.4 54.4 64.4 74.4 84.4

Vitosol 200-F 7.5 54.5 47.2 39.4 31.2 22.5
Vitosol 300-F 7.5 60.5 53.7 46.4 38.6 30.4
Vitosol 200-T, 2m2 9.0 33.2 31.7 30.0 28.3 26.5
Vitosol 200-T, 3m2 7.5 41.6 39.6 37.6 35.4 33.2
Vitosol 300-T, 2m2 9.0 33.9 32.3 30.5 28.7 26.7
Vitosol 300-T, 3m2 7.5 42.5 40.4 38.2 35.9 33.4

Table 10: Comparison of the µ at Varying Temperature Differences. The more operating
hours the individual components of the solar thermal system have, the higher is the eco-
nomic efficiency of the purchased-equipment cost. The ratio µ is an approach to find the
most cost-effective combination of heat pump and solar thermal collector model.

Collector Model PECCOLL PECAUX µ (∆T ), CHF kWh−1

∆T , K
CHF CHF 24.4 34.4 44.4 54.4 64.4 74.4 84.4

Vitosol 200-F 11,400 11,825 313 310 323 358 440
Vitosol 300-F 14,260 11,825 357 347 352 375 426
Vitosol 200-T, 2 m2 14,730 13,192 428 439 453 470 490
Vitosol 200-T, 3 m2 18,370 11,825 430 440 452 468 487
Vitosol 300-T, 2 m2 19,044 13,192 507 523 543 566 596
Vitosol 300-T, 3 m2 23,805 11,825 511 525 543 565 594
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2.4.2 Heat Pump Systems

There are several factors which influence the performance of a heat pump. To begin
with the most prominent one, the temperature lift supposed to be provided largely
affects the expenditure in this heat transfer process, i.e. the compressor work. Fur-
thermore, the higher the condensing temperature is, the higher is the corresponding
pressure. This increases the compressor work as well as the constraints to the
material of the components on the heat sink side. Consequently, the condensing
temperature should be as low and the evaporating temperature as high as possible.
It is also the ratio between the condensing and the evaporating pressure which de-
termines the required input of mechanical work. The compressor does not perform
free from losses but friction and the fact that some refrigerant always remains in
the cylinder decrease its efficiency. For compressors driven by an engine instead
of electricity, the losses which occur when burning the fuel have to be considered,
too. Another factor influencing the performance is the refrigerant used as the fluid
properties differ between the media. Figure ?? shows the basic working cycle of a
heat pump using the refrigerant R134a.

Figure 12: Improvement of the COP by an Increased Evaporation Temperature [? ]. A
smaller temperature lift reduces the expenditure in the heat transfer process and raises the
COP.

Cycle 1 has an evaporating temperature of 5.0 ◦C with a corresponding pressure of
2.93 bar, whereas the evaporating temperature and pressure is 26.4 ◦C and 5.97 bar
respectively for cycle 2. In both cases, the refrigerant is superheated by 5 K before it
enters the compressor in order to ensure that the liquid is fully evaporated. Further-
more, the condensing temperature of 60.0 ◦C with a corresponding pressure of 16.81
bar is the same and the total compressor efficiency ηc is 0.7. An increase of more
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than 60 % can be observed comparing the COP of 5.08 for the temperature in cycle
2 with the COP of 3.16 for the evaporating temperature in cycle 1 [? ]. However, the
optimization of the refrigerant’s two temperature levels is limited by both the condi-
tions of the ambient which the heat pump operates in and the approach temperature
difference in the heat exchangers. In the application, improvements of the perfor-
mance are rather achieved by extending and modifying the above-described basic
working cycle. Super-heating is used, too, in order to prevent liquid from entering
into the compressor. Moreover, after the condenser, the refrigerant is sub-cooled,
which reduces the quality of the mixture entering into the evaporator. That way,
more heat can be absorbed on the heat source side. Often the super-heating and the
sub-cooling is realized at once in a liquid-suction heat exchanger. If the compression
takes place in two stages instead of one and the refrigerant is cooled in between, the
required compressor work decreases. Furthermore, the over-heated vapour can be
cooled down in a hot-gas cooler after the compression and before it enters into the
condenser, so that the heat can be used. Two-stage throttling also contributes to a
higher COP as the throttling losses are reduced. Different arrangements are possible
and most suitable according to the respective working fluids applied. For instance,
with ammonia as a refrigerant, it is common to place an intermediate vessel between
the throttling stages [? ]. The liquid after the first compression stage is directed
through the vessel in order to decrease the inlet temperature to the second compres-
sion stage. Sub-cooling is not necessary in this modification of the basic working
cycle as gas and condensate separate at the intermediate pressure level in the vessel.
The gas enters into the second compression stage whereas the liquid is expanded
and continues to the evaporator. Consequently, the quality at the evaporator inlet
is low.

2.5 Economic Analysis
All information, the equations and, as far as possible, the notation in this section are
in accordance with Chapter 7: Economic Analysis from Thermal Design and Opti-
mization [? ] which is used in the Energy Technology I lecture given by Professor
Tsatsaronis at TU Berlin.

2.5.1 Six-Tenths Rule

The six-tenths rule is a highly useful tool to estimate the investment cost PEC ′ of
a unit whose capacity X ′ is known if data for the investment cost PEC of the same
unit but with a different capacity X is available.

PEC ′ = PEC ·
(
X ′

X

)ε
(19)

The exponent ε can be found from tables or, if no further information is available,
be assumed to 0.6 .
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2.5.2 Costs of Produced Heat Energy

The continued use of district heating has the advantage of no investment cost. Yet,
the solar radiation need not be paid for and using the computers’ waste heat, money
for district cooling can even be saved. Therefore, the operation cost of the alternative
systems might be lower than the price of district heating, at least if the district
heating losses are taken into consideration, too. Regarding the investment cost as
stretched out over the whole economic life or even beyond, over the entire time which
the system is operated, together with the operation and maintenance cost OMC, a
price MPUC of a unit heat can be calculated. The fixed capital investment FCI
consists of the purchased-equipment cost PEC plus the installation cost INS:

FCI = PEC + INS (20)

The capital-recovery factor CRF is multiplied with the present FCI value to deter-
mine the equal annual payments AN over a period of time (annuities) which would
correspond to the same amount of money at the present time. If the money trans-
action is due at the end of the time interval as is the case for the maintenance cost,
the CRF is:

CRFΩ = ieff · (1 + ieff )n
(1 + ieff )n − 1 (21)

⇒ ANcst = CRF · FCI (22)

and for money transactions at the beginning of the time interval, e.g. for fuel cost:

CRFA = ieff · (1 + ieff )n−1

(1 + ieff )n − 1 (23)

Prices seldom remain constant but they increase, for example due to inflation. The
CELF accounts for the price escalation while the outcome is a constant value, the
levelized annuity.

