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Abstract

Solar District Heating - the potential of a large scale
solar district heating facility in Stockholm

Anders Tonhammar

As a part of Fortum's vision of a future Solar Economy, a feasibility study of a Solar
District Heating facility was conducted. The focus of this study was to determine the
technical, economic and environmental potential of a Solar District Heating facility,
combined with a seasonal thermal storage, in the district heating network in
Stockholm. 
Three different cases have been studied. The cases differ on the size of the available
land area, on what type of storage technology utilized and if excess heat from
different production facilities in the network is included or not. The results indicate
that it is technically possible to implement a Solar District Heating facility in
Stockholm, no obvious limitations in the network has been identified. The thermal
storage should preferably be charged throughout the year and be discharged during
December to March.
The economic results indicate that none of the studied cases are economically feasible
without any subsidies, increased revenues or other reductions of initial investment
costs. The most economically beneficial system configuration was to utilize a smaller
land area for solar collector installations, include excess heat from local production
facilities and to utilize existing rock caverns and infrastructure in the area.
The Solar District Heating facility could decrease the climate impact and the net
primary energy use compared to the production of a biofuel production facility, but a
further study is needed. 
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Populärvetenskaplig sammanfattning 

SUMMARY IN SWEDISH 

AB Fortum Värme samägt med Stockholms stad innehar den största marknadsandelen gällande 

produktion och distribution av fjärrvärme och fjärrkyla i Stockholmsregionen. Företagets långsiktiga 

ambition är att uppnå en koldioxidneutral produktionsmix och för att nå detta mål anses en övergång 

till en framtida Solekonomi vara nödvändig. En Solekonomi kännetecknas av en hög resurs- och 

systemeffektivitet och utsläppsfri produktion. Energiproduktionen i en Solekonomi sker direkt eller 

indirekt genom att nyttja solenergi. Som en del av denna vision utfördes denna studie av potentialen 

för en solvärmeanläggning i fjärrvärmenätet kombinerat med ett säsongsvärmelager, i Nacka i 

sydöstra Stockholm.  

Syftet med denna studie har varit att undersöka den tekniska, ekonomiska och miljömässiga 

potentialen för en solvärmeanläggning i fjärrvärmenätet. En del av studien var att undersöka 

eventuella systemfördelar som kunde uppnås med en solvärmeanläggning kombinerat med ett 

säsongslager. I den inledande empiriska delen undersöktes bland annat olika tekniker för solfångare, 

uppbyggnad och funktion av fjärrvärmenätet i Stockholm samt olika tekniker för 

säsongsvärmelagring. 

I den efterföljande praktiska delen undersöktes tre olika fall. Fallen skiljer sig åt med avseende på 

utnyttjad landyta, antingen 30 000 m2 eller 120 000 m2, vilken typ av lagringsteknik som nyttjats, 

antingen borrhåls- eller bergrumslagring samt om spillvärme från olika produktionsanläggningar i 

fjärrvärmenätet utnyttjats eller ej. Resultaten påvisar att det är tekniskt möjligt att kombinera en 

solvärmeanläggning med fjärrvärmenätet i Nacka. Den producerade termiska energin från 

solfångarna bör med fördel användas till att ladda lagret kontinuerligt under året. Urladdning av 

lagret bör ske med en konstant termisk effekt under perioden december till mars. Det är dock 

nödvändigt att installera en värmepump för att höja temperaturen på det utgående vattnet till de 

nivåer som gäller för fjärrvärmenätet. 

De ekonomiska analyser som genomförts för de tre fallen påvisar att det inte finns någon lönsamhet i 

att installera en storskalig solvärmeanläggning i fjärrvärmenätet i Stockholm. Det tredje fallet 

påvisade bäst lönsamhet, av de tre undersökta fallen. I det tredje fallet nyttjades den mindre 

landytan för installation av solfångare, redan existerande bergrum i närområdet antogs vara 

tillgängliga samt att överskottsvärme från två lokala produktionsanläggningar inkluderades. 

Miljöpåverkan för varje fall analyserades genom att beräkna klimatpåverkan, uttryckt i årliga utsläpp 

av CO2, samt genom att beräkna primärenergianvändningen. Resultatet för solvärmeanläggningen i 

vartdera fallet jämfördes med påverkan från spetsproduktion från en hetvattenpanna som nyttjar 

biooljor samt träpellets. Till följd av att en värmepump måste vara i drift under större delen av 

urladdningsperioden, i alla fallen, ökar primärenergianvändningen medan klimatpåverkan 

huvudsakligen blir lägre. För det tredje fallet medför solvärmeanläggningen dock både en avsevärt 

större klimatpåverkan samt en betydligt högre primärenergiåtgång. 

Lönsamheten för de tre fallen undersöktes genom känslighetsanalyser. De mest troliga antagandena, 

som medförde störst påverkan, var att inkludera bidrag på 30%, utnyttja de existerande bergrummen 

i området samt ökade årliga intäkter med 30%. Ett investeringsbidrag på 30% av den totala 

investeringen skulle kunna erhållas från det 8e ramverksprogrammet Horizon 2020, som lanseras 
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under 2014 av EU. De ökade årliga intäkterna från en solvärmeanläggning skulle kunna komma via att 

nya affärsmodeller, inriktade på att sälja solbaserad fjärrvärme, skapas.  

Slutsatserna från denna studie är att det är tekniskt möjligt att installera en storskalig 

solvärmeanläggning anslutet till fjärrvärmenätet i Nacka i Stockholm. Det är dock tydligt att det är 

svårt att få lönsamhet i en sådan anläggning, förutsatt att inga investeringsbidrag kan erhållas eller 

om prismodellerna för fjärrvärmen förblir oförändrade.  

Det finns delar i denna studie som skulle kunna undersökas ytterligare. Exempelvis vore det mycket 

intressant att undersöka decentraliserad borrhålslagring, om de existerande bergrummen skulle 

kunna användas både för långtids- och korttidslagring, om kombinerad värme-kyla produktion vore 

lönsamt och tekniskt möjligt samt hur de eventuella affärsmodellerna för solbaserad fjärrvärme 

skulle utformas. 
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1 Introduction 
AB Fortum Värme jointly owned with the City of Stockholm is the major producer and distributor of 

district heating and district cooling in the Stockholm area. The company is a subsidiary to Fortum 

Power and Heat AB and part of the Fortum corporate group. The long-term ambition of the Fortum 

corporate group is to become a power and heat company that is completely carbon dioxide free. In 

recent years, Fortums vision for the future energy system is aiming towards a Solar Economy. 

(Fortum AB, 2011) 

In a Solar Economy the electricity and heat production utilizes non emissive and infinite energy 

sources that directly or indirectly derive from the sun, such as wind power, wave power, photovoltaic 

and solar thermal systems. The system is also characterized by an effective use of resources and by 

the fact that electricity generation can be both centralized and decentralized. (Fortum AB, 2011) 

As a result of the company’s vision of a future solar economy it is vital to investigate different 

technologies which directly utilize energy from the solar radiation. Such technologies are for instance 

solar thermal production facilities, both in smaller and larger scale. Two different projects, 

coordinated by Fjärrsyn1, regarding the combination of solar thermal, district heating networks and 

seasonal storages has been performed during the last couple of years. During the spring of 2013 a 

project regarding the potential of solar thermal facilities in the Stockholm area took place. One 

conclusion of the project was that there are available land areas in Nacka, in the south-east parts of 

the district heating network of Stockholm, which could be utilized for solar collectors installations. 

1.1 Purpose 
The purpose of this project is to investigate the technical, economic and environmental potential of a 

solar thermal production unit, combined with a seasonal thermal storage, in the Nacka area in the 

district heating network in Stockholm. The project will be divided into a theoretical part and a 

practical part.  

During the theoretical part, common large scale solar collector techniques, economic factors, 

distribution factors for the network, environmental issues associated to energy production and 

subsidies will be described. The goal with the theoretical part is to determine key indicators (for 

instance cost per module area, capacity per m3 of storage and cost per m3 of storage) that can be 

utilized in the practical part. The practical part will be carried out as a case study for the district 

heating system in the Nacka area and three different cases will be studied. During that phase the 

identified key indicators from the theoretical part will be used to set up a system configuration of the 

Solar District Heating facility with a thermal energy storage. 

1.1.1 Questions at issue 

The report aims to answer the following main questions. 

 In what system configuration can solar thermal collectors be utilized in district heating 

networks? 

                                                           
1
 Fjärrsyn is a research program coordinated by the Swedish District Heating Association and it program was 

initiated in year 2006. The program focuses on district heating, district cooling and Combined Heat and Power 
production. (Svensk Fjärrvärme, 2013) 
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 How can a solar thermal production unit be combined with the district heating network in 

Nacka, in south-east Stockholm? 

 How should the seasonal storage be designed to utilize the solar heating in an optimal way? 

 What is the economic feasibility of the solar thermal production facility? 

 What environmental benefits can be achieved from such a facility in the south-east district 

heating network in Stockholm? 

1.1.2 System boundaries 

Based on the purpose and the questions at issue, certain system boundaries have been applied to 

this project, both in the theoretical part in chapter 2 and in the practical part in chapter 4. The 

following components and system aspects has been discarded. 

 Tracking solar collectors (both one-axis and two-axis) 

 It has been assumed that the extra costs and complexity that comes with a tracking solar 

collector system is off the project scope. 

 Photovoltaic cells, Hybrid systems (combined photovoltaic/thermal) & Concentrated Solar 

Power facilities 

 The purpose of the project is focused on thermal production and not on electricity 

generation. Therefore all solar components/systems that generate electricity have been 

discarded. 

 Certain kinds of thermal storage types has been discarded; Thermochemical storage (i.e. 

phase shifting materials), Pit storages, Ground storages & Short term storages (i.e. 

accumulator storage and network storage) 

 The project has focused on two different storage types that have been utilized in earlier solar 

thermal production facilities. The two types are borehole thermal energy storages (BTES) and 

rock cavern thermal energy storages (CTES) 

The specific assumptions that have been made, for instance concerning thermal losses from storages, 

specific costs for components and distribution capacities in the network, are further described in 

chapter 2 and in chapter 4. 

1.2 Background 
In Europe, large-scale solar thermal systems connected to district heating networks have been used 

since the 1980s. There are currently 104 large scale flat plate solar collector systems connected to 

district heating networks in Europe. (SDH, 2013a).Denmark is the leading country by far, having the 

ten largest Solar District Heating plants in Europe. At the end of 2012 there were 37 different 

facilities in use in Denmark, providing a capacity of 193 MWth. (Mauthner & Weiss, 2013) The reason 

for Denmark's leading position is that the gas prices are high in Denmark, that there is a high demand 

of increasing the energy efficiency and increasing the share of renewable energy (Dalenbäck, 2013).  

During 2013 a pre-feasibility study of implementing a large scale solar thermal production facility in 

the district heating networks of Stockholm, Göteborg and Malmö was performed within the Fjärrsyn 

program. The study was done by a workgroup led by Håkansson and Larsson at WSP AB together 

with representatives from AB Fortum Värme, E.ON AB, Skanska AB and Göteborg Energi AB. The 

focus of the study was to determine the prerequisites and potential benefits of installing a solar 

thermal production unit combined with a district heating network. The study resulted in identifying 
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the following four significant parameters affecting the potential of a solar collector installation. 

(Håkansson & Larsson, 2013) 

 The expansion of the district heating network - a large propagation of the network increases 

the potential of implementing an installation of solar collectors 

 The capacity of the district heating network - the capacity of the network must be high 

enough to utilize the produced thermal energy from the solar collectors/storage 

 Available land areas in the near vicinity of the district heating network - there must be 

available land areas large enough for a solar collector installation 

 Type of production units within the district heating network (fuel mix and share of combined 

heat and power, CHP, plants) - the environmental potential is determined by analyzing what 

production unit can be replaced by the solar collector installation 

The potential within the Stockholm region was investigated in one part of the study. The results 

showed that there is 12 hectare of available land in Nacka in south-east Stockholm, which could be 

used for installations of solar collectors. The total thermal potential from the available areas in Nacka 

was calculated to 16.3 GWh annually and it was assumed that production from bio-oils and pellets 

would be replaced. A long term storage facility was considered essential in the potential system, in 

order not to replace the production from the CHP plants within the Stockholm region. (Håkansson & 

Larsson, 2013) 

Most district heating network systems includes a short term thermal energy storage, either as an 

active storage, in an accumulator, or as a passive storage, in the network itself. The short term 

storage is commonly used to even out the variations of the daily demand, with peak demands during 

the mornings and afternoons. The short term storages often have a capacity of a couple of hours, 

depending on the size of the storage and the maximum output power. It is not possible to store the 

thermal energy in accumulators or in the network for longer time periods (days, weeks or months), 

due to limitations in system design. Thus, the short term storages cannot be used to even out 

seasonal variations. (Gebremedhin & Zinko, 2008) 

During summer, the heat demand in a common district heating network is small and the heat is 

mostly used for tap water. The heat demand increases with the decrease of outdoor temperature 

and is significantly greater during colder periods. During summer, the cheapest base load production 

facilities are operated to supply sufficient heat to the network. The middle load and peak load 

production facilities are started when the outdoor temperature falls, in order to meet the increasing 

demand. In several district heating networks, as for the case with the Stockholm network CHP plants 

are used to provide both heat and to generate electricity. The profitability of a CHP plant increases if 

the plant is utilized for as many hours as possible during the year and if the electricity generation can 

be kept high. If there is no need for the produced heat during summer the thermal power is either 

dumped or the thermal output power is decreased, leading to less electricity generation. If the 

produced thermal energy could be stored for a longer time period, the thermal power output can be 

kept constant and thus the electricity generation can be high, leading to an increased profitability. 

(Gebremedhin & Zinko, 2008) 

In 2008, Gebremedhin and Zinko published a study, also within the Fjärrsyn program, where the heat 

from combined heat and power plants was assumed to be stored in long term thermal energy 

storages during summer. The storage was assumed to be either in the form of rock caverns or 
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boreholes and to be utilized during winter. The purpose of the stored thermal energy was to reduce 

the need of peak production plants operating on fossil oil during winter. The study used the results 

from earlier final thesis studies and similar projects, for instance from the Lyckebo project in Uppsala 

which will described further in section 2.7.2. The study by Gebremedhin and Zinko (2008) focused on 

the two existing district heating networks in Linköping and in Enköping. The results showed that it is 

technically feasible to combine a long term storage with CHP facilities in both cases. Regarding the 

storage, the economic feasibility of excavating a rock cavern storage was stated as questionable due 

to high initial investment costs. The borehole storage could however prove to be economically 

profitable if the conditions in the bedrock are suitable and if the peak production costs are high. 

(Gebremedhin & Zinko, 2008) 

2 Theoretical part 
The theoretical part has focused on the basics of solar collector technologies, heat pump 

configurations, types of heat storage and basics of the district heating in the Stockholm area. Other 

issues that were dealt with were subsidies and investment aids and environmental aspects of energy 

production. The theoretical part will also cover two existing solar thermal facilities, which can be 

used as references for the practical part of this study.  

The data regarding solar collectors, storage technologies and subsidies systems for the theoretical 

part have been found through a literature study of scientific papers and of similar projects. Different 

Governmental organizations, non-Governmental organizations and companies within the has been 

contacted. During the seminar Geoenergidagen 2013, at Clarion Hotel Arlanda on the 4th of October, 

several experts within the field of thermal energy storage, especially borehole storage systems and 

heat pump configurations, was contacted. 

In the end of the theoretical chapter, conclusions regarding the different subjects will be drawn and 

key indicators will be identified. These key indicators will be further used in the practical part in 

chapter 4 in order to determine investment and production costs and for system configuration 

purposes.  

2.1 Heat production – Solar collectors 
The total thermal capacity, for around 335.1 million m2 of solar collectors in 56 different countries, 

was around 234.6 GWth at the end of year 2011. During year 2011 the thermal capacity increased 

with 14.3%, meaning around 68.7 million m2 of solar collectors corresponding to 48.1 GWth. The total 

energy yield from the solar collectors in the world at 195.5 TWh is equivalent to 20.9 million tons of 

oil. There are several different solar collector technologies, both with a solar tracking system and 

without. The most common non-tracking types are the evacuated tube collectors that accounts for 

around 62% of the total market, as seen in Figure 1. (Mauthner & Weiss, 2013) 
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Figure 1. Cumulative market share for different collector types (Mauthner & Weiss, 2013) 

The non-tracking solar collectors are fixed at specific angles (tilt and azimuth) in relation to both the 

horizontal plane and the sun’s path, making the system configuration and installation fairly simple. In 

large scale Solar District Heating facilities, the flat plate collectors are most commonly used.  

2.1.1 Flat Plate Collectors, FPC 

The flat plate collectors are the most common type in large scale Solar District Heating facilities. The 

casing, edges and back of a flat plate collectors is preferably made by a durable material that can 

withstand a long operation time, up to a technical lifespan of 25 years. One important aspect of 

improving the efficiency and energy yield of the collector is to have a proper insulation, especially at 

the back of the casing and on the sides. (ARCON Solar A/S, 2013a) The heat carrier liquid can either 

be pure water, an anti-freeze mixture or air, depending on installation conditions. Normally FPC is 

used in low temperature configurations. (Kalogirou, 2004) 

In larger systems the so called High Temperature Flat Plate Solar Collectors, HT FPC, is generally used. 

Most large-scale solar thermal systems is operated with a constant supply temperature, regulated by 

a variable flow rate (Marstal Fjernvarme A.m.b.a., 2013).The needed land area for an installation of 

HT FPC varies from different facilities and the average value for 9 different plants in Denmark is 3.2 

m² of occupied land area per m² effective solar collector area (Solvarmedata, 2013a). The HT FPC is 

characterized by having a larger aperture area, by a higher thermal efficiency and by a higher 

working temperature than common FPC. (Effecta Energy Solutions AB, 2013) The working 

temperature of the HT FPC can reach up to and above +90°C (Jonsson et.al., 2005).The thermal 

efficiency of HT collectors from the manufacturer ARCON Solar A/S (2012a) has been improved by 

using anti-reflective treated glass. To lower the losses further the insulation layer of mineral wool has 

been increased, increasing the efficiency by 20%. (ARCON Solar A/S, 2012b) The average cost for a HT 

FPC was calculated to 242 €/m² aperture area, including necessary piping and internal circulation 

pumps. The cost originates from three different manufacturers (Albertsson, 2012)(Solarge, 2013). 

During each fifth year of operation, there is a need to refill the water & ethylene-glycol liquid in the 

flat plate solar collectors. The costs to refill 1 m3 of water & propylene glycol liquid is 5 772 € and the 

need of water & propylene glycol liquid is around 1 liter per m2 of aperture area. (Albertsson, 2012) 

2.2 Heat production – Heat Pumps 
Heat pumps transfer heat from a heat source, with fixed temperature T2, to an absorber, with fixed 

temperature T1 (where T1>T2), by evaporating and condensing a liquid using a compressor and a 

restrictor valve. (Alvarez, 2006)  

The types of heat pumps utilized in district heating system are so called liquid-to-liquid heat pumps. 

The liquid-to-liquid heat pumps differ on the type of refrigerant and on the type of compressor that 
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is used. Two newly introduced refrigerants, HFO-1234yf and HFO-1234ze(E), can be used in the same 

system configurations as the common refrigerant R134a and is miscible with other refrigerants 

(Fukuda, 2010)(Honeywell, 2011). There are also examples of newer heat pump configurations that 

utilizes CO2 as refrigerant, that can provide a supply temperature around +70°C to +90°C (Marstal 

Fjernvarme A.m.b.a., 2013). Larger heat pumps with a higher power output often has turbo 

compressors in one- or two-step compression configurations, in order to reach higher output 

temperatures of +90°C. By having multiple compression steps the needed compressor energy can be 

lowered, thus increasing the Coefficient of Performance, COP. In newer heat pump systems the 

refrigerant HFO-1234ze(E) is being used in combinations with turbo compressors, which can lead to 

an increase of the output temperature with around 10°C. The downside is that swept volume of the 

heat pump has to be increased with around 10-15%, which increases the investment cost. (Enström, 

2013)(Fukuda et.al., 2010) 

The cost for a heat pump varies depending on the power output, type of compressor and the type of 

refrigerant that is used. The average cost of a heat pump, most commonly used in economical 

calculations by AB Fortum Värme is around 693 €/kW of electrical power (Hill, 2013). The technical 

lifespan of a heat pump is between 20 to 30 years (Thermia AB, 2013) 

2.3 Thermal Energy Storage 
This project has focused on long term energy storage in either rock caverns or in boreholes. The 

climate in northern Europe with its warm summers and cold winters means that there is a large 

amount of heat that can be stored over seasons. This, in combination with a primary bedrock mainly 

consisting of crystalline rocks with good thermal properties and a high ground water level, makes 

long term storages suitable in Swedish conditions. (Gehlin, 2013)  

The efficiency of a long term storage is directly affected on it losses to the surrounding ground, that 

is affected by the surrounding ground temperature and the groundwater flow at the specific location. 

The temperature in the ground is dependent on the specific depth and in the first 10-15 m of soil the 

temperature is affected by variations at the surface and the incoming solar radiation. Though, studies 

have shown that the temperature in the ground at depths around 10-15 m withhold the same 

temperature as the annual mean air temperature of the specific location. (Nordell, 2013)  

2.3.1 Borehole Thermal Energy Storage, BTES 

Boreholes are commonly used in Sweden and there are around 400 000 smaller facilities (i.e. 

geothermal energy to single family houses) and around 400 larger (from 50 kWth and up) in 

operation. The annual heat production is between 12-15 TWh, with a total thermal power of 4.6 GW. 

(Gehlin, 2013) 

The borehole thermal energy storage can either be set up as passive storage with a constant 

discharge throughout the year, or as an active storage, in which loading takes places. A regular 

borehole is often around 115 mm wide with a depth of 150 - 200 m, depending on heat demand and 

type of bedrock (Gehlin, 2013).When constructing a BTES the holes can be shallower and it is 

believed that 50-100 m is sufficient (Andersson et.al., 2012)(Hellström, 2013). It is also important 

that the boreholes are as straight as possible for an optimal system function. Though, a deviation of 

5-10% is seen as acceptable for a borehole of 150 m depth (Andersson & Rydell., 2012). The 

deviation is due to the fact that the drill heads often follow the structure of the bedrock (Gehlin, 

2013). The holes should be drilled with an internal distance of between 3-4 m, to maintain a high 
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thermal efficiency (Andersson et.al., 2012). The average internal distance was calculated to 3.0 m 

from five different sources (DLSC, 2013)(Battisti, 2012)(Nowacki, 2013)(Carlstedt, 2010)(ARCON Solar 

A/S, 2013b). 

The borehole system can either be open, where the heat carrier is in direct contact with water, or 

closed, in which plastic tube collectors are used. There are different ways of controlling the charge 

and discharge of the boreholes, which can either be connected in radial series or in parallel. In 

parallel systems, all holes are charged or discharged simultaneously giving a high thermal power 

output. A radial series borehole storages is loaded from the center and outwards, and discharged in 

the opposite direction. By connecting the holes in radial series, the power out is lower but the energy 

and temperature efficiency of the storage is increased. (Gebremedhin & Zinko , 2008) The boreholes 

are often charged with temperatures of +55 to +70°C, depending on what heat source that is being 

used. The output temperature falls during the discharge season, due to heat losses and to power 

outtake. At the end of the discharge season, around April-May, the temperature in the boreholes can 

be approximately +25°C to +40°C. To raise the output temperature, different kinds of heat pumps are 

commonly used. (Andersson & Rydell, 2012) 

The thermal capacity of a storage (expressed in kWh/m³) depends on the thermal properties of the 

bedrock. The grounds conductive characteristics are determined by its composition, the structure of 

the bedrock, occurrence of cracks and ground water movement. The most common bedrock type in 

Sweden is granite and gneiss, containing varying amounts of quartz. The conductivity varies around 

2.9-4.1 W/m,K and an increased amount of quartz increases the conductivity. (SVEP, 2013) The 

thermal capacity of a borehole storage varies from 12.7-30 kWh/m³, in average 20.6 kWh/m³ 

(Battisti, 2012)(Nowacki, 2013)(ARCON Solar A/S, 2013b). 

The annual losses from a borehole storage are initially very high and most of the added thermal 

energy is lost due to heating of the surrounding bedrock. Though, the losses are believed to stabilize 

around 25% after some initial years of operation (Andersson & Rydell, 2012)(Brædstrup Fjernvarme 

A.m.b.a., 2013a). To reduce the thermal losses the outer rim of the storage can be insulated with 

cement, silica sand and a polyethylene sheet, as in the case of Drake Landing Solar Community in 

Okotoks in Canada (DLSC, 2013). 

The cost for a borehole thermal storage varies depending on the number of holes, the depth of the 

soil layer, the depth of the drilling, type of heat exchangers used and type of bedrock. An average 

cost applicable to the conditions in Stockholm is around 46.2 €/m, which includes the tube collectors 

in the boreholes and the necessary ground work. (Jansson, 2013) 

2.3.2 Cavern Thermal Energy Storage, CTES 

Rock caverns have been utilized as storage for petroleum products, gasoline and crude oil, in Sweden 

since the 1950s and there exists around 80 different un-sheeted rock caverns. The most common 

design is a height of around 30 m, a width of 15-20 m and a length of between 50-200 m. The total 

available volume of each storage is around 50 000 to 2 000 000 m³, often divided into several 

different caverns. The rock chambers can be owned by several different actors such as the Swedish 

state, counties, municipal or local energy companies or local consortiums. The construction of a rock 

cavern is an extensive and expensive process. At first, an access tunnel needs to be constructed to 

secure route for the rock material. The excavation of the chamber itself is starts from the roof of the 

storage and is continued in phases downwards.  
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There are not many CTES facilities in operation (Nordell, 2013) but amongst one is the toroid storage 

in Lyckebo, at the outskirts of Uppsala in Sweden. The details of the storage in Lyckebo will be further 

described in section 2.7.2. One recent storage that was excavated is the district cooling cavern 

storage of Hornsberg, owned and operated by AB Fortum Värme. The specific cost for excavating the 

cavern, including all the needed construction work and the entire planning process from year 2005 to 

2008, was 296 €/m3 (Hill, 2008). Another estimation of the specific cost for cavern excavations from 

Jonas Gräslund (2013) at Skanska AB is around 116 €/m3, though that value is only a rough 

estimation and not a definite number. The possible amount of thermal energy, Qth, which can be 

stored in a rock cavern can be calculated with Equation 1.  

         (         )        

Equation 1. Possible amount of stored energy in a rock cavern 

where, Cp is the specific heat capacity of water (in kJ/kgK), Tmax is the highest temperature of the 

water in the storage (in K), Tmin is the minimum temperature of the water in the storage (in K), Vst is 

the volume of the storage (in m3) and ρ is the density of the water (in kg/m3)(Nordling & Österman, 

2006). The thermal capacities of liquids, which were used in the calculations in the practical part, can 

be found in the Appendix in section 9.10. Specific losses from rock cavern heat storages are due to 

transmission losses through the rock walls and losses to cracks and groundwater. During the initial 

years most of the stored heat will be lost to the surroundings due to the large temperature 

differences between the bedrock and the water. These losses can be seen as an initial investment of 

heat. Though, after some years of operation when the temperature of the surrounding rock has gone 

up substantially, the thermal losses stabilize to around 10 % per year. (Åsberg, 2011) The thermal 

losses from a cavern storages could be reduced by insulating the rock walls with a foam concrete 

with a low thermal conductive capacity (Nowacki, 2013).  