CELF = k(1− kn)
1− k · CRF (24)

k = 1 + rn
1 + ieff

(25)

1 + rn = (1 + rr)(1 + ri)→ rn = ri, rr = 0 (26)

⇒ ANesc = CELF · FCI (27)

Equation (??) gives the nominal escalation rate rn and states that it equals the
average inflation rate ri if the real escalation rate rr is zero.
Dividing the annuities AN plus the operation and maintenance cost OMC by the
amount MPQ of heat produced, it is:

MPUC = AN +OMC

MPQ
(28)
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Usually, mass or energy ought not to be used as a main product quantity. However,
the heat produced by the respective alternative systems is not sold in the case at
hand but replaces heat which would otherwise be bought as district heating.

2.5.3 Net Present Value

The Net Present Value takes into consideration the time value of money as due to
inflation, one hundred Euro are worth more today than in one year from now. It is
the sum of the annual savings but whose values are brought to a common point of
time, e.g. today.

NPV =
N∑
n=0

(AP ) · 1
(1 + i)n (29)

A project should yield a positive NPV and, if two alternatives are compared, the
one with the higher NPV is the favourable one (in this respect at least). Should
both alternatives have a negative NPV, the one with the less negative value is to be
chosen.

2.5.4 Payback Time

The payback time of an investment is calculated as the total depreciable investment
divided by the annual net cash flow. In the case at hand, the total depreciable
investment is equal to the purchased-equipment cost PEC as the salvage value is
zero and the ’cash flow’ is the average annual profit AP , i.e. the savings compared
to district heating.

PB = FCI

AP
(30)

Contrary to the case of the NPV, the time value of money is not taken into consid-
eration when calculating the payback period. This criterion can, however, well be
applied in order to estimate whether an investment will pay back within a certain
period of time.

3 Results

3.1 Modernization of the Radiators
As pointed out in Section ??, if the supply temperature to the radiators can be
reduced while the return temperature remains constant, this leads to a decrease in
the district heating demand. Using the same assumptions as before, Equation (??)
can be rearranged to calculate this difference:

ṁDH,old = ∆TB,old
∆TDH

· ṁB

and ṁDH,new = ∆TB,new
∆TDH

· ṁB

⇒ ṁDH,new

ṁDH,old

= ∆TB,new
∆TB,old

(31)
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For a change of the supply temperature from 60 ◦C to 55 ◦C, Equation (??) gives:

ṁDH,new = (55− 40)K
(60− 40)K · ṁDH,old

= 0.75 · ṁDH,old (32)

A reduced supply temperature of 5 K less than before can thus cut the district
heating demand by 25 %, so a significant decrease in the operation cost can be
expected, too. Yet, the correlation is not proportional and the economic savings can
without any further information not be derived from Equation (??). The annual
demand for space heating has been estimated to 387 MWh in the energy audit [?
], including 10 MWh for water heating. According to Equation (??), the savings in
the district heating demand are

QDH,save = 0.25 · (387− 10) MWh
a = 94.25 MWh

a , (33)

so that the heat demand due to space heating decreases to 283 MWh a−1. Moreover,
as 105 g CO2 per produced kilowatt hour are emitted by district heating, with respect
to the building’s CO2 balance, the reduced demand provides for a decrease in CO2
emissions of:

∆CO2,DH = 94.25 MWh
a · 105 kg CO2

MWh = 9, 896.25 kg CO2
a ≈ 9.9 t CO2

a
However, the mean temperature difference between the radiator and the surround-
ings will also decrease, so a larger surface area is required for the same heat flow Q̇R

as seen in Equation (??). The U-value depends on both the temperature and the
mass flow. For small temperature differences and an approximately constant mass
flow, it can be assumed as constant for the ’old’ and the ’new’ radiators. Rearrang-
ing Equation (??) for the area and assuming thus a constant thermal transmittance
U , the required increase in area can be calculated. Note that the product UA can
only be split here as also the area of heat exchange A is considered to be constant
for all thicknesses. It is:

Arad = Q̇R

∆T rad · U
(34)

⇒ Arad,new
Arad,old

=

Q̇R

∆T rad,new · U
Q̇R

∆T rad,old · U

= ∆T rad,old
∆T rad,new

(35)

Inserting definite values for the temperature differences, from Equation (??) we get

∆T rad,old = (60− 22)K− (40− 22)K
ln
(

(60−22)K
(40−22)K

) = 26.8 K
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and

∆T rad,new = (55− 22)K− (40− 22)K
ln
(

(55−22)K
(40−22)K

) = 24.7 K ,

so

Arad,new
Arad,old

= 26.8 K
24.7 K = 1.085 .

A decrease in the supply temperature of 5 K requires an increase in area of 8.5 %
compared to the radiators installed before. Assuming that the old radiators have a
length of 2,000 mm and a height of 700 mm, this gives definitely:

Anew = 1.085 · 2 m · 0.7 m = 1.519 m2

⇒ Lnew = 1.519 m2

0.7 m = 2.17 m

Increasing the height might be harder to realize than choosing a longer unit. If
the area cannot be modified, another approach is to improve the U-value. Yet, the
different possibilities have not been examined further in this work as described in
Section ??.