2.4 District heating in Stockholm 
The district heating network in Stockholm is majorly owned and operated by AB Fortum Värme 

jointly owned with the City of Stockholm. Several other companies (E.ON AB, Vattenfall AB, SFAB and 

SöderEnergi AB) operate smaller parts of the network and cooperate together with AB Fortum 

Värme. An overview of the major part of the network, that is owned and operated by AB Fortum 

Värme, is seen in Figure 2 below.  
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Figure 2. Overview of the district heating network in Stockholm (Håkansson & Larsson, 2013) 

The AB Fortum Värme network is divided into two parts, the north-western network extending from 

Hässelby CHP at lake Mälaren up to Arlanda Airport and Sigtuna via the Brista CHP. The second part is 

the City/South network that includes the main production plants Värtan CHP, Hammarby HOB and 

Högdalen CHP. (Nylin, 2013) The facilities are producing heat from coal, domestic and industrial 

waste, solid biofuels (wood chips and pellets), peat, heat pumps and electrical boilers. There are also 

several smaller peak production facilities that operate on either bio-oils, solid biofuels, fossil oil or 

heat pumps. To keep the pressure levels in the network and to distribute the produced thermal 

energy, there are also several pump stations in the network.  

The City/South network is connected to the district heating network further south of Stockholm that 

is owned by SFAB and operated by Söderenergi AB. There is a production cooperation between AB 

Fortum Värme and Söderenergi AB and the most common operation case is an export from 

Söderenergi AB to the AB Fortum Värme network. In Figure 3, a duration graph of the fuel mix of the 

production in the City/South network is displayed. The total power demand at an outdoor 

temperature of -20°C is around 2.7 GWth (around 1.35 GWth for the City and the South network 

each).  

 

Figure 3. Duration graph for the City/South network (Håkansson & Larsson, 2013) 
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The cheapest production, providing the base load, in the City/South network is the waste burning in 

the Högdalen CHP, followed by the Igelsta CHP plant in the SFAB network. The Högdalen CHP plant is 

operating on domestic waste, solid biofuels, bio-oils and flue gas condensers. The middle load is 

provided by the heat pumps and Mixed Fatty Acids, MFA, burning in Hammarby HOB and by different 

HOB plants operating on biofuels. The production on the margin consists and of bio-oil and pellet 

burning in several smaller HOB plants in the network. The highest demand peaks, during the coldest 

hours, is covered by fossil oil burning. (Dalgren, 2013) The production is regulated to keep the 

contracted supply temperature curve at the customers substations within the limits. The curve for 

the City/South network can be seen in Figure 4 below.  

 

Figure 4. Contracted supply temperature in the district heating network of Stockholm 

The curve varies with the outdoor temperature and the turning points are 100°C at an outdoor 

temperature of -17°C and 65°C from 0°C outdoor temperature and up. Though, the actual supply 

temperature from each production facility is higher than the contracted curve and an individual 

curve is set for each plant. This setup ensures that the correct temperature level is held within the 

entire network and to ensure that the produced thermal power can be distributed properly. During 

summertime, when the outdoor temperature is higher than 0°C, the supply temperature from the 

production facilities in the City/South district heating network is kept around 70°C. 

The static pressure levels of the City/South network is separated at the Maria pump station in 

Södermalm, just south of Riddarfjärden in central Stockholm. In the south network, from Södermalm 

down to the network owned by SFAB, the static pressure level is kept fixed on 10.5 bar middle 

pressure by the Hammarby HOB plant. In the City network, the pressure is fixed at 4 bar return 

pressure that is held by hydrostatic pressure of the accumulator at the Värtan CHP plant. At the 

Maria pump station there is a pressure exchange station, which keeps the different static pressure 

levels separated.  

2.4.1 District heating in the Nacka area 

Nacka is an own municipality with around 94 000 inhabitants directly to the east of the Stockholm 

city municipality, as seen in Figure 5 below. 
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Figure 5. Overview of the central parts of Stockholm and Nacka (Google, 2013a). 

The development plan of the municipality is to increase the number of inhabitants to 140 000 to year 

2033 by building around 14 000 new residences. The two largest parts of the development plan is to 

build around 3 600 residences in central Nacka and another 3 000 on the peninsula of Kvarnholmen. 

(DN, 2013) The district heating network in Nacka is supplied majorly from the HOB plant at 

Hammarby in the west and by the HOB plant at Orminge in the east. Both the two development 

areas in Nacka and the two production facilities can be seen in Figure 6 below. 

 

Figure 6. The development areas of Kvarnholmen and Central Nacka  

The district heating network in Nacka has a heat demand of around 350 GWh .The district network is 

supplied by the plant in Hammarby in the west as base load and the peak production plant in 

Orminge in the east. The Hammarby plant consists of seven heat pumps and two boilers operating on 

MFA. At the Orminge plant bio-oils of 18 MWth and a pellet of 10 MWth is utilized. (Nylin, 2013)  

The heat load during the summer months, from May to September, is around 15 GWh and consists of 

mainly tap water utilization. During summertime, the heat pumps at the Hammarby plant are 

reconstructed to provide district cooling to the district cooling network in the south and central parts 

of Stockholm. The heat obtained at the condensers is used to cover the base heat demand and the 

excess heat is dumped in the canal next to the plant. The supply temperature of the dumped heat is 

70°C, as for the different production facilities in the City/South network. When the heat produced at 

the Hammarby HOB plant is insufficient for the demand in the Nacka area, the HOB plant of Orminge 

is started. In Figure 7 below, the average production from year 2011 to 2013 at the Orminge HOB is 

presented. 
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Figure 7. The production at the HOB plant in Orminge during year 2012 

The Orminge HOB plant provides around 21.0 GWh of district heating to the Nacka area annually. 

The production in June can be explained by ongoing revisions of the Hammarby HOB plant, meaning 

that the plant in Orminge needed to be operational to provide a sufficient load to the customers. The 

average static pressure at the pump station located within the Nacka area is around 5.5 bar when the 

outdoor temperature is below 0°C. (Nylin, 2013) 

In the study by Håkansson and Larsson (2013) there are available land areas that could be utilized for 

a solar collector installations in Nacka of 120 000 m². The land is separated into one smaller area of 

30 000 m² (Area 1) and one larger area of 90 000 m² (Area 2). There are also existing rock caverns in 

the Nacka area, located on the peninsula of Kvarnholmen. The location of the rock caverns and the 

location of the two available areas in Nacka are seen in Figure 8.  

 

Figure 8. Rock cavern storages in the Nacka area (Google, 2013b). 

The rock caverns under Kvarnholmen was constructed in year 1968 and was used as storage for 

gasoline until year 2001 when it was decommissioned. There are eight old oil caverns, six with the 

size 15 x 15 x 115 m and two that are three times that big located under the peninsula. The total 

volume of the eight caverns is around 300 000 m³. The caverns are owned by the consortium 

Kvarnholmen Utveckling AB, which also are building several properties on Kvarnholmen. Due to the 

hazardous environment within the caverns and the risk of leakage to the ground water, the caverns 

are being sanitized. (Ekholm, 2013) The cost of sanitation, of the environmental legal process and the 

extra equipment will be discarded in this analysis due to uncertainty of the exact costs.  

2.5 Subsidies and investment aids 
Over time there have been several different projects within the European Union focusing on 

developing projects within the solar heating area. The Solar District Heating facility in Marstal, 
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Denmark, was given 40 % in subsidies in the project SUNSTORE 4 (SDH, 2013b), which lies within the 

7th Framework Programme for Research and Technological Development (European Communities, 

2007). The 7th Framework Programme was initiated in year 2007 and is active during a five year 

period, to year 2013. In collaborative projects, with participants from different countries, industries 

and academia, the co-financing can reach up to 50 % of the investment cost. (European 

Communities, 2007) 

From year 2014 to year 2020 the 8th Framework Programme Horizon 2020, with a budget of around 

70 billion €, will be active. The main focus in Horizon 2020 is to improve scientific research within the 

EU and enhance industrial innovations in the region. The largest share of the budget, around 31 

billion €, will be used specifically to address major issues as increased use of renewable energy and 

the negative effects from the climate change. (European Commission, 2013) It is quite likely that 

subsidies can be given to development and demonstration projects in the area of Solar District 

Heating, from the Horizon 2020 program. It is also probable that the subsidies can constitute of 

around 30-40 % of the total investment cost for a specific project. (Dalenbäck, 2013) 

2.6 Environmental impact from energy production 
The Swedish Heating Market Committee yearly produces guidelines for environmental assessments 

of district heating production for Swedish conditions. The guidelines is a signed jointly agreement by 

District Heating in Sweden and by several Swedish housing non-Governmental organizations and 

companies. Two parameters that the Swedish Heating Market Committee recommend should be 

used is resource efficiency and climate impact. The resource efficiency factor is measured as the 

utilized primary energy in comparison to the delivered energy to the customers in the district heating 

network. Climate impact is measured in g CO2eq/kWh that is delivered to the customers. (VM,K, 

2013)The environmental parameters differ from fuel to fuel, according to Table 1 below. 

Table 1. Environmental parameters for different fuels (VM,K, 2013) 

Type of fuel 

Primary 
energy factor 

CO2 - energy 
conversion 

[g CO2/kWh] 

CO2 - production & 
transportation of fuel 

[g CO2/kWh] 

Bio oils 0.04 6 4 

Pellet & briquettes  0.11 6 13 

Secondary wood 
fuels 

0.03 9 7 

Waste 0.04 97 4 

Wood chips 0.05 9 3 

 

The environmental impact from solar collectors depend on how and where the collectors are 

constructed since the impact during operation is limited, seen in Table 2.  

Table 2. Environmental factors for FPC and ETC (Jungbluth, 2007)
1
 (Hagberg et.al., 2011)

2
 

Parameter Flat plate Collectors 

Utilization [g CO2/kWh]1 0.81 

Primary energy factor² 0.22 
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The environmental parameters in Table 2 originate partly from solar collectors manufactured in 

Switzerland with data from the Swiss database Ecoinvent (Jungbluth, 2007) and partly from data in 

Miljöfaktaboken 2011 (Hagberg et.al., 2011). 

2.7 Existing large-scale solar thermal systems 
In the following section two large scale solar thermal facilities, each combined with a thermal energy 

storages and connected to a district heating network, will be described. The first plant is the second 

largest Solar District Heating facility in Denmark, that utilizes a borehole thermal energy storage, and 

it is located in Brædstrup (SDH, 2013a). The second system is the Lyckebo facility in Uppsala, which 

was decommissioned in year 2002, in which a rock cavern storage was included.  

2.7.1 Brædstrup, Jylland - Denmark 

The facility in Brædstrup, on the island of Jylland, is the second largest solar thermal facility that 

utilizes a borehole thermal energy storage. The plant has been developed in two steps, initially 614 

of HT solar collectors from ARCON Solar A/S (aperture area of 8 000 m²) was installed together with a 

2 000 m³ (110 MWh) steel tank. The solar collectors provided 3.4 GWh, covering 8% of the annual 

heat load of 42 GWh. The investment costs for the plant was 1.64 million € in 2007 and the project 

was given around 20 % as subsidies at the time. The total operating costs was calculated to 660 

€/GWh of solar heat in 2007. (SDH, 2013c) 

Due to the success of the initial project, an expansion of the plant at Brædstrup took place in year 

2011-2012. In the second stage 847 pieces of HT FPC from ARCON Solar A/S (10 600 m2), a heat 

pump and a thermal energy storage was constructed. The solar collectors has a tilt angle of 33° and 

generates around 5.00 GWh yearly, with a peak production of 7.4 MWth. The storage is an insulated 

BTES of 19 000 m³ distributed over 48 boreholes each with a depth of 45 m, drilled in a hexagon 

shape with a distance of 2 m between each hole. In each whole, two PEX (Cross-linked PolyEthylene 

(Tradesmen Supply, 2006)) pipes with a diameter of 32 mm is used as heat collectors.  

The Brædstrup system is the first plant in Denmark to utilize the borehole storage technology. 

(ARCON Solar A/S, 2013c).The insulation above the boreholes is around 105 cm deep, and consists of 

a 50 cm dirt layer, 5 cm sand, a drainage layer and 50 cm of other insulating material (Brædstrup 

Fjernvarme A.m.b.a., 2013a). According to the initial calculations the heat losses from the borehole 

storage is assumed to be 20% per year. The total costs of the expansion was 5.37 million € (ECB, 

2013) in 2012 and 17% of this was given as subsidies (Solvarmedata, 2013b). The cost per solar 

collector aperture area for the whole system was 507 €/m2. (Brædstrup Fjernvarme A.m.b.a., 2013b)  

The system now covers a land area of 70 000 m² with an effective aperture area of 18 612 m², 

meaning that 3.8 m² land area is used per m² of aperture area. The peak production is 14 MWth, 

yearly generating 8.9 GWhth that corresponds to a solar coverage of 20%. (ARCON Solar A/S, 2013d) 

2.7.2 Lyckebo in Storvreta. Uppsala - Sweden 

The Lyckebo facility in the small town of Storvreta at the outskirts of Uppsala was constructed in year 

1982 to supply around 550 apartments with heat. The production units consisted of 360 modules 

(covering 4 320 m²) of HT FPC solar collectors and a 6 MW electrical boiler. The solar collectors had a 

maximum thermal power of 2.5 MW and was dimensioned to deliver 1.28 GWh/year, which covered 
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around 15% of the annual heat load. Each collector had an aperture area of 12 m² and utilized 

propylene glycol to prevent the system from freezing. During the 1990s the solar collector field was 

subjected to a high degree of vandalism and several of the collectors was destroyed, giving rise to 

high annual costs from 1990-1997. Due to these costs the solar collector field was decommissioned 

in year 2002 (Åsberg, 2011)  

The Lyckebo facility also contained a seasonal rock cavern storage (CTES) of 100 000 m³ constructed 

in the shape of a toroid with an outer diameter of 75 m, surrounded by bare granite (Sandborg, 

2006). An overview of the storage can be seen in Figure 9 below. 

 

Figure 9. The CTES at the Lyckebo facility (Gebremedhin & Zinko , 2008) 

The storage is located around 30 m below the ground level, its walls are 30 m high and the base is 18 

m long. The pillar in the middle has a volume of 30 000 m³ and it has improving effects to the thermal 

storage. Measurements of the thermal capacity in the rock masses has shown that the heat 

conductivity is 3.1 W/m,K and that the specific heat capacity is 2.16 MJ/m³K. The charge and 

discharge is done via four so called telescopic pipes that assures that the correct temperature level is 

kept during operation. The storage is dimensioned to have a temperature gradient of +90°C at the 

top and +40°C at the bottom. (Sandborg, 2006) The total storage capacity was calculated to around 

4.50 GWh (Åsberg, 2011). 

The surrounding rock masses and ground water had an average temperature of 6°C, and during the 

first years of operation this lead to major heat losses. The prognosis was that around 10.0 GWh was 

to be invested during a five year period from 1985-1990 in order to heat the surrounding rock and 

reach a balanced temperature level. After the initial five year period the losses was assumed to be 

around 25% per year. (Åsberg, 2011). The heat losses during the first years of operation was around 

50-100% higher than the prognosis, which was assumed to be due to leakage from the top of the 

storage to the bottom of the storage as well as losses through the expansion tunnel. (Sandborg, 

2006) Over time the thermal efficiency of the storage improved and after 13 years of operation the 

losses was 9%/year, corresponding to 1.0 GWh/year, as can be seen in Figure 10 below (Åsberg, 

2011). 
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Figure 10. Thermal losses and thermal efficiency of the Lyckebo storage (Åsberg, 2011) 

The total cost for the Lyckebo storage was 4.16 million € converted to the monetary value of 2011 

(ECB, 2013)(Åsberg, 2011). The specific cost of the storage was 41.7 €/m³ in year 2011. (ECB, 

2013)(Åsberg, 2011)  

2.8 Conclusions from the theoretical part 
Certain key indicators that has been identified in each of the sections above has been used as input 

data in the practical part. The specific key indicators, for instance concerning costs for different 

components and system configuration parameters, will be described in the following sections. 

2.8.1 Key Indicators - Solar Collectors and Heat Pumps 

From the theoretical study of solar collector technologies in section 2.1 it can be seen that High 

Temperature Flat Plate Collectors are most commonly used in large scale Solar District Heating 

plants. The key indicators for HT FPC that will be used in the case study was described in section 2.1.1 

and in section 2.7.1. The key indicators is given in the following table. 

Table 3. Key indicators for an average High Temperature Flat Plate Collector 

Key Indicator Value Unit 

Investment cost 242 €/m² of aperture area 

Average annual 
production 

465 kWh/m² 

Occupied land area 3.2 m²/m² aperture area 

 

The investment cost is assumed to include mounting racks, necessary piping, heat carrier fluid and 

heat exchangers. The average annual production will be compared with the output data from 

calculations in the case study in chapter 4. 

In one of the described projects (Brædstrup in section 2.7.1) a heat pump have been utilized to 

increase the supply temperature from the borehole storage. Though, there is a lack of detailed data 

regarding the heat pump at the Brædstrup plant. Therefore, it is assumed that working conditions 

with a supply temperature of around +90°C will be suitable if a heat pump is to be used in the case 

study, regardless of choice of compressor type and refrigerant. 
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The average cost for a heat pump in district heating configurations used in the coming practical part 

originates from the estimations from AB Fortum Värme (Hill, 2013). The key indicator is seen in Table 

4 below.  

Table 4. Key indicators for an average Heat Pump 

Key Indicator Value Unit 

Heat Pump 
investment cost 

693 €/kW 

 

2.8.2 Key Indicators - Thermal Energy Storage 

The two described storage technologies, borehole and cavern thermal energy storage, has been 

investigate further in the case study. Two disadvantages with the thermal energy storage are the 

large investment costs and the high thermal losses during the initial years. But, the impact of these 

negative aspect can be dampened if there is available rock caverns in the area and if there is excess 

heat being dumped in the district heating system. In the case study, both these potential reduction 

factors have been be investigated. To calculate the impact of the thermal losses from a borehole or 

cavern thermal energy storage, measured data from earlier studies have been used. The key 

indicators that have been used in the case study originates from the estimation from Jonas Gräslund 

(2013) and the cost for the district cooling storage Hornsberg in Stockholm (Hill, 2013).  

Table 5. Key indicators for the rock cavern storages (CTES) and borehole storages (BTES) 

Key Indicator Value Unit 

CTES Investment cost 206 €/m³ 

CTES annual losses 10 % 

BTES Investment cost 42.6 €/m 

BTES annual losses 25 % 

Internal distance 
between boreholes 

3.0 m 

 

For the borehole storages, the lateral deviation is assumed to be less than 10% and is therefore 

discarded due to the negligible effects as described in section 2.3.1. The possibility to insulate the 

inner walls of a rock cavern or the outer boundary of the borehole storage with silica or cement, as 

for the Drake Landing Solar Community (see section 2.3.1), will be discarded due to the assumed high 

increase in investment.  

The heat losses from the storage have been calculated by using the factors described in section 2.3.2 

and in section 2.3.1. The losses are assumed to initially be very high, around 90% for both 

techniques, and to reach a stabile level after six years of operation. The heating of the surrounding 

bedrock during the initial six years is assumed to correspond to a linear reduction of the losses, from 

the 90 % initially down to the stabile level of each technique. For the cavern storage, the annual 

losses is assumed to stabilize around 10% of the total storage capacity. For the BTES, stabile annual 

losses of 25% is assumed to be applicable in the Stockholm region. The variation of the annual losses 

from BTES and CTES is shown in Figure 11 below. 
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Figure 11. Initial thermal losses for the both storage technologies 

The thermal capacity of the storages has been calculated by using the thermal properties of granite, 

for the borehole storage, and of water for the cavern storage. The specific thermal properties can be 

seen in Table 6 below. 

Table 6. Thermal properties of water and granite (Nordling & Österman, 2006) 

Material/Property 
Thermal conductivity 

(W/m,K) 
Thermal Capacity 

(kWh/m³K) 

Granite 2.9-4.1 0.60 

Water 0.6 1.14 

 

The thermal capacity of water is around twice as high as the thermal capacity of granite, which has a 

substantially higher thermal conductivity than water. 

2.8.3 Key Indicators - District Heating 

As described in the study from Håkansson and Larsson (2013), there is potentially 120 000 m2 of 

unused land in Nacka that the solar collectors can be installed on. The production from the Solar 

District Heating facilities in the case study in chapter 4 is assumed to reduce the production at 

Orminge HOB. The technical, economic and environmental viability of a Solar District Heating facility 

in the City/South district heating network of Stockholm will be analyzed in the practical part. 

As earlier mentioned, there are existing rock caverns under the Peninsula of Kvarnholmen that could 

be utilized as a rock cavern thermal energy storage. Though, due to the extensive sanitation process 

of the caverns, it is likely to assume that the consortium Kvarnholmen Utveckling AB will demand to 

be economically compensated if the caverns are to be used by AB Fortum Värme. For this reason, the 

use of the existing caverns will be included in the sensitivity analyses of two of the studied cases and 

at start in one of the studied cases in the practical part. 

2.8.4 Key Indicators - Subsidies and investment aid  

To clarify how sensitive the case study is to economic aid, sensitivity analysis calculations has been 

performed with subsidies of 30%. This is due to the fact that the 8th Framework Programme, Horizon 

2020, will be initiated year 2014 and prolong until 2020 with a budget of over 31 billion € in this 

specific area.  

 

 



 

19 
 

2.8.5 Key Indicators - Environmental impact  

As described in section 2.6, the environmental impact from district heating production is determined 

by the energy efficiency (utilization of primary energy measured in MWh) and the climate impact 

(measured in g CO2/kWh). In section 2.6, the climate impact of production from the Orminge HOB 

(pellet and bio-oil burning), the solar collectors and the utilization of electricity is described. The 

specific characteristics of energy production can also be seen in Table 7 below.  

Table 7. Characteristics of energy production 

Component 
Climate impact 

(g CO2/kWh) 
Primary 

energy factor 

Solar collectors utilization 0.81 0.22 

Electricity utilization 100 1.5 

Operation of Orminge HOB (pellet) 19 0.11 

Operation of Orminge HOB (bio-oil) 10 0.04 

Average impact of Orminge HOB 13.2 0.065 

 

The average impact of operation of the HOB in Orminge is determined by the fraction of each fuel 

type. The thermal power of the pellet burners in Orminge is 10 MW and the bio-oil burners have a 

maximum capacity of 18 MW. Thus, the total average impact is 36% of the impact from the pellet 

burning and 64% of the impact of the bio-oil burners. 

3 Methodology 
In this chapter, the methods used to perform the needed calculations and system setups for the 

practical part will be described. The practical part is set up as study of three different cases, the 

details regarding the specific cases is given in chapter 4. 

3.1 Solar production calculation  
The system configuration in the practical part consisted of several different steps. Initially, the annual 

production from solar collectors installed in the Stockholm area was calculated. This was performed 

with a tool based on Microsoft Excel developed by The Technical Research Institute of Sweden, SP. 

The program calculates the yearly energy production from any type of chosen solar collector for a 

normal year, expressed on an hourly basis.  

The program, called Solar Collector Energy Output Calculator, ScenoCalc, takes local conditions such 

as amount of solar radiation, ambient temperature and wind velocities, into consideration and 

presents the results in a comprehensible way. The user is prompted to enter location of installation 

and specific solar collector parameters. There are three pre-defined location options (Davos, 

Stockholm and Würzburg) and there is also a possibility to add meteorological data for any new 

location. The technical parameters that needs to be added is aperture area, the solar collector 

efficiency coefficients (α1, α2 and η0) and the incidence angle modifier. (SP, 2013) The incidence angle 

modifier describes the efficiency of the incident radiation, at a specific incidence angle, compared to 

the incidence at the angle of the normal of the surface (Kovacs, 2012).The user also gets the option 

to add tilt angle, azimuth angle, and solar tracking to the system configuration. The program 

calculates the annual yield for the specified solar collector, either as steady state or as quasi dynamic. 
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When all data is entered and the program is run, the result is presented both in tables and in 

diagrams. Further descriptions of the ScenoCalc program can be found in the Appendix in section 9.1. 

(SP, 2013) 

The calculated produced thermal power per aperture area, on an hourly basis, was used to calculate 

the amount of thermal energy that could be produced during a normal year in Stockholm. The 

calculations is based on the utilization of the high temperature flat plate solar collector model HT-SA 

28/10 from the Danish manufacturer Arcon Solar A/S (2013a), which is one of the largest 

manufacturers of high temperature solar collectors. The solar collector model is especially 

manufactured to be used in larger solar heating facilities, such as in the Brædstrup Solar District 

Heating facility in Denmark. According to the manufacturer, the solar collectors can be placed in 

series of maximum 14 modules per series (ARCON Solar A/S, 2013d). This data was used to configure 

the system set up for the solar collectors in each case. 

The technical specifications, which can be found in the appendix 9.2, for the HT-SA 28/10 FPC was 

used as input to ScenoCalc program. To avoid freezing during the winter months, the solar collectors 

has been assumed to be filled with water and propylene glycol (50% mass concentration) mixture 

that has a freezing point of -38°C. The liquid has a higher density and a lower thermal capacity than 

water, the thermal properties can be seen in the Appendix in section 9.10. As described in section 

2.1.1, the average land area use per aperture area for a FPC in larger Solar District Heating facilities is 

3.2 m2. This factor was used to calculate the total solar collector aperture area in each case. in both 

cases, the tilt angle of the solar collectors is 40° and the azimuth angle is 0°, i.e. the collectors are 

turned to the south. The average cost for FPC was found to be 242 €/m2 aperture area, as in section 

2.1.1, as assumed to be including necessary piping, circulation pumps and other necessities. 

The equations and assumptions regarding the other parts of the system configuration (dimensioning 

of storages, configurations of heat pump, distribution pumps and heat exchangers and determined 

temperature levels) that is common for all the three cases is found in the following section. 

3.2 Common system parameters 
There are several similar and identical parameters and system components present in all three cases, 

such as distribution pumps, distribution pipes and heat exchangers. One assumption which is valid 

for all cases is that all the produced thermal energy from the solar collectors is stored in the 

centralized seasonal storage and utilized during December to March. The stored thermal energy is 

utilized during the winter months in order to reduce the peak production with the HOB in Orminge. 

The storage in each case is either a borehole storage or a rock cavern storage. The supply 

temperature, from both storage technologies, to the district heating network is to be kept constant 

at 90°C. The return temperature from the district heating network is seen as constant in all cases, 

with an annual average around 42°C, as described in section 2.4.1. This configuration implies that the 

solar heat can be delivered to the network, down to an outdoor temperature of -10°C. For outdoor 

temperatures below -10°C a supply temperature of 90°C is not sufficient to maintain the contracted 

supply temperature curve, as described in section 2.4 and in Figure 4. Though, there is a possibility to 

deliver the thermal energy from the storage to the district heating supply pipe during outdoor 

temperatures of below -10°C without interrupting the contracted temperature levels. If the thermal 

energy from the storage is distributed with a low thermal power and with a low flow rate into a 
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district heating supply pipe, with a large dimension and a large flow rate, the mixing temperature of 

the water might still be above the limit. A schematic overview of this can be seen in Figure 12 below. 

 

Figure 12. Schematic overview of the mixing of water from the storage and water in the supply pipe of the district 
heating network 

To determine if this is an option for the Nacka area, customer data for year 2011 and 2012 has been 

investigated together with the calculated production in each studied case, for both the BTES and the 

CTES parts. The following equation was used to determine the actual mixing temperature, TMix, after 

the point of distribution from the storage to the district heating network. 