3.2 Status Quo in Water Heating
3.2.1 Heat Losses

According to Akademiska Hus, the heat losses to the ground can be estimated to
100 kW. The district heating distribution system is operated constantly, i.e. during
24 hours on all 153 days from May to September. At the KTH distribution cen-
tral, the district heating for the whole campus is divided into four branches. Norra
Djurgården 43:12 belongs to Branch 3 which contains a total of 15 buildings. As-
suming that at least for this facility, the share is proportional, the total heat losses
Qloss,DH over these months can be calculated for this particular building as:

Qloss,DH = 1
15 · 100 kW · 153 d · 24 h

d = 24, 480 kWh

The corresponding emissions ∆CO2,DH which are avoided calculate to:

∆CO2,DH = 24.48 MWh · 105 kg CO2

MWh ≈ 2.57 t CO2

a

3.2.2 Costs of Heat Energy

The price of district heating varies with the season. From May to September, one
megawatt hour of district heating costs 285 SEK according to the current price list
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(≈ 32.50 EUR) [? ]. The price of district heating is at 469 SEK (≈ 53.50 EUR) per
MWh in April, October and November and at 714 SEK (≈ 81.40 EUR) per MWh
from December to March. Taking the heat losses into consideration, the effective
cost of district heating is much higher though. The demand from May to September
calculated to about 8.02 MWh in Table ??. In order to cover this demand, together
with the heat losses, 32.50 MWh of district heating have to be bought. The effective
operation cost is therefore

OCDH,S = 32.50 MWh · 285 SEK
MWh ≈ 9, 262 SEK (≈ 1, 079 EUR) .

If the operation cost is regarded as an annuity AN , the MPUC can be calculated
according to Equation (??). Before, however, some values have to be set for a fair
comparison with the alternative systems.
The economic analysis is carried out over a period of 15 years. The effective rate
of return is i=12.5 % and compounding occurs once a year, so it can be referred to
as the rate of return only. District heating as well as electricity increase in price at
an annual rate of rr=4 %, while the average inflation rate is ri=2 % . The price
of electricity is assumed to 1,000 SEK per MWh and the average price of district
cooling to 500 SEK per MWh (cf. [? ]). 1 CHF8 corresponds to 6.986 SEK and
0.814 EUR respectively [? ].

From Equation (??), (??) and (??) - (??), the following can be calculated:

CRFA = 0.125 · 1.12514

1.12515 − 1 ≈ 0.1340

CRFΩ = 0.125 · 1.12515

1.12515 − 1 ≈ 0.1508

(1 + rn,2%) = 1.02 · 1.02 = 1.0404⇒ k2% = 0.9248
(1 + rn,4%) = 1.04 · 1.02 = 1.0608⇒ k4% ≈ 0.9429

k2%(1− kn2%)
1− k2%

≈ 8.4912

k4%(1− kn4%)
1− k4%

≈ 9.6793

CELFA,2% = 8.4912 · 0.1340 ≈ 1.1379
CELFA,4% = 9.6793 · 0.1340 ≈ 1.2971
CELFΩ,2% = 8.4912 · 0.1508 ≈ 1.2802

8For some components, the purchased-equipment cost is given in Swiss Franc only.
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This being laid down, the MPUC from May to September of district heating can
be determined:

MPUCDH,S = OCDH,S · CELFA,4%

MPQDH,S

= 9, 262 SEK · 1.2971
8.02 MWh

≈ 1, 499 SEK
MWh (≈ 175 EUR

MWh)

In order to find the MPUC for the whole year, the total annual district heating
demand as well as the respective cost of the heat losses have to be taken into consider-
ation. From the energy audit [? ], the demand is known to be 387 MWh a−1, includ-
ing 10 MWh a−1 for water heating. The former will decrease to 282.75 MWh a−1,
see Section ??, and the latter will increase to 26.09 MWh a−1 after the retrofitting,
see Table ??, so that the new district heating demand will be 308.84 MWh a−1. The
cost of the losses are:

OI (Apr, Oct, Nov) : 0.1 MW
15 · 91 d · 24 h

d · 469 SEK
MWh ≈ 6, 829 SEK

S (May - Sep) : 0.1 MW
15 · 153 d · 24 h

d · 285 SEK
MWh ≈ 6, 977 SEK

OII (Dec - Mar) : 0.1 MW
15 · 121 d · 24 h

d · 714 SEK
MWh ≈ 13, 823 SEK

⇒
∑

OCDH,loss ≈ 27, 629 SEK (≈ 3, 219 EUR)

The annual operation cost without losses can be found as:

OCDH,Y =
( 91

365 · 469 + 153
365 · 285 + 121

365 · 714
) SEK

MWh · 308.84 MWh

≈ 473 SEK
MWh · 308.84 MWh ≈ 146, 111 SEK (≈ 17, 025 EUR)

Now, the MPUC can be determined:

MPUCDH,Y = (27, 629 + 146, 111) SEK · 1.2971
308.84 MWh ≈ 730 SEK

MWh

(
≈ 85 EUR

MWh

)

3.3 Solar Thermal Collector System
3.3.1 Description of the System

On a sunny day in June, the system should completely cover the average daily de-
mand of domestic hot water, which calculated to approximately 2,800 ` in Table ??.
In order to compensate for peaks, the standby domestic hot water tank should store
a volume equal to half of the daily demand. The storage tank is recommended
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to contain at least 60 ` for each square metre of installed aperture area [? ]. In
Norra Djurgården 43:12, an air-to-water heat pump can be combined with the solar
collectors and supply auxiliary heat to meet the demand which is not covered by the
collectors. A very much simplified sketch of the proposed system solution is shown
in Figure ??, illustrating only the components of particular interest.

T 3
=6

0°
C

T2=55°C

T1>50°C

980L

420L

HeatiPump
lMay-Septo

District
Heating
lOct-Aprilo

Tout=55°C

Tin=10°C

Figure 13: Sketch of the Proposed Solar Thermal Collector System. A heat pump and ten
flat panel collector modules with a total aperture area of 23.3 m2 are supposed to provide
domestic hot water from May to September. In the months during which space heating
is also required, the supply for both is furnished by district heating and the solar thermal
system contributes.

The general idea is to shut down district heating completely from May to Septem-
ber. Instead, a combination of an air-to-water heat pump with 7.5 kW capacity and
ten flat panel collector modules with a total aperture area of 23.3 m2 is supposed to
provide domestic hot water. A water tank containing a volume of 1,400 ` serves as
both domestic hot water standby tank and buffer tank for the solar collectors. The
temperature in the tank must never fall below 50 ◦C, the top 30 % are even supposed
to be at 55 ◦C. The heat pump’s inlet is connected at a level which corresponds to
the bottom of the top 420 `, whereas the outlet returns to the top of the tank, see
Figure ??. When the temperature difference between the top of the tank and the
collector outlet reaches 5 K, the solar pump starts circulating the heat transfer fluid
from the coil in the bottom of the storage up to the roof, where it removes the heat
from the collectors. A sensor in the bottom of the tank will start a circulation pump
before the temperature at the bottom drops below 50 ◦C. This may otherwise hap-
pen if the solar collector circuit has an insufficient volume flow, for example due to
cloudy weather. The district heating is connected to the storage tank via three-way
valves inserted into the inlet and outlet connection to the heat pump. That way,
the solar thermal system can contribute to the heating supply during the rest of
the year and reduce the district heating demand. Then, however, the domestic hot
water storage tank should be by-passed and the heat used for space heating where
lower temperatures are required. If the solar thermal system is to be operated ef-
ficiently, the collector temperature should be kept low as otherwise, the collector
efficiency decreases. This, however, implies a large volume flow and consequently, a
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3.3 Solar Thermal Collector System

low outlet temperature. For an optimum heat transfer to the domestic hot water,
however, the temperature should be high. Since these conditions oppose each other,
the domestic hot water should only be heated by the solar thermal system when the
district heating system is shut down. Yet, the by-pass to the radiators is not shown
in the system sketch.

3.3.2 Coefficient of Performance

For the system at hand, the collector model ’Vitosol 300-F’ is used. It is assumed
that the panels have an outlet temperature of 80 ◦C and an inlet temperature of
20 ◦C, so that the mean temperature difference to the ambient is 44.4 K. The solar
thermal system’s output during the sunshine hours can be seen in Table ?? for a unit
comprising two flat panel collectors and a heat pump of 1.5 kW capacity. In order to
determine the entire system’s COP, the expenditure for the respective components
has to be considered. For the sake of simplicity, the pump work for horizontal trans-
portation and short distances is assumed as negligible. This includes, for example,
the circulation of the water from the tank to the heat pump and back. The elec-
tricity consumption of the heat pump’s compressor depends amongst others on the
temperature lift as described in Section ??. It is assumed that during the sunshine
hours, the heat pump and the collectors cooperate, i.e. the domestic hot water is
pre-heated by solar thermal power and the heat pump provides the remaining tem-
perature lift. Outside of the sunshine hours, the heat pump continues to heat the
water from 10 ◦C to 55 ◦C alone until the daily demand is furnished completely.
Consequently, the auxiliary heat supplied to the system is higher in April, for exam-
ple, than in June. The compressor work and the COP can be calculated according
to Equation (??). Table ?? compares the relevant state and process variables as well
as the COP for the two modes of operation. With a collector output of 7.4 kW and
a daily operating time of 9.4 h, about 70 kWh are available to pre-heat the water
in the tank. The temperature to which the water is heated by solar power can be
calculated rearranging Equation (??):

Q̇ = ṁ · cp · (θout − θin)

θout = θin + Q̇

ṁ · cp
(36)

θout = 10◦C +
70 kWh · 3, 600 kJ

kWh
2.8 m3 · 1, 000 kg

m3 · 4.19 kJ
kgK
≈ 31.4◦C (37)

The approach temperature difference in the evaporator is assumed as 5 K and the
refrigerant is supposed to be superheated by another 5 K. This results in a maximum
evaporating temperature of 21.4 ◦C. Without pre-heating the water, the evaporating
temperature consequently is 0 ◦C. For the ideal case, the work of the solar pump
is [? ? ]:

ẆP,id = V̇ · (ρ · g ·H + ∆pf ) (38)
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3.3 Solar Thermal Collector System

Table 11: The Auxiliary Heat Pump in Cooperation and Coexistence Mode [? ]. If the
solar thermal power is used to pre-heat the water and the heat pump provides the remaining
temperature lift, the COP can be increased significantly.

Variable Unit Coexistence Mode (Π) Cooperation Mode (χ)

h1k kJ kg−1 454.808 445.325
h2k kJ kg−1 401.791 414.243
hs kJ kg−1 287.385 287.385
ṁ kg s−1 0.0448 0.0475
V̇ m3 h−1 11.404 6.036
p1 bar 16.813 16.813
p2 bar 2.928 5.967
θ1k

◦C 82.1 74.5
θ2k

◦C 5.0 26.4
θ1

◦C 60.0 60.0
θ2

◦C 0.0 21.4
Q̇1 kW 7.5 7.5
Q̇2 kW 5.125 6.024
Ẇc kW 2.375 1.476
ηc - 0.7 0.7
p1/p2 - 5.742 2.818
COP1 - 3.16 5.08

In a test report on the ’Vitosol 200-F’ modules, the nominal volume flow through
the panels is said to be about 40 ` h−1m−2 with a pressure drop of 3,600 Pa [? ].
Since the two models are very similar, the same nominal volume flow and pressure
drop can be assumed for the ’Vitosol 300-F’, cf. [? ]. The density of the heat transfer
fluid is given in the manufacturer’s data sheet as 1,035 kg m−3 at 20 ◦C [? ]. From
Figure ??, the height can be estimated to at maximum 2 m provided the heat pump
is placed in the ventilation room on the roof. Calculating the total volume flow and
inserting all the values in Equation (??) gives:

V̇ = 40 `

m2 h ·
10−3 m3

`
3,600 s

h
· 23.3 m2 ≈ 2.59 · 10−4 m3

s (39)

⇒ ẆP,id = 2.59 · 10−4 m3

s · (1, 035 kg
m3 · 9.81 m

s2 · 2 m + 3, 600 Pa)

≈ 6 W (40)
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The real pump work can be calculated if the pump efficiency is known. It can be
concluded that the ’Solar Divicon’ has a relatively high pump efficiency as its energy
label is ’A’. A reasonable assumption for the efficiency appears to be 55 %, cf. [? ].
Then, the real pump work is:

ẆP,r = ẆP,id

ηP
= 6.19 W

0.55 ≈ 11 W (41)

The total expenditure WSOL of the solar thermal system can now be calculated as:

WSOL = φ · (ẆP + Ẇc,χ) + Qd − φ · (Q̇COLL + Q̇AUX)
COPc,Π

(42)

In June, the solar thermal system’s electricity consumption is:

WSOL = 9.4 h · (0.011 + 1.476) kW

+ 146 kWh− 9.4 h · 5 · 2.98 kW
3.16 ≈ 16 kWh (43)

Consequently, the COP for June can be determined as:

COPSOL = 146 kWh
16 kWh ≈ 9.13 (44)

In April, at an outdoor temperature of 4.6 ◦C and an insolation of 531 W m−2

during 7.2 h [? ], the collector output and consequently also the COP for the
solar thermal system decreases. Using the same assumptions as before, the collector
efficiency is 35.5 % and the collectors yield a thermal power of 4.4 kW. According to
Equation (??), the water can then be pre-heated to 19.7 ◦C, so that the maximum
evaporating temperature is 9.7 ◦C. In April, however, the solar thermal system can
supply heat to the radiator water circuit (see Section ??) and a lower condensing
temperature of 50 ◦C is sufficient. The COP for the auxiliary heat pump is then 4.86.
If the water is to be heated by the heat pump only, the COP decreases to 3.85 [?
]. The electricity consumption and the heat output of the solar thermal system in
April calculate to:

WSOL,OIa = 7.2 h ·
(

0.011 + 7.5
4.86

)
kW + 16.8 h ·

( 7.5
3.85

)
kW

≈ 44 kWh (45)
QSOL,OIa = 7.2 h · (4.4 + 7.5) kW + 16.8 h · 7.5 kW ≈ 212 kWh (46)

⇒ COPSOL,OIa = 212 kWh
44 kWh ≈ 4.82 (47)

Merely the auxiliary heat pump contributes to the heating supply in December as
the collector efficiency approaches zero. The system’s COP is thus equal to the
COP of the heat pump at an evaporating temperature of 0 ◦C and a condensing
temperature of 50 ◦C, namely 3.85.
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3.3.3 Costs of Heat Energy

As pointed out in Section ??, ten flat plate collectors of the model ’Vitosol 300-F’
will be combined with a heat pump similar to the ’Vitocal 160-A’ but with a larger
capacity of 7.5 kW instead of 1.5 kW. The collectors are supposed to be operated at
a mean temperature of 60 ◦C.
For the economic analysis, the same values as in Section ?? are used. The purchased-
equipment cost PEC can be determined from the prices of the ’Vitocal 160-A’ (4,502
CHF) plus the additional equipment for the application in combination with solar
thermal collectors (3,921 CHF) and from Equation (??) for the price adjustment to
different capacities [? ]. As ’Vitosol 300-F’ instead of ’Vitosol 200-F’ collectors are
used, the price of the modules included in the price of the additional equipment (2
· 1,140 CHF) has to be subtracted and the price of the right collectors (10 · 1,426
CHF) added instead:

PECSOL =
(4, 502 + 3, 921− 2 · 1, 140) ·

(
7.5 kW
1.5 kW

)0.6

+ 10 · 1, 426
 CHF

≈ 30, 395 CHF ≈ 212, 340 SEK (≈ 24, 742 EUR)

The installation cost INS can be estimated in proportion to the purchased-equipment
cost of the collectors as 50 % · PECColl for the collector area plus substructure,
67 % · PECColl for the piping and another 67 % · PECColl for planning, control
and other [? ]:

INSSOL = (0.5 + 0.67 + 0.67) · PECColl
= (7, 130 + 9, 507 + 9, 507) CHF
= 26, 144 CHF ≈ 182, 642 SEK(≈ 21, 281 EUR)

Then, according to Equation (??),

FCISOL = (212, 340 + 182, 642) SEK ≈ 394, 982 SEK(≈ 46, 023 EUR)

Furthermore, the annual maintenance cost can be estimated to 1 % · FCI [? ].
Yet, since the heat pump contributes a considerable share to the FCI but requires
relatively little maintenance, cf. Section ??, the following estimation appears more
suitable:

MCSOL = 0.01 · (FCISOL − PECAUX) = 0.01 · (395, 982− 82, 610) SEK
≈ 3, 134 SEK (≈ 365 EUR)

The operation cost for May to September can be calculated as the cost of electricity
for the solar pump and for the heat pump’s compressor:

OCSOL,S = 8.02 MWh
COPSOL

· 1, 000 SEK
MWh = 8.02 MWh

9.13 · 1, 000 SEK
MWh

≈ 878 SEK (≈ 102 EUR)
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Now, the MPUC for May to September can be calculated:

MPUCSOL,S = FCISOL · CRFA +MCSOL · CELFΩ,2% +OCSOL,S · CELFA,4%

MPQSOL,S

= (394, 982 · 0.1340 + 3, 134 · 1.2802 + 878 · 1.2971) SEK
8.02 MWh

≈ 7, 242 SEK
MWh

(
≈ 844 EUR

MWh

)

In order to find the operation cost and the cost per heat unit for a whole year, the
values from Equations (??) and (??) are used. Furthermore, it is assumed that from
October to March, the collectors do not contribute to the water heating whereas the
heat pump is operated permanently. Then, the operation cost can be found as:

OCSOL,Y = 44 kWh
d · 30 d · 1 SEK

kWh + 878 SEK

+ 24 h
d · 182 d · 7.5 kW

3.85 · 1 SEK
kWh

≈ 10, 707 SEK (≈ 1, 248 EUR)

When the total produced heat is calculated, the MPUC for the whole year can be
determined.

MPQSOL,Y = 0.212 MWh
d
· 30 d + 8.02 MWh + 182 d · 24 h

d · 0.0075 MW

≈ 47.14 MWh

MPUCSOL,Y = (394, 982 · 0.1340 + 3, 134 · 1.2802 + 10, 707 · 1.2971) SEK
47.14 MWh

≈ 1, 502 SEK
MWh

(
≈ 175 EUR

MWh

)

3.3.4 Net Present Value

In order to calculate the Net Present Value, the annual profit AP has to be deter-
mined. This is done computing the savings compared to district heating.

APSOL = OCDH,S + (MPQSOL,OIa +MPQSOL,OIb) · 469 SEK
MWh

+MPQSOL,OII · 714 SEK
MWh −OCSOL,Y −MCSOL

= 9, 262 SEK +
(

6.36 MWh + 61 d · 7.5 kW · 24 h
d

)
· 469 SEK

MWh

+
(

121 d · 7.5 kW · 24 h
d

)
· 714 SEK

MWh − 10, 707 SEK− 1, 134 SEK

49
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= 9, 262 SEK + (6.36 + 10.98) MWh · 469 SEK
MWh

+ 21.78 MWh · 714 SEK
MWh − 10, 707 SEK− 1, 134 SEK

≈ 19, 104 SEK (≈ 2, 226 EUR)

Now, the Net Present Value can be calculated according to Equation (??):

NPVSOL = −394, 982 SEK +
15∑
n=1

19, 104 SEK
1.125n

≈ −268, 267 SEK (≈ −31, 258 EUR)

3.3.5 Payback Time

According to Equation (??), the payback time of the solar thermal system is

PBSOL = 394, 982 SEK

19, 104 SEK
a

≈ 21 a.