     
(                 )  (                   )

    
 

Equation 2. Calculation of mixing temperature in the network 

The TS,DH-net is the supply temperature of the district heating network at the specific time (in °C), FDH-net 

is the flow in the district heating pipes (in m3/h), TS,Storage is the supply temperature from the storage 

(in °C), FStorage is the flow from the thermal storage (in m3/h) and FTot is the total flow after the point 

of distribution (in m3/h). The calculations of the mixing temperature has been performed for all 

occasions when the outdoor temperature is below -10°C, during a normal year. The results from the 

calculations was compared with the contracted supply temperature to determine if an add-in from 

the storage is acceptable, for both cases and storage types . For each of the described cases below, 

the mixing temperature was proved to be within the limits of the contracted temperature. 

Due to the differences between the two storage technologies, different operating temperature levels 

has been set for the solar collectors. For the borehole storage the supply temperature from the FPC 

has been set to 68°C, and for the cavern storage the supply temperature has been set to 96°C. For all 

three cases, the return temperature to the solar collectors has been set to 42°C, based on the annual 

return temperature of the district heating network in Nacka. The total thermal energy output from a 

FPC is affected by the mean fluid temperature in the collector. A higher mean fluid temperature will 

lead to a lower annual thermal output. Thus, the annual thermal production from the solar collectors 

will be higher for the BTES systems than for the CTES systems. (Widén, 2011a) 

In the parts where a borehole storage is utilized, the available outlet temperature from the storage 

to the district heating network is too low. This is due to the limitations of the contracted supply 

temperature according to Figure 4 in section 2.4. Therefore, a heat pump must be utilized 

continuously throughout the discharge period to increase the temperature to 90°C. The exact 
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configuration of the heat pump for the BTES parts is found in chapter 4. The collector tubes in the 

boreholes is assumed to be dual PEX tubes, with a diameter of 32 mm (see section 2.7.1), filled with 

the same liquid mixture of water & propylene glycol. 

For the CTES cases the outlet temperature from the storage is around 93°C, which is sufficient to 

cope with the boundaries of the contracted customer temperature. Therefore, there is no need for a 

heat pump to raise the temperature from the storage for that reason. Though, there still is a need for 

a heat pump installation for another purpose. Initially, in beginning of December when the cavern 

storage is fully charged, the storage is assumed to have a constant water temperature of 93°C. From 

December to March, the storage is discharged from the top with the 93°C water and refilled with the 

return water of 40°C from the bottom. This will create a temperature gradient through the storage 

and after an initial time a mixing temperature zone will occur in between the high temperature water 

at the top and the low temperature water in the bottom. At the end of March the storage is assumed 

to be fully discharged and have a temperature of 40°C throughout the entire volume. This is 

graphically shown in Figure 13 below. 

 

Figure 13. Cavern storage configuration when fully charged, during discharge and when fully discharged 

As seen in Figure 13, the temperature gradient when the storage is fully charged and fully discharged 

is discarded. The mixing zone is assumed to have a maximum temperature of 80°C and a lowest 

temperature of 55°C. During discharge it is assumed that the mixing temperature zone will consist of 

maximum 15% of the total volume of the storage. These assumptions were made from investigating 

the different accumulators used in the district heating network in Stockholm. There is a possibility to 

utilize the thermal energy in the mixing zone by increasing the temperature to the desired 90°C with 

a heat pump. If no heat pump is utilized, the mixing zone will remain unused due to the lower 

maximum temperature. Consequently, the total thermal losses will increase if no heat pump is 

utilized. The assumption that a heat pump is used to maximize the utilization of the storage is 

implemented to both Case 1, 2 and Case 3, for the CTES parts. The configuration of the heat pump is 

seen in Figure 14 below. 

 

Figure 14. Heat pump configuration for the CTES 

The heat source for the low temperature side of the heat pump is the bottom of the storage with a 

temperature of 40°C, i.e. the evaporation temperature. The condensation temperature is the 
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maximum temperature of the storage, i.e. 93°C. This implies that the heat pump does not need to be 

operational during the entire discharge period. The specific characteristics, as well as operation time, 

for the heat pump in the CTES parts in Case 1, 2 and Case 3 will be further described in the 

appendices. 

In each case, distribution pipes, distribution pumps and heat exchangers must be utilized to transfer 

the heat from the solar collectors to the storage and from the storage to the district heating network. 

The piping system in each case has been designed to handle the distribution of the total produced 

thermal power, without exceeding the boundaries for the pipes in the district heating network such 

as maximum/minimum pressure, maximum/minimum temperature and maximum flow velocity. The 

boundaries for the pipes is an absolute pressure of 16 bar and a highest temperature of 120°C. The 

maximum flow velocity for pipes is 3.0 m/s (Dalgren, 2013). The heat flow rate, in kW, of a pipe is 

determined with the following equation. 

              

Equation 3. Equation for calculating thermal capacity for pipes (Alvarez, 2006) 

where A is the inner area (in m2) of the specific pipe, v is the flow velocity (in m/s), ρ is the density of 

the liquid (in kg/m3), Cp is the specific thermal capacity of the liquid (in kJ/kgK) and ΔT is the 

temperature difference between the supply pipe and the return pipe (in K). 

The needed pump head, hydraulic power and shaft power for each specific pump has been 

calculated by first analyzing the pressure drops in each pipe, heat exchanger, borehole and solar 

collector module. The pressure drop in distribution pipes is given as a sum of two parameters, the 

friction losses and the single losses. The specific losses due to friction has been assumed to be 1.0 bar 

per km of pipe, which is a common assumption within district heating systems. The single losses 

occur at pipe bends and at valves, and each single loss is assumed to correspond to a loss of 0.2 bar. 

The pressure drop over each of the needed heat exchanger is assumed to be 0.5 bar. (Nylin, 2013) 

The pressure drop over each solar collector module was given by the data sheet for the chosen solar 

collector, Arcon HT-SA 28/10. The pressure drop over each module depends on the flow velocity 

through the module, which is specific for each of the cases. (Arcon A/S, 2013AA) The pressure drop in 

the boreholes, specific for each case, was given by a datasheet for a PEX tube collector with a 

diameter of 32 mm. (Everhot Inc., 2013) The calculated total pressure drop, achieved in bar, was 

used as input to the calculation of the pump parameters. The hydraulic power of the pumps (in W) is 

given by the following equation. 

        ̇ 

Equation 4. Hydraulic power calculation for distribution pumps (Alvarez, 2006) 

where h is the total pump head (in m),  ̇ is the mass flow (in kg/s) and g is the gravitation (in m/s2). 

The needed shaft power for each pump is achieved by dividing the hydraulic power with the 

efficiency of the pump, as in the following equation. 

   
  

 
 

Equation 5. Equation for calculating needed shaft power for a distribution pump (Alvarez, 2006) 



 

24 
 

The hydraulic efficiency of each pump has been set to 85% and the electric efficiency to 95%. This 

assumption was made by investigating pump curves for several different pumps in the district 

heating network in Stockholm. The average investment cost for distribution pumps is assumed to be 

109 €/kW of shaft power. (Nylin, 2013) 

The pressure levels in the solar collector fields is kept by installing pressure vessels, connected to 

each of the areas with solar collectors. To keep the pressure levels of the solar collector fields, the 

storage and the district heating network separated, counter-current heat exchangers has been 

added. The characteristics of each heat exchanger is assumed to be identical, with a pressure drop 

0.5 bar and a loss of thermal energy corresponding to a 3°C reduction. The costs for heat exchangers 

varies depending on the thermal transfer power of the exchanger but an average investment cost of 

0.74 €/kW is assumed (Energishop, 2013). The specific cost for several different heat exchangers can 

be found in the Appendix in section 9.3. The operating costs for the distribution pumps and for the 

heat pump is based on an electricity price of 63.5 €/MWh (Dalgren, 2013). The specific characteristics 

of each distribution pump and heat exchanger can be found in the following sections.  

3.3 Economic analysis 
To calculate the profitability of an investment, the following economic analytic methods has been 

used; the Levelized Cost of Energy, LCOE, the Net Present Value, NPV, the Internal Rate of Return, IRR 

and the payback time. In each of the economic methods, an annual inflation rate of 2% is included in 

all costs and incomes to present the results in the monetary value of year 2013 (Sveriges Riksbank, 

2013).  

The cost per produced kWh can be calculated by using the concept Levelized Cost of Energy, LCOE, in 

which the total costs for the facility is divided by the produced energy is, over the total technical 

lifetime of the production facility. The concept includes total investment cost, operation and 

maintenance, fuel costs and capital cost during the technical lifespan. (Kost et.al., 2012) The LCOE-

value is calculated with Equation 6 below. 
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Equation 6. Equation for the Levelized Cost of Energy concept (Kost et.al., 2013) 

In which, ln is the Investment cost for year n, Mn is the maintenance cost year n, Fn is the fuel cost 

during year n, r is the discount rate, Pn is the annual production from the facility and N is the 

technical lifespan of the facility. (Kost et.al., 2013)  

The Net Present Value, NPV, is used to determine the present value of an investment over a specified 

time period. The method takes the initial investment, the sum of all cash flows over the time period 

and the discount rate into account. The formula is displayed as Equation 7 below.  

        ∑
  

(   ) 

 

   

 

Equation 7. The Net Present Value method (Finance Formulas, 2013a) 
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The initial investment is denoted I0, N is the number of years, Ci is the annual cash flow of year i and r 

is the internal rate.  

The Internal Rate of Return, IRR, is used to determine the profitability of an investment by 

determining the rate at which the net present value of all negative and positive cash flows, during a 

time period, is zero. The method is given in Equation 8. 

        ∑
  

(     ) 

 

   

   

Equation 8. The Internal Rate of Return method (InvestingAnswers Inc., 2013) 

In the method, I0 is the initial investment, Ci is the annual cash flow for each specific year i and N the 

total time period. The Internal Rate of Return, IRR, is the rate when the Net Present Value, NPV, 

summarized over the time period is equal to zero. 

The last economic method used is the payback time, given in Equation 9, in which the total time to 

cover the initial cost of an investment with the annual net cash flow is determined. 

    
  

    
 

Equation 9. The payback time method (Finance Formulas, 2013b) 

In the method, the total initial investment, I0, is divided by the average net income, Inet, during the 

whole technical life span of the system to determine payback time, Tpb. The different rates used in 

the equations originates from what is commonly used within AB Fortum Värme. (Möttönen, 2013) 

The heat that is distributed during outdoor temperatures above -10°C can be sold at full price, 

according to the Price model 1 used by AB Fortum Värme. For the occasions when the outdoor 

temperature falls below -10°C the stored heat can be sold for a reduced price, according to the Price 

model 2. The two different price models 1 & 2 can be seen in Figure 15 below. (Emretsson, 2013) 

 

Figure 15. Price models in the district heating network in Stockholm (Emretsson, 2013) 

Both price models are functions of the outdoor temperature and correlate to the overall production 

cost in the district heating network in Stockholm. The production at each hour during the discharge 

period, in each of the three cases, has been compared to the outdoor temperature for the normal 

year to determine which of the two price models that ought to be used, at the specific occasion. 

Several different sensitivity analyses of the economic feasibility has been performed to determine 

which parameters that has the greatest impact on the economic results. All the different sensitivity 
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analysis can be found in the Appendix in section 9.5 to section 9.9. The result from the two most 

likely sensitivity analysis will be presented in the following sections. In the first analysis, subsidies of 

30% of the total investment cost was assumed to be given and the existing caverns under 

Kvarnholmen was assumed to be available. When utilizing the existing rock caverns under 

Kvarnholmen the lengths of the distribution pipes from the solar collectors to the storage needs to 

be increased. This when compared to the case when a new cavern storage is assumed to be 

excavated next to Area 1. As described in section 2.4.1, the investment cost of the existing caverns 

was assumed to be zero. In the second analysis, the existing caverns under Kvarnholmen was utilized, 

subsidies of 30% was assumed to be given and the annual revenues from production was assumed to 

be increased by 30%. 

The economic analysis has been set over the technical lifespan of the different system components. 

The component with the longest technical lifespan are the solar collectors, which are assumed to be 

operational for 25 years. The components with the shortest technical lifespan are the distribution 

pumps, the heat exchangers and the heat pumps that are assumed to be operational for 20 years of 

time. This implies that a re-investment must be done to cover up for new distribution pumps, heat 

exchangers and heat pump. The re-investment cost for each component is assumed to be equal to 

the initial investment cost, but with an added annual inflation of 2.0%. There are also some operation 

& maintenance costs (O&M costs) common for each case of the Solar District Heating facility, as 

mentioned in section 2.1.1. The total O&M costs in each case are described in corresponding 

Appendices for each case in section 9.5 to section 9.9. 

4 Practical part 
The practical part was performed as a case study of implementing a Solar District Heating facility, 

combined with a seasonal storage, in the Nacka area in south-east Stockholm.  

Three different cases has been studied, where the first is based on the utilization of the total 

available land area of 120 000 m2, seen in Figure 8. In the second case, solar collectors is placed on 

only the smaller land area, Area 1, of 30 000 m². The first two cases has been divided into two 

separate parts, one in which the seasonal thermal storage is a borehole storage and one in which a 

cavern storage is utilized. The thermal storage is assumed to be placed near Area 1, due to land 

availability and the close distance to the district heating network in the area. This is assumed to be 

equal for the first two cases and for both storage techniques.  

In the third case, the land Area 1 was assumed to be utilized together with the six smaller existing 

rock caverns under the peninsula of Kvarnholmen. In that case, the heat being dumped from the 

Högdalen CHP and the Hammarby HOB was also included and assumed to be stored together with 

the produced solar thermal energy in the rock caverns.  

In the sections 4.1 to 4.3, the basic system configuration of each case and storage technique will be 

described. This is followed by a more detailed description of the results from each case in section 4.4. 