3.4 Heat Pump System
3.4.1 Description of the System

After the retrofitting, Norra Djurgården 43:12 will contain three computer rooms
with a total of 260 computers, see Table ??. Similar to other KTH buildings, a
so-called black box system is envisaged being installed. The users only work at the
monitors while the computers are stored all together in one cooled server room, see
Figure ??. All computers are operated permanently and it is assumed that each of
them gives off 70 W of heat [? ]. Another 500 W internal loads will be installed in
the server room. Consequently, this gives a heating power of 18.7 kW and a total
amount of rejected heat of 448.8 kWh d−1. An air-to-water heat pump installed in
the server room can use this waste heat to provide domestic hot water. Currently, the
waste heating power of 8.4 kW is removed by district cooling from the two computer
rooms. The functioning of a heat pump has already been explained in detail in
Section ??. In cold climates like Stockholm’s, air-to-water heat pumps often are
susceptible to problems with freezing of the evaporator if the outside temperature
is very low [? ]. In the case at hand, however, the heat source is indoors and
the constantly high ambient temperature eliminates this risk, so that an operation
throughout the year is unproblematic. Because of the higher ambient temperature,
the evaporation temperature, too, can be increased. This reduces the temperature
lift as well as the pressure ratio provided by the compressor. Thus, less electricity
input is required and the COP is improved.

50



3.4 Heat Pump System

3.4.2 Coefficient of Performance

From the data given in Table ??, the heat pump’s COP can be calculated according
to Equation (??). For ambient air at a temperature of 15.6 ◦C as a heat source, the
COP is

COPHP,1,a =
(415.404− 305.424) kJ

kg

(415.404− 375.967) kJ
kg
≈ 2.79

and for room air at a temperature of 20 ◦C:

COPHP,1,20 ◦C =
(413.804− 305.424) kJ

kg

(413.804− 378.334) kJ
kg
≈ 3.06 (48)

Placing the heat pump in the server room, the evaporating temperature can be
increased by at least 5 K, which improves the COP by round 10 %. The heat
removed from the server room can also be seen as beneficial, however, so the COP
is even higher:

COPHP,1,2,20 ◦C =

(
(413.804− 305.424) + (378.334− 305.424)

)
kJ
kg

(413.804− 378.334) kJ
kg

≈ 5.11 (49)

From this point of view, the improvement of the COP is even 83 %.

3.4.3 Costs of Heat Energy

From a distributor [? ] and a forum for space heating [? ], the following is known:

PECHP ≈ 88, 166 SEK
INSHP ≈ 5, 055 SEK

⇒ FCIHP ≈ 93, 220 SEK (≈ 10, 862 EUR)
MCHP ≈ 429− 858 SEK (≈ 50− 100 EUR)

The operation cost for May to September is

OCHP,S = MPQHP,S

COPHP
· 1, 000 SEK

MWh = 8.02 MWh
3.06 · 1, 000 SEK

MWh
≈ 2, 621 SEK (≈ 305 EUR)

and consequently, the MPUC for May to September becomes:

MPUCHP,S = FCIHP · CRFA +MCHP · CELFΩ,2% +OCHP,S · CELFA,4%

MPQHP,S

= (93, 220 · 0.1340 + 858 · 1.2802 + 2, 621 · 1.2971) SEK
8.02 MWh

≈ 2, 118 SEK
MWh

(
≈ 247 EUR

MWh

)
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Table 12: Comparison of Process Data for Heat Pump Operation With Waste Heat or
Ambient Air as a Heat Source [? ]. The evaporating temperature can be increased if the
heat source is at a higher temperature. This decreases the temperature lift for a constant
condensing temperature, so that the COP is improved.

Variable Unit Waste Heat Ambient Air

h1k kJ kg−1 415.404 413.804
h2k kJ kg−1 375.967 378.334
hs kJ kg−1 305.424 305.424
ṁ kg s−1 0.1111 0.1128
V̇ m3 h−1 11.496 10.203
p1 bar 28.660 28.660
p2 bar 7.172 8.180
θ1k

◦C 80.4 79.2
θ2k

◦C 10.7 15.1
θ1

◦C 60.0 60.0
θ2

◦C 5.7 10.1
Q̇1 kW 12.22 12.22
Q̇2 kW 7.838 8.221
Ẇc kW 4.382 3.999
ηc - 0.7 0.7
p1/p2 - 3.996 3.503

For the whole year, the operation cost is

OCHP,Y = MPQHP,Y

COPHP
· 1, 000 SEK

MWh

= 8.02 MWh
3.06 +

12.22 kW · 5, 088 h · 10−3 MWh
kWh

4.24 · 1, 000 SEK
MWh

≈ 17, 285 SEK (≈ 2, 014 EUR)

and the MPUC becomes:

MPQHP,Y =
(

8.89 MWh + (365− 153) d
a · 24 h

d · 12.22 kW · 10−3 MWh
kWh

)
≈ (8.02 + 62.18) MWh

= 70.20 MWh

MPUCHP,Y = (93, 220 · 0.1340 + 858 · 1.2802 + 17, 285 · 1.2971) SEK
70.20 MWh

≈ 513 SEK
MWh

(
≈ 60 EUR

MWh

)
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If the heat removed from the server room is also taken into consideration in the
economic analysis, the MPUC decreases as no additional investment, maintenance
or operation cost occur but the amount of heat increases by which the cost is divided:

MPQHP+C,Y = 70.20 MWh + 8.02 MWh · (COPHP,S − 1
COPHP,S

)

+ 62.18 MWh · (COPHP,OI,II − 1
COPHP,OI,II

)

= (70.20 + 5.40 + 47.51) MWh = 123.11 MWh

MPUCHP+C,Y = (93, 220 · 0.1340 + 858 · 1.2802 + 17, 285 · 1.2971) SEK
123.11 MWh

≈ 293 SEK
MWh

(
≈ 34 EUR

MWh

)