The presented results are operational data, investment costs, operating costs, annual revenue, 

environmental impact from production and the results from the two sensitivity analyses. The details 

regarding specific system components and specific calculated results of each case and system setup 

are found in the corresponding appendices to each case in section 9.5 to section 9.9. 
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4.1 Case 1: Utilizing the entire available area 
In part 1 & 2 in Case 1, the total land area of 120 000 m2 is utilized for installations of solar collectors 

and the system is combined with a thermal storage. By utilizing the factor of 3.2 m2 land area/m2 of 

aperture area, from section 2.1.1, the total aperture area is determined to 37 500 m2. This implies 

that 2 995 pieces of HT FPC (model HT-SA 28/10) can be placed on the available land area. 

In the first part of Case 1, a borehole storage is constructed and connected to the solar collectors and 

the district heating network. In the second part, the same land area is used but the storage then 

consists of a new excavated rock cavern. The basic system parameters in each part is described in the 

two following sections. 

4.1.1 System configuration - Part 1, SDH with a borehole storage 

The system configuration, containing solar collectors, distribution pipes, distribution pumps, heat 

exchangers, heat pump and the borehole thermal storage can be seen in Figure 16 below.  

 

Figure 16. System configuration for Case 1 with BTES. The red lines indicate supply pipes and the grey indicate return 
pipes 

The produced heat, around 20.6 GWh, from the high temperature FPC is distributed to the storage 

with four different distribution pumps, two pumps for each Solar field. The pumps 3, 4, 5 & 6 work 

with the water & propylene glycol mixture with a variable flow from each Solar field which depends 

on the variation of the incidence radiation over the year. The specific operating parameters such as 

pump head, hydraulic power, and shaft power dimensioned max flow can be seen in the Appendix in 

section 9.4.  

The borehole storage is dimensioned as a cylinder with a diameter almost equal to the height. This 

will reduce the surface area of the cylindrical storage and thus lower the thermal losses. The total 

volume of the cylindrical storage need to be around 1 371 000 m3. The depth of each borehole is set 

to 75 m and the diameter of the cylindrical storage is 76 m. The average internal distance between 

boreholes is around 3.0 m, meaning that almost 2 000 boreholes with a diameter of 115 mm ought 

to be drilled within the boundaries of the storage.  

As described in section 2.3.1, the annual loss from a borehole storage can be assumed to stabilize 

around 25% annually after six initial years of operation. This means that of the 20.6 GWh being 

pumped into the storage, 5.1 GWh is lost due to convection. The available thermal energy that can 

be distributed from the storage to heat exchanger 1 is 15.4 GWh. The available energy is distributed 
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constantly from the storage during the discharge period of December to March. The distribution 

pump 1, pumps the water & propylene glycol liquid to heat exchanger 1 with a constant output 

power of 5.3 MWth. The characteristics of heat exchanger 1 is seen in the Appendix in section 9.4. 

In heat exchanger 1, the heat from the storage is transferred to a water & propylene glycol circuit 

connected to the heat pump. The outlet temperature of 62°C from heat exchanger 1 is though too 

low to be distributed to the district heating network, due to the limitations of the contracted supply 

temperature according to Figure 4. Therefore, the heat pump must be utilized throughout the 

discharge period to increase the temperature from 62°C to 90°C. The technical specifications of the 

heat pump is seen in the Appendix in section 9.5.  

During one season of operation, around 32.9 GWh of thermal energy will be distributed to the 

district heating network by distribution pump 2. The distribution pumps 1 & 2, the heat exchanger 1 

and the heat pump is only operating during the discharge period from December to March. The 

annual production and distribution of thermal energy during a normal year for Case 1 with a 

borehole thermal energy storage, including the losses from the storage is seen in Figure 17 below.  

 

Figure 17. Annual operation conditions for the system in Case 1 with a BTES, during a normal year 

As seen in Figure 17 the storage is continuously charged, see the orange columns above, by the HT 

FPC. The total stored thermal energy that is being distributed to the district heating network, during 

December to March, is seen as the purple columns in Figure 17. The brown columns represent the 

thermal energy taken from the available energy in the storage and the green is the added energy 

from the heat pump. In Table 8 below, the annual energy and power flows in the system 

configuration are displayed. 
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Table 8. Case 1 - BTES; Annual system operation during discharge, December to March, for a normal year 

Data 
Thermal energy 

(GWh) 
Thermal power 

(MW) 

Production - Solar field 1 5.14 7.5 

Production - Solar field 2 15.43 22.4 

Total production from FPC 20.57 29.9 

Losses - Storage  5.14 - 

Available energy to Heat pump 15.43 5.3 

Added energy by heat pump 17.52 6.0 

Total distributed energy to the 
district heating network 

32.95 GWh 11.3 MWth 

 

The total distributed energy of 32.95 MWh corresponds to around 9.4% of the total annual need of 

350 GWh in Nacka. 

As mentioned in section 2.8.2, the initial losses from the borehole storage decreases from around 

90% to 25% over a six year period. This greatly affects the amount of thermal energy being 

distributed to the district heating network during the initial years. In Figure 18 below, the stored 

energy and the distributed energy during the initial six years is presented. 

 

Figure 18. Case 1 - BTES: Energy input to the storage and distributed energy to the district heating-net during the initial 
six years 

The energy input from the solar collectors to the storage is identical over the years, seen as the 

yellow columns in the figure above. The distributed energy to the network, seen as the red columns, 

is scarce during the first years due to the high losses, but increases over time. More details regarding 

the initial production is given in the Appendix in section 9.5. 

4.1.2 System configuration - Part 2, SDH with a rock cavern storage 

The total solar production is less than for the BTES system, due to a higher mean fluid temperature 

as described in section 3.2. On an annual basis, the Solar field 1 produce 4.52 GWh and 13.56 GWh is 

distributed from Solar field 2, which adds up to a total of 18.08 GWh. 
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As described in section 3.2, the supply temperature available from the storage to Heat exchanger 1 is 

93°C which implies that the heat can be distributed directly to the district heating network during the 

discharge period. The system configuration with both solar fields, distribution pumps, heat 

exchangers and heat pump is displayed in Figure 19. 

 

Figure 19. Case 1 - CTES: System configuration for Case1 with a CTES 

The distribution pumps 3 & 5, placed on the return side, are pumping the water & propylene glycol 

mixture from the solar fields to heat exchangers 2 & 3. The distribution pumps 4 & 6 are pumping the 

return water from the storage to heat exchangers 2 & 3. The four distribution pumps are operated 

on a variable flow, due to the variation in production from the solar collector fields. The technical 

specifications of the pumps are given in the Appendix in section 9.6. The maximum flow through 

each heat exchanger is determined by the flow from each solar field. After the heat exchangers the 

supply temperature is reduced by 3°C. 

The available energy that needs to be stored is 18.08 GWh, for which a water storage of 300 000 m3 

is needed. The storage is assumed to have a cylindrical shape, with a diameter of 46 m and a depth of 

45 m. The storage is assumed to be placed 30 m below the ground, in order to decrease thermal 

losses as in the Lyckebo storage. The heat pump is placed next to the storage, as described in section 

3.2. According to the cavern storage in Lyckebo (se section 2.7.2) the thermal losses from a cavern 

storage stabilize around 10% annually, after an initial six year of operation. Consequently, 1. 81 GWh 

is lost during one storage season due to convection. Therefore, after the solar heat has been 

transferred from heat exchanger 2 & 3 and after being stored for one season the available energy 

that can be distributed to the network is 16.27 GWh.  

As described in section 3.2, the water volume in the cavern storage will be divided into different 

temperature zones during discharge. The mixing zone, with a lowest temperature of 55°C and a 

highest of 80°C, will be 15% of the total stored volume, around 40 400 m3. The total energy content 

in that water volume is 2.44 GWh. To utilize that energy volume, a heat pump must be installed to 

increase the outlet temperature from 80°C to 93°C. The heat pump is assumed to be operational 60% 

of the total discharge time. The specific characteristics for the heat pump is seen in the Appendix in 

section 9.6. By utilizing a heat pump, the entire energy volume of 16.27 GWh in the storage can be 

distributed to heat exchanger 1 by distribution pump 1. That energy volume is then distributed by 

distribution pump 2, with a constant output power of 5.6 MWth, to the district heating network. The 
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annual operation including solar heat production, energy input to the storage and energy output is 

seen in Figure 20 below. 

 

Figure 20. Annual operation for the system in Case 1 with a CTES, during a normal year 

The total energy input to the storage is the orange columns and the red columns represent the total 

thermal losses of 10%, from the storage. The total energy volume that can be distributed to the 

district heating network is characterized by the purple columns. The green columns correspond to 

the energy volume that can be distributed directly from the hot water in the storage, from which the 

mixing zone volume has been removed. The total energy volume during a normal year that is 

distributed from the heat pump can be seen as the brown columns in Figure 20. In Table 9 below, the 

energy and power flows of the production in Case 1 with a CTES are displayed. 

Table 9. Case 1 - CTES; Annual system operation during discharge, December to March, for a normal year 

Data 
Thermal energy 

(GWh) 
Thermal power 

(MW) 

Production - Solar field 1 4.52 7.2 

Production - Solar field 2 13.56 21.5 

Available energy to storage 18.08 28.7 

Losses - Storage  1.81 
 Available energy to Heat exchanger 1 - 

from hot water 
13.83 5.6 to 4.2 

Available energy to Heat exchanger 1 - 
from heat pump 

2.44 0 to 1.4 

Total distributed energy to the district 
heating network 

16.27 GWh 5.6 MWth 
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During the discharge, there is a change in operation which can be seen as the change of thermal 

power output from the hot water and from the heat pump. Initially, the heat pump is not operational 

and all the thermal energy is taken from the hot water with a power output of 5.6 MWth to heat 

exchanger 1. After 40% of the discharge period, the heat pump is started and operates with a 

constant power of 1.4 MWth. When the heat pump is operational, the thermal energy output from 

the hot water is decreased to 4.2 MWth. Thus, the constant power output to heat exchanger 1 is 5.6 

MWth. The total distributed energy of 16.27 MWh is around 4.6% of the annual demand of 350 GWh 

in Nacka. 

As described in section 2.8.2, the initial losses from the cavern storage decreases from around 90% to 

10% over a six year period. As in the case with the borehole storage, this greatly affects the amount 

of thermal energy being distributed to the district heating network during the initial years. The 

details regarding the operation during the initial six years can be found in the Appendix in section 

9.6. 

4.2 Case 2: Utilizing the smaller land area 
in the second case the total available area has been limited to the 30 000 m2 of Area 1 and otherwise 

the different assumptions regarding system configuration, temperature levels and thermal losses are 

the same for Case 2 as for Case 1. The total available aperture area is around 9 400 m2, implying that 

749 HT flat plate solar collectors will be utilized for thermal energy production. The second case has, 

as the first, been divided into two parts. In this first part, the storage is assumed to be a borehole 

thermal storage and, as described in section 3.2, the supply temperature from the solar collectors is 

set to 68°C. In the second part, a new rock cavern is excavated and used as a thermal storage.  

4.2.1 System configuration - Part 1, SDH with a borehole storage 

The system configuration for the Solar District Heating facility in Case 2, with a borehole storage, is 

displayed in Figure 21 below. 

 

Figure 21. Case 2 - BTES: System configuration 

The configuration is equal to that in Case 1, though with smaller dimensions. The annual production 

from the FPC in this case is 5.14 GWh, with a maximum power of 7.5 MWth and a supply temperature 

of 68°C. Both the solar collectors and the tube collectors in the boreholes are filled with a water & 

propylene glycol liquid.  
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The produced heat is pumped with the distribution pump 3, via the connection pipes, to heat 

exchanger 2. In heat exchanger 2, the heat is transferred to the borehole circuit which is circulated by 

the return distribution pump 4.The technical specifications for all distribution pumps, all the three 

heat exchangers and the heat pump is found in the Appendix in section 9.7.  

Due to thermal losses of 25% in the storage around 1.29 GWh is lost due to convection. The borehole 

storage has been dimensioned with in a cylindrical shape with a diameter of 49 m, a borehole depth 

of 50 m and a total bedrock volume of around 373 00 m3. With an internal distance of the boreholes 

of 3.0 m, 805 boreholes will be drilled.  

Due to the thermal losses, the available thermal energy that can be distributed to the heat pump is 

3.86 GWh. The temperature of the remaining energy volume, after heat exchanger 1, is 62°C. To 

increase the temperature level to 90°C a heat pump is utilized continuously during the discharge 

period from December to March. Due to the increase of the supply temperature, the heat pump adds 

4.32 GWh extra that can be distributed to the district heating network, by distribution pump 2. The 

total available energy that is distributed to the network is 8.18 GWh, with a constant power output 

of 2.8 MWth. The total annual production during a normal year is seen in Figure 22. 

 

Figure 22. Case 2 - BTES: Annual operation conditions for the system in Case 2 with a BTES, during a normal year 

The total energy being distributed to the storage are represented by the orange columns. It can be 

seen in Figure 22, that the distributed energy to the district heating network, the purple columns, is 

higher than the produced energy by the high temperature flat plate collectors. This is due to the 

additional thermal energy added by the heat pump, as described in section 3.2. The red columns 

indicate the total thermal losses in the system. The fraction of thermal energy from the stored heat is 

seen as the brown columns and the green columns are the energy derived from the heat pump. The 

energy and power flows in the system are given in Table 10 below. 
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Table 10. Case 2 - BTES: The different steps in the system configuration 

Data 
Thermal energy 

(GWh) 
Thermal power 

(MW) 

Production - Solar field 1 
(available energy to storage) 

5.14 7.5 

Losses - Storage  1.29 - 

Available energy to Heat pump 3.86 1.3 

Added energy by heat pump 4.32 1.5 

Total distributed energy to the 
district heating network 

8.18 GWh 2.8 MWth 

 

Due to the add in by the heat pump, the total thermal energy distributed to the district heating 

network is 8.18 GWh, with a constant power of 2.8 MWth. This corresponds to a fraction of 2.3% of 

the annual heat demand in Nacka of 350 GWh. As described in both section 3.2 and in Case 1, the 

initial losses decrease the available energy being distributed to the district heating network during 

the first six years of operation. The specific amount of available distributed energy can be found in 

the Appendix in section 9.7.  

4.2.2 System configuration - Part 2, SDH with a rock cavern storage 

In the second part of the second case, a rock cavern thermal energy storage is assumed to be 

combined with a solar collector installation on the smaller land Area 1 (30 000 m2). The produced 

heat from the 749 HT FPC is 4.52 GWh, with a maximum power of 7.2 MWth, with a supply 

temperature of 96°C and a return temperature of 42°C.The storage consists of a cylindrical cavern 

with a height of 30 m and a diameter of 28 m. The storage is placed 30 m below ground, just as in 

Case 1 (se section 4.1.2) and can hold a water volume of around 75 000 m3.  

 

Figure 23. Case 2 - CTES: System configuration 

The produced heat is pumped from the solar field to heat exchanger 2, via distribution pump 3. The 

heat is transferred to a water circuit in heat exchanger 2 and circulated with the return distribution 

pump 2 in the circuit. The technical data for the different components such as the distribution 

pumps, the heat exchangers and the heat pump, is presented in the Appendix in section 9.8. During 

the heat exchange, from water & propylene glycol liquid to water in heat exchanger 2, the supply 

temperature is decreased with 3°C. The heat exchanger, just as distribution pump 3 & 4, is operating 

on a variable flow determined by the solar thermal production.  
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During stabile conditions, after six years of operation, the annual losses from the storage is 10%, or 

0.45 GWh. As described in section 3.2 the stored water in the cavern storage will be divided into 

different temperature zones, due to the temperature gradient in the storage. The zone in this case is 

4.5 m high and consists of 11 000 m3 of water. The total energy content of that water volume is 0.32 

GWh. The temperature of this energy volume is raised from 80°C to 93°C by utilizing a heat pump, 

operating during 60% of the total discharge period. 

The total energy being distributed from the cavern storage, by distribution pump 1, to heat 

exchanger 1 is 4.07 MWh, with a thermal power of 1.4 MW. The available heat, with a supply 

temperature of 90°C, is distributed from heat exchanger 2 to the district heating network via 

distribution pump 2. The annual operation parameters for Case 2 with a cavern storage is displayed 

in Figure 24. 

 

Figure 24. Case 2 - CTES: Annual production parameters during a normal year 

The orange column represent the total energy stored annually and the total thermal losses from the 

storage is shown as the red columns. The purple columns represent the energy being distributed to 

the district heating network. The green and brown shows the heat originating solely from the hot 

water in the top of the storage and from the mixing zone water handled by the heat pump. The 

energy flows in the system configuration are described in Table 11 below. 

Table 11. Case 2 - CTES: Production steps in the system configuration 

Data 
Thermal energy 

(GWh) 
Thermal power 

(MW) 

Production - Solar field 1 (available 
energy to storage) 

4.52 7.2 

Losses - Storage  0.45 - 

Available energy to Heat 
exchanger 1 - from hot water 

3.48 1.4 to 1.1 

Available energy to Heat 
exchanger 1 - from heat pump 

0.32 0 to 0.3 

Total distributed energy to the 
district heating network 

4.07 GWh 1.4 MWth 
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The total distributed energy to the district heating network, during a normal year, is 4.07 GWh with a 

constant power output of 1.4 MWth. Compared to the total annual heat demand in Nacka of 350 

GWh, this represents 1.2%. The operational data for the initial six years, with higher thermal losses 

than the stabile 10%, can be seen in the Appendix in section 9.8. 

4.3 Case 3: Utilizing existing caverns and heat dump 
One part of the purpose of this study was to identify any possible system advantages of a Solar 

District Heating facility, combined with a seasonal storage, in the district heating network. As 

described in section 2.4.1, the two main plants supplying the Nacka area are the Hammarby HOB and 

the Högdalen CHP. Since the heat pumps in Hammarby are connected to the district cooling network, 

during summertime, there is often excess heat produced. There is also a heat dump at certain 

occasions at the CHP plant in Högdalen, during which large cooling fans are utilized. (Nylin, 2013)  

In the third case, the heat dump from the Högdalen CHP and the Hammarby HOB was combined with 

the thermal production from the flat plate solar collectors, mounted on Area 1. In this case, the type 

of thermal energy storage that has been investigated is a rock cavern storage. Apart from in the first 

two cases, the existing rock caverns under the peninsula of Kvarnholmen has been assumed to be 

available at start in this case. The reason for this assumption is to simplify the system configuration 

and to utilize as much of the existing infrastructure as possible. Due to these reasons, only the 

smaller land area was investigated in this case. To construct a borehole system for this case has also 

been discarded, due to the increased investment cost it would imply. As described in section 2.4.1, 

the investment cost for the existing rock cavern under Kvarnholmen is assumed to be zero. 

4.3.1 System configuration and annual operation 

In this case, the same system configuration as in Case 2 with a cavern thermal energy storage has 

been utilized. The total land area utilized for solar collector installations is 30 000 m2, meaning 

around 749 HT FPC can be mounted. The annual solar thermal production is 4.52 GWh. The 

characteristics of the other system components, distribution pumps, heat exchangers and heat pump 

can be found in the Appendix in section 9.9. The generated excess heat from the Hammarby HOB and 

the Högdalen CHP has been assumed to be distributed through the existing district heating network 

and stored in the rock caverns. Data regarding the actual heat dumping from the Hammarby plant 

and from the Högdalen plant has been collected for year 2011 to year 2013. In Figure 25 below, the 

heat dump during these three years is displayed. 

 

Figure 25. Heat dump from the Hammarby plant and the Högdalen plant during 2011, 2012 and 2013 
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The dumped heat from the Högdalen plant was at its highest during 2011 and during year 2012 and 

2013 only small amounts of heat has been dumped. This variation is due to the operation of the 

entire City/South district heating network and has not been investigated further. The total thermal 

energy that was dumped each year from 2011 to 2013 is given in Table 12 below. 

Table 12. Dumped heat from the Högdalen plant and the Hammarby plant in total for year 2011, 2012, 2013 

Dumped heat 2011 2012 2013 

Högdalen CHP (GWh) 6.52 0.04 0.002 

Hammarby plant (GWh) 2.78 1.62 5.09 

TOTAL HEAT DUMP 9.30 GWh 1.66 GWh 5.09 GWh 

 

The variations in the thermal dumping during these years are quite large. Though, for year 2013 the 

data is collected from January until August. The data used in this case is the average heat dump 

during these three years. The average heat dump is combined with the operational data of Case 2 

with a cavern storage and the total thermal energy that can be stored annually is 9.90 GWh. The rock 

cavern has to have a total volume of 168 600 m3 and it has been assumed that the six smaller caverns 

under Kvarnholmen in sufficient for this need. Due to the annual losses of 10% from the storage, the 

total available energy that can be distributed is 8.90 GWh, during December to March, with a 

constant power output of 3.1 MWth.  

As described in section 3.2, a heat pump has to be utilized to increase the temperature of the mixing 

zone to the supply temperature of 90°C. The mixing zone consists of 15% of the total storage volume, 

corresponding to 25 300 m3 and 1.00 GWh. Though, the temperature level of the district heating 

network is around 70°C during summertime, as described in section 2.4.1. Therefore, the 

temperature of the energy volume added to the storage from the heat dump must also be increased 

to 90°C via a heat pump. Consequently, a larger heat pump is needed in Case 3 than in Case 2. The 

total energy volume heated by the heat pump is 5.56 GWh. The heat pump is in this case designed to 

operate 80% of the time, leading to a maximum power output of 2.4 MWth. The specific 

characteristics of the heat pump is found in the Appendix in section 9.9. The annual operation of the 

Solar District Heating facility in Case 3 is displayed in Figure 26. 

 

Figure 26. Case 3: Annual operation of the SDH-facility during a normal year 
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The orange columns represent the produced energy from the HT flat plate solar collectors and the 

heat dump from Hammarby HOB and Högdalen CHP is seen as the dark red and blue columns. The 

fraction of the distributed energy that is derived from the heat pump is presented by the green 

columns and the fraction that is taken directly from the storage is seen as the brown columns. The 

total distributed energy is given as the purple columns. The annual energy flows in the system are 

given in Table 13. 

Table 13. Case 3: Energy flow in the system configuration 

Data 
Thermal energy 

(GWh) 
Thermal power 

(MW) 

Production - Solar field 1 4.52 7.2 

Heat dump from Högdalen 0.94 13.0 

Heat dump from Hammarby 4.44 18.9 

Available energy to storage 9.90 - 

Losses - Storage  1.00 - 

Distributed energy from hot water 3.35 3.1 to 0.7 

Distributed energy from heat pump 5.57 0 to 2.4 

Total distributed energy to the district 
heating network 8.91 GWh 3.1 MWth 

 

Compared to the total demand in Nacka of 350 GWh, the distributed energy from the SDH facility in 

Case 3 is 2.5%. The operation during the first six years with initially high losses is valid for the third 

case, as well as for the first two cases, and can be seen in Figure 27 below.  

 

Figure 27. Case 3: Operation during the initial years 

The orange columns represent the produced solar energy that is distributed to the storage and the 

green columns is the total heat dumping from Högdalen CHP and from Hammarby HOB. It can be 

seen that the peak of the charge occurs during the summer months, due to the high input from the 

HT FPC and from the dumping at Högdalen and Hammarby. The heat dump from Högdalen CHP and 

Hammarby HOB is assumed to be constant during each year. The red columns represent the thermal 

energy being distributed to the district heating network during the initial years. 
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4.3.2 Other system benefits: Increased use of flue gas condensers 

In the Högdalen CHP plant, flue gas condensers are being used in order to increase the system 

efficiency. The heat from the flue gas condensers is utilized to pre-heat the return water from the 

district heating network. During summertime, if the heat demand is low, the power of the flue gas 

condensers needs to be reduced. This can be seen in Figure 28 below. 

 

Figure 28. Total flue gas condensation at Högdalen CHP - year 2011 to year 2013 

It can be seen that the flue gas condensation at the Högdalen CHP is noticeably reduced during the 

summer months. Though, during summer the Högdalen CHP is under revision as the other plant in 

the district heating network. Even though the revisions of the boilers are ongoing, the waste burning 

in Högdalen is continuous but with a reduced power. It is therefore uncertain how much the power 

of the flue gas condenses are reduced specifically due to a low heat demand. It is therefore unclear 

how beneficial a thermal storage would be for the production at Högdalen CHP, other than earlier 

described in section 4.3.1. Consequently, the possible increased energy output from the flue gas 

condensers at Högdalen that could be stored in a thermal storage during summertime has been 

discarded in the calculations in Case 3.  

4.4 Result comparison 
In this section, the main results from the calculations of each case is displayed in a comprehensible 

way. The details regarding the different types of results are given in the corresponding Appendices to 

each case, in section 9.5 to section 9.9. 

4.4.1 Operational data 

The operational data, such as total solar production, thermal losses and distributed thermal energy 

and thermal power for the three cases is given in Figure 29 below. 
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Figure 29. Result comparison: Operational data for the three cases 

The produced thermal energy from the solar collectors are higher for the borehole systems, due to a 

lower mean fluid temperature in the solar collectors, compared to the caverns systems. The data for 

available energy corresponds to the available thermal energy that remains after the storage losses 

has been withdrawn from the distributed energy from the solar collector fields to the storage. As 

described in section 3.2 the heat pump is utilized to increase the supply temperature from 68°C to 

the set point value of 93°C, in the borehole systems. This implies that the heat pump dimension is 

greater and that the operating time is longer than for the cavern systems. This can be seen as a 

higher thermal production from the heat pump in the BTES cases than in the CTES systems. For Case 

3, the total annual heat dump from the Hammarby HOB and the Högdalen CHP plant was added to 

the calculations. Since the thermal energy from the plants are distributed to the storage with a 

supply temperature of 70°C, the dimension of the heat pump has been increased compared to Case 2 

with a CTES. For the cases in which only the smaller Area 1, of 30 000 m2, is used the distributed 

thermal energy and thermal power output is highest for Case 3. This is due to the utilization of the 

available dumped thermal energy from Högdalen CHP and Hammarby HOB.  

4.4.2 Economic analysis 

The results from the economic calculations for the three cases is presented in Table 14 below. The 

upper part of the table contains the initial investment costs and the cost and revenue of the 

production. The annual revenues, operating costs and net income are presented as an average 

during the total 25 years of operation and includes an annual inflation of 2.0%, O&M costs and re-

investments, as described in section 3.3. In the lower part of the table, the results from the four 

different economic analysis methods are presented. 

 

 

 

 

 



 

41 
 

Table 14. Result comparison: Economic data for the three cases 

Case Case 1 Case 2 Case 3 

System configuration BTES CTES BTES CTES CTES 

Investment cost (million €) 19.95 73.75 5.16 18.46 3.50 

Annual revenue (million €) 2.35 1.16 0.58 0.29 0.64 

Annual operating cost (million €) 0.45 0.15 0.11 0.03 0.14 

Annual net income (million €) 1.90 1.00 0.47 0.26 0.50 

LCOE (€/MWh) 98.7 655.8 102.9 653.9 70.0 

IRR (%) 9.6% -5.0% 6.3% -6.2% 10.6% 

NPV (million €) 5.71 -10.07 1.39 -2.47 1.85 

Payback time (years) 10.5 73.4 10.9 70.6 7.0 

 

It can be seen that the investment costs for the CTES systems are almost four times greater than the 

total investment costs for the BTES systems. This is due to the extremely high investment cost of 

excavating a rock cavern storage, corresponding to around 84% of the total investment. It can also be 

seen that the operating costs are higher for the BTES systems than for the CTES systems, which 

depends on the increased utilization of the heat pump. The annual net income is higher for the 

borehole systems, in Case 1 & 2, due to a higher amount of distributed energy. Due to these high 

investment costs and the fairly low net incomes, the results from the economic analysis methods are 

more feasible for the BTES systems in both cases. This is clearly seen in the results from the NPV 

method, which implies negative values for the rock cavern systems. For Case 3, where the existing 

caverns under Kvarnholmen is used, the economic feasibility was improved. The investment costs is 

significantly reduced and the annual net income of almost 500 000 € leads to the lowest payback 

time of all three cases around 7.0 years.  