3.4.4 Net Present Value

The annual profit AP of the heat pump system is:

APHP = OCDH,S +MPQHP,OI · 469 SEK
MWh

+MPQHP,OII · 714 SEK
MWh −OCHP,Y −MCHP

= 9, 262 SEK +
(

91 d · 12.22 kW · 24 h
d

)
· 469 SEK

MWh

+
(

121 d · 12.22 kW · 24 h
d

)
· 714 SEK

MWh − 17, 285 SEK− 858 SEK

= 9, 262 SEK + 26.69 MWh · 469 SEK
MWh

+ 35.49 MWh · 714 SEK
MWh − 17, 285 SEK− 858 SEK

≈ 28, 976 SEK (≈ 3, 376 EUR)

Now, the Net Present Value can be calculated according to Equation (??):

NPVHP = −93, 220 SEK +
15∑
n=1

28, 976 SEK
1.125n

≈ 98, 975 SEK (≈ 11, 532 EUR)
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Also here, taking the cooling power into consideration, the system’s economic effi-
ciency increases:

APHP+C = 28, 976 SEK + (5.40 + 47.51) MWh
a · 500 SEK

MWh
= 55, 431 SEK (≈ 6, 459 EUR)

⇒ NPVHP+C = −93, 220 SEK +
15∑
n=1

55, 431 SEK
1.125n

≈ 274, 448 SEK (≈ 31, 978 EUR)

3.4.5 Payback Time

According to Equation (??), the payback time is

PBHP = 93, 220 SEK
28, 976 SEK

a
≈ 3 a

and respectively

PBHP+C = 93, 220 SEK
55, 431 SEK

a
≈ 2 a.

4 Discussion
The saving potential in space heating was examined which is due to variations of the
radiators’ surface area. In contrast, the U-value was assumed as constant, although
it, too, can be influenced by so-called boosters, for example. These boosters are
installed either at the bottom behind the radiator or on top of it and increase the
heat flow to the room by means of forced convection [? ]. Since the core of this
work is the design and assessment of two alternative systems for the domestic hot
water heating, an equally detailed investigation concerning the space heating part
was not conducted. The heat flow from the radiator to the room could also be used
more efficiently if so-called radiator reflectors limit the heat losses into the walls,
especially for those which border on the outside. The reflectors are basically thin
foils to be installed on the wall behind the radiator [? ]. An internal insulation
would, in general, improve the efficiency of the space heating as currently, almost
60 % of the demand is estimated to be related to heat losses through the building
envelope [? ]. The possibilities and saving potential of an internal insulation in
Norra Djurgården 43:12 has been the subject of Ulf Janssen’s bachelor thesis in
Mechanical Engineering at the University of Reutlingen [? ].

In order to replace district heating as a supply for water heating in Norra Djurgår-
den 43:12 during the months from May to September, potential alternatives were
examined. The facility is one out of 15 buildings connected to branch three of the
KTH secondary district heating circuit. Consequently, the branch can only be shut
down if the domestic hot water supply in all of the 15 buildings can be guaranteed
by other means. In the economic analysis, it is assumed that Norra Djurgården
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43:12 stands for one-fifteenth of the district heating losses to the ground between
the KTH distribution central and the facility. This approach is reasonable if the ex-
ample of the building in focus is applied to the other ones connected to the branch.
For similar settings, the suggested alternative systems could also be installed there
and the entire branch be shut down during the months of very low district heating
demand.

Both the auxiliary heat pump of the solar thermal system and the heat pump
to be installed in the server room can operate outside of the sunshine hours and
thus beyond the sunny months. For the former, it has to be considered that the
operation requires a minimum outdoor temperature which might be undercut at
times in winter. From October to March, the alternative systems are supposed to
by-pass the domestic hot water tank and to supply heat to the radiator water circuit
instead. This is common practice and can easily be realized by three-way valves.
The integration into the space heating system might be more complicated in terms
of automatic control which then has to be adjusted.

Every now and again, assumptions were made in the calculations, not least of
all for the modelling of the domestic hot water demand. It is evident that incorrect
assumptions will influence the results. For this reason, the attempt was to limit the
impact of mistakes in the assumptions by splitting the calculations in the technical
part of this work and postulating values only in one or two of the steps. In case of
the model for the domestic hot water demand, for example, an easier and shorter
approach would have been to consider the consumption before the retrofitting. This
could have been multiplied with the ratio of the maximum number of people in the
building before and after, see Table ??. In that case, the domestic hot water demand
would have been around 22 MWh a−1, which is lower than in the model. However, it
is unknown how many people effectively used the building when the consumption was
measured. A model based on both the estimated relative occupation of the individual
rooms and the estimated occupation schedule is more transparent. Furthermore, the
figures can be adapted more easily later on if necessary. For example, the calculations
in the model are conducted based on the maximum value of drinking-water use for
each person, which consequently also gives the maximum value of domestic hot water
demand. In the calculations of the electricity consumption for the solar pump, the
pressure drop at nominal flow was used. It was not investigated whether the actual
flow is the same but as can be seen in Equation (??), the pump work is almost
negligible compared to the compressor work.

Of the assumptions made in the economic analysis, the period of consideration n
and the rate of return i influence the outcome to a fair extent. Solar thermal systems
are usually not evaluated for a time span of only 15 years as is done here. This fact
might create different prerequisites in comparison to the heat pump system as well
as district heating. However, it is no sheer solar thermal system but a combination
of solar thermal collectors with a heat pump as an auxiliary supply, which is also the
reason for the relatively high investment cost. In order to yield a positive Net Present
Value for the system as it is designed, the period of consideration is to be 21 years at
least, see Section ??. In fact, the operation cost of the solar thermal system is lower
compared to the heat pump system, which indicates a certain economic potential
provided a different auxiliary heat pump could be connected to a larger aperture
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area. The operation cost might even be further decreased if the electricity for the
compressor as well as for the pumps could be generated locally by photovoltaic cells.
A detailed examination of this possibility seems very interesting.

5 Conclusions
Saving potential exists for both the space and the water heating in Norra Djurgår-
den 43:12. If the supply temperature to the radiators is lowered by 5 K, the an-
nual district heating demand for space heating can be reduced by 94.25 MWh to
282.75 MWh. Expressed in relative figures, the specific use of district heating for
space heating can be reduced by about one-fourth from 103 kWh m−1 to 77 kWh
m−1. Furthermore, this corresponds to a decrease of CO2-emissions with respect to
the building of 9.9 t CO2 every year.

Concerning the domestic hot water heating from May to September, an air-to-
water heat pump using waste heat from the server room can completely cover the
demand. District heating can thus be shut off during those months, which avoids
24.48 MWh of heat losses to the ground plus the corresponding emissions of 2.57 t
CO2 a−1. Since the air in the server room is at a higher temperature than the outside
air, the evaporating temperature can be higher. Consequently, the COP is improved
by almost 10 % from 2.79 at an evaporating temperature of 5.7 ◦C to 3.06 at an
evaporating temperature of 10.1 ◦C. Taking the cooling power into consideration,
the increase is even 83 % to a COP of 5.11. The heat removed from the server
room does not only provide heat for domestic hot water but also reduces the district
cooling demand.

Another alternative for water heating in summer is the suggested solar thermal
system. It excels in energetic efficiency with a COP of 8.76 but falls back behind
the heat pump system and district heating in terms of economic efficiency. The heat
pump system pays back after four years, whereas the solar thermal system has a
five times longer payback period of 20 years. Furthermore, its Net Present Value is
negative for the period of 15 years in the economic analysis. The cost per heat unit
is high with 1,514 SEK MWh−1 compared to 615 SEK MWh−1 for the heat pump
system and 702 SEK MWh−1 for district heating respectively.

Also at the example of the heat pump system, it can well be seen how the
cost effectiveness depends on the setting of the economic analysis. As long as only
the summer months are considered as the operating time, the investment is uneco-
nomical. Operated throughout the year, however, it can contribute to the space
heating as well and the Net Present Value is 98,975 SEK (≈ 11,532 EUR). If even
the cooling power is included in the benefit, the Net Present Value increases to
274,448 SEK (≈ 31,978 EUR), the cost per heat unit decreases to 293 SEK MWh−1

(≈ 34 EUR MWh−1) and the new payback time is two years. Consequently, the sug-
gested heat pump system is a both energy and economically efficient replacement of
district heating during the months from May to September.
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APPENDIX

Appendix
The figures in Table ?? are collected from different sources. The number of each
type of room after the retrofitting and the maximum amount of occupants are based
on data from Incoord [? ], the number of each type of room before the retrofitting
is taken from blueprints and the relative occupation is an estimation.

Table A.1: Estimated Occupation Before and After the Retrofitting [? ]. With the move
of the students from campus Haninge to KTH main campus, the occupation in Norra
Djurgården 43:12 will change. The retrofitting also plays a significant role as the building’s
floor plan will be entirely different afterwards. It can be assumed that the rooms’ capacity
was not fully exploited before the retrofitting and that the relative occupation will remain
constant.

Type of Room Number of Rooms Maximum Occ. Relative Occ. (est.)
Before After %

Office 1P 19 0 1 100
Office 2P 15 20 2 100
Office 3P 4 0 3 100
Meeting Room 5 3 15 0
Group Room 1 3 10 6 60
Group Room 2 0 2 25 60
Study Room 1 1 50 60
Break Room 1 1 20 50
Dining Room 0 1 40 25
Student Cafeteria 1 1 70 70
Library 1 0 − −
BKN Hall 1 0 − −
BIM Lab 1 1 30 20
Virtual Lab 1 1 46 20
Lecture Hall 1 0 3 70 50
Lecture Hall 2 0 2 60 50
Computer Room 1 2 1 60 60
Computer Room 2 0 2 100 60

As a means of simplification and since they are used by the same people, it is
assumed that either the offices or the meeting rooms are occupied. Thus, the offices
are fully occupied while the meeting rooms are empty. The study rooms are used
to a large extent. Students work together in small groups, which rarely exceed four
people. Each student or group of students will first try and find a place that is as
little crowded as possible. Thus, a group of three or four students will occupy a
group room for six people if available but no other student not belonging to the
group will join them. In general, it is attempted to leave each other as much space
as possible. At some point, when about every second seat in a study hall is taken,
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the gaps in between will also be filled but only to a certain extent. Above a critical
level, newcomers will experience the room as too crowded to study there, so they
will rather move on to another building. Taking this and potentially free seats in the
smaller group rooms into account, a relative occupation of 60 % appears realistic.
The estimations for the other rooms follow a similar line of argumentation.

Table A.2: Ratios of the Occupation Before to After the Retrofitting

Before After Factor of Increase

Total Amount of People 490 1,041 2.12
Effective Total Amount of People (est.) 248 541 2.18
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Figure A.1: Blueprint of the 2nd Floor after the Retrofitting [? ]
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Figure A.2: Blueprint of the Roof after the Retrofitting [? ]
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Figure A.3: Blueprint of the East Façade, Section D-D [? ]

64



ACKNOWLEDGEMENTS

Acknowledgements

Last but not least I would like to thank all of the patient people who have supported
me over the last months. First of all I would like to thank Adnan Ploskic whose
feedback was a true enrichment and Mr Franz who proofread several times. Special
thanks also goes to my amazing ’Tyresö family’ and to one collocateur especially
who would always answer any TeX-related question. Thank you to all of those
who made my year abroad possible, especially to the Studienstiftung des deutschen
Volkes and the Dr. Jürgen und Irmgard Ulderup Stiftung for financing my stay.
I would also like to thank Emelie Blomgren for her extraordinary and committed
work as an exchange coordinator. Thank you Sture for your patience and guidance.
Finally, I would like to thank my family including Sebastian Hümbert whom I can
always rely on. Stort tack.

65



DECLARATION OF ACADEMIC HONESTY

Eidesstattliche Erklärung

Hiermit versichere ich, dass ich die Bachelorarbeit selbstständig verfasst und keine
anderen als die angegebenen Quellen und Hilfsmittel benutzt habe, alle Ausführun-
gen, die anderen Schriften wörtlich oder sinngemäß entnommen wurden, kenntlich
gemacht sind und die Arbeit in gleicher oder ähnlicher Fassung noch nicht Be-
standteil einer Studien- oder Prüfungsleistung war.

Birte Schnurr

66