4.4.3 Environmental impact from energy production 

The total climate impact and utilization of primary energy in each of the three cases, compared to if 

the HOB in Orminge was used to cover the distributed energy by the SDH facility, is displayed in Table 

15. 

Table 15. Result comparison: The net environmental impact from energy production for the three cases 

Case Case 1 Case 2 Case 3 

System configuration BTES CTES BTES CTES CTES 

Net climate impact (kg CO2) 399 -133 040 -1 656 -43 979 16 269 

Net primary energy use (GWh) 8.67 4.17 2.13 0.92 0.82 

 

For Case 1 with a BTES and for Case 3, the climate impact of the Solar District Heating system was 

higher than for the Orminge HOB, which is due to the high electricity consumption by the heat pump. 

For the cavern systems and for Case 2 with a borehole storage, the climate impact is reduced quite 

significantly. In all cases, the operation of the Solar District Heating facility increases the primary 

energy utilization compared to the Orminge HOB. For Case 3, both the environmental impact and the 

net primary energy use is increased severely. This depends on the increased use of the heat pump, as 

described in section 4.3.1. As described in section 2.6, the environmental impact and primary energy 
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use from operation of a pellet/bio-oil HOB are quite low in comparison to the impact from the use of 

electricity.  

4.4.4 Sensitivity analysis 

In this section, the two main sensitivity analyses for the three cases have been compared. In the 

initial analysis subsidies of 30% of the total investment was assumed to be received. To make the 

results comparable between the different storage techniques, the existing caverns under the 

peninsula of Kvarnholmen have been assumed to be used instead of excavating new storages. The 

results is presented in Table 16 below. 

Table 16. Result comparison: Sensitivity analysis 1 - achieved subsidies of 30% for all cases and utilizing existing caverns 
for the CTES cases  

Case Case 1 Case 2 Case 3 

System configuration BTES CTES BTES CTES CTES 

Investment cost after 
subsidies of 30% (million €) 

13.96 8.60 3.61 2.16 2.45 

LCOE (€/MWh) 73.0 84.4 76.1 82.4 53.2 

IRR (%) 13.4% 10.7% 9.7% 8.8% 14.6% 

NPV (million €) 6.95 3.42 1.71 0.91 2.06 

Payback (years) 7.3 8.6 7.4 8.3 4.9 

 

It can be seen that the total investment costs are less for the CTES systems than for the BTES 

systems, when the existing caverns are utilized and when the subsidies of 30% are withdrawn. The 

most distinct improvements of the economical results are seen for the cavern systems in Case 1 & 2, 

which no longer indicates negative values. The production costs of each case are also greatly 

improved. The result from the sensitivity analysis though imply that the BTES systems are more 

economically feasibility than the CTES systems in Case 1 and Case 2. Though, the results from the 

initial sensitivity analysis of Case 3 indicates that the system is the most economic feasible of the 

three cases. This can be exemplified by an IRR of almost 15% and a payback time of less than five 

years. 

In the second sensitivity analysis, subsidies of 30% was assumed to be given, the existing caverns are 

utilized and the revenue was assumed to increase with 30%. In Table 17 below, the results from the 

sensitivity analysis of each case is given.  

Table 17. Result comparison: Sensitivity analysis 2 - achieved subsidies of 30% and increased revenue with 30% for all 
cases and utilizing existing caverns for the CTES cases  

Case Case 1 Case 2 Case 3 

System configuration BTES CTES BTES CTES CTES 

Investment cost after 
subsidies of 30% (million €) 

13.96 8.60 3.61 2.16 2.45 

Annual net income (million €) 2.61 1.35 0.65 0.35 0.69 

LCOE (€/MWh) 73.0 84.4 76.1 82.4 53.2 

IRR (%) 16.2% 13.3% 13.0% 11.6% 18.7% 

NPV (million €) 10.60 5.23 2.61 1.36 3.05 

Payback (years) 5.4 6.4 5.6 6.2 3.6 
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The results indicate that the borehole systems are still more economically viable than the cavern 

systems, for Case 1 and Case 2. The internal rate of return for the borehole systems are quite high 

and the net present value is fairly close to the initial investment cost, after 25 years of operation. The 

payback times for the systems in the first two cases are calculated to between 5.4 to 6.4 years. 

Though, the most promising economic feasibility is achieved for Case 3. This can clearly be seen in 

the results from the economic methods, with for instance an IRR of almost 19%. The payback time 

was calculated to less than four years and the net present value was around 1.2 times higher than 

the initial investment cost, for that case.  

5 Discussion 
The results from the theoretical study indicate that it is viable, both economically, technically and 

environmentally, to combine a solar thermal facility with a district heating network. This is 

exemplified by the facility in Brædstrup in Denmark. As described in section 2.1.1 and 0, the flat plate 

solar collectors are designed to operate with a high constant supply temperature, regulated by a 

variable flow, and to give rise to low thermal losses. The HT FPC can be combined into series to 

maintain a stable thermal production throughout the year. The high temperature collectors are well 

adjusted to be combined with a district heating network and a seasonal thermal storage. 

The thermal storage can preferably be utilized to reduce the need of peak production units, 

operating on fossil fuels during autumn and winter. Two of the most suitable storage technologies 

that could be used are boreholes and rock caverns. Which of the two that is most suitable depends 

on several factors, such as the composition of the bedrock, soil structure and existing infrastructure 

(for instance road tunnels and telecommunication tunnels) in the area.  

The assumption that has the greatest impact on the results is that the thermal losses from the 

storages is stabilized after the initial six years of operation. The conclusions for each technique was 

though drawn from actual operational data from similar projects in both Denmark and Sweden. 

There are also ways of reducing the thermal losses from both borehole storages and cavern storages. 

As described in section 2.3.1, the outer edge of the borehole storage could be insulated with various 

materials to reduce the effect from flowing ground water and reduce the thermal conductivity. For 

rock caverns, an insulating layer could be added to the inner walls of the storage, as mentioned in 

section 2.3.2. Though, it has not been investigated if the extra cost of the insulation is comparable to 

the possible revenue of the thermal energy that otherwise would have been lost. 

Depending on the differences in the overall district heating system set up (such as what production 

units that are used, heat demands and network propagation) the most beneficial system 

configuration varies from case to case. One option is to configure the Solar District Heating facility, 

with a thermal storage, to operate with a continuous charge of the storage during summer and a 

discharge during a specified time in colder seasons. In this case, the heat load during summer must 

be provided by a cheaper production unit since the produced thermal energy from the FPC is not 

distributed to the network. There might be limitations in the district heating system requirements 

affecting the Solar District Heating facility, for instance regarding the contracted supply temperature. 

If the supply temperature of the storage is not sufficient during colder seasons, there is a need for a 

peak production unit. To maintain a low climate impact and a fairly low production cost, a heat pump 

or a smaller HOB operating on bio-fuels is preferably utilized. The modern heat pumps can be 
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designed to operate with different refrigerants, such as CO2, to provide a supply temperature of 

around 90°C.  

In the district heating network of Stockholm the heat demand during summer is provided via the 

waste burning at the Högdalen CHP and the excess heat from the heat pumps at the Hammarby 

plant. Due to this system set up, the solar collectors are preferably operated with a continuous 

charge of the storage throughout the year with a constant supply temperature. This independently of 

which of the two storage techniques that is chosen. The operation of the HT FPC together with the 

configuration of the different distribution pumps and heat exchangers, has been assumed to cover 

the main parts of the operation of the facility. To utilize the storage, together with a heat pump, 

during the determined discharge period of December to March has been proved to be operationally 

doable.  

The heat demand in the Nacka area is greater than the maximum potential distributed thermal 

energy and thermal output power from any of the system configurations. Thus, no technical 

limitations has been identified in the network. In the quite near future, it is also likely that the Nacka 

area will expand, as described in section 2.4.1. It is likely that this expansion will increase the heat 

demand in the area and thus lead to increasing flow rates in the existing district heating network. The 

supply temperature of the thermal energy distributed to the network from the Solar District Heating 

facility has a set point of 90°C. This supply temperature, however, only meets the requirements of 

the district heating network in Stockholm down to an outdoor temperature of -10°C. But, as 

described in section 3.2, the flow rate in the pipes within the Nacka area near the assumed location 

of the storage increases with the decrease of the outdoor temperature. When the outdoor 

temperature is below -10°C the mass flow in the pipes, together with the supply temperature from 

the nearby production plants, is sufficient to keep the mixing temperature within the required levels.  

As for the cases with a borehole storage, the supply temperature from the HT FPC is assumed to be 

around 68°C which leads to a higher production capacity from the collectors than for the CTES 

systems. The borehole storage has been designed to provide a supply temperature of 65°C to the 

heat pump. Though, due to the requirements of the supply temperature, as described in section 2.4, 

the heat pump is used to raise the temperature to sufficient levels. The heat pump must 

consequently be operated during the entire discharge period from December to March. As seen for 

both Case 1 and Case 2, the total distributed energy to the district heating network for the borehole 

system is higher than for the cavern system due to the utilization of the heat pump. But, the 

operating costs and environmental impact of the borehole systems increases since the electricity 

consumption is greater. This can be seen the tables in section 4.4.2, where the operating costs are 

around three to four times higher for the BTES systems compared to the CTES configurations, in Case 

1 and Case 2. As described in section 4.4.3, it is significantly more environmental beneficial to 

operate the CTES facility than the BTES system. The CTES systems has been configured to be able to 

operate around 40% of the total discharge period without a heat pump. It is thus technically possible 

to implement either configuration of the Solar District Heating facility, with either a BTES or a CTES, 

in Nacka.  

It is more likely that Case 2 or Case 3, with a smaller utilized land area, could be implemented in 

Nacka due to several reasons. Firstly; since Area 1 and Area 2 area separated by around 1.7 km there 

will be a need of major construction work to connect the two areas with a distribution pipe. 
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Secondly; it is more probable that the system would be built in sections and that the initial part 

would consist of Area 1. Thirdly; it is likely that the municipality of Nacka would be hesitant of 

constructing a large production facility covering 12 hectare of land, without receiving any economic 

compensation. 

The most beneficial system configuration of Case 1 and Case 2 has been proven to be the borehole 

system, from an economical point of view. Though, the results from the different economic analyses, 

described in section 4.4.2, shows that the investment in both Case 1 and Case 2 is non-profitable. The 

net present values are for instance only a fraction of the initial investments. The risk of the 

investments are therefore too high and the probability of an installation is low. It is also clear that 

excavating a new rock cavern leads to very high initial investment costs and thus a unprofitable 

investment. In both Case 1 and Case 2 the excavation of the rock cavern corresponds to more than 

84% of the total initial investment cost. The unprofitability is clearly seen in the economic analysis of 

each CTES case, with production costs of around 650 €/MWh, negative net present values and 

payback times of more than 70 years. 

The results of the third case proved to be better than both Case 1 and Case 2. In the third case, the 

HT FPC was assumed to be installed on Area 1 and combined with the existing cavern storage under 

Kvarnholmen. In addition to the basic system configuration, the thermal energy dumped from the 

Högdalen CHP and the heat pumps at the Hammarby HOB was assumed to be stored in the rock 

cavern. Since the supply temperature of the district heating network is around 70°C, the heat 

pumped had to be dimensioned to handle the additional thermal energy as well as the energy in the 

mixing zone. The total operating time of the heat pump was increased from the initial 60% to 80%, to 

assure that the thermal energy could be distributed to the network. This led to much higher 

operating costs, compared to both the BTES and CTES system in Case 2.  

The thermal energy and power output of the third case is comparable to that of Case 2 with a BTES, 

but has the benefit of a lower initial investment cost since the costs for the existing caverns are 

assumed to be zero. The high amount of distributed thermal energy led to a high annual net income, 

corresponding to a payback time of around 7.0 years initially. The environmental impact from the 

production was significantly greater than any of the other system configurations and led to an 

increased climate impact of around 16.3 ton CO2 annually. The increase is a result of the increased 

use of the heat pump, which is essential to raise the supply temperature to the desired level of 90°C. 

A more positive environmental impact, i.e. reduced climate impact and lower primary energy 

utilization, would have been achieved if the Solar District Heating facility could have replaced coal 

fired production in Värtan CHP or the use of heat pumps in Hammarby HOB. Though, as described in 

section 2.4.1 and shown in the continuance diagram in Figure 3, the coal fired production represent 

the cheapest base production in the district heating network. Since the heat pumps in Hammarby are 

connected to the district cooling network, the heat production from the heat pumps cannot be 

decreased without installing a new cooling machine. Therefore, it is not seen as possible to reduce 

the use of other production facilities then the HOB in Orminge with the Solar District Heating facility. 

In section 2.5 the possibilities of subsidies from the EU, especially the 8th framework program Horizon 

2020, was described. Since the new framework program is to be initiated in year 2014, it is 

reasonable to assume that there is a good possibility to achieve a certain percentage of the total 

initial investment as subsidies. The total percentage is uncertain though and the assumption has 
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therefore been included in the sensitivity analysis of each case and system configuration. In the initial 

sensitivity analysis of all cases, subsidies of 30% was therefore included. To be able to compare the 

results from the BTES and the CTES systems, the existing caverns under the peninsula of 

Kvarnholmen was used. The results showed that the profitability was improved in all cases and that 

the payback time drop below 10 years. Though, for the cavern systems in Case 1 and Case 2 the 

reduction of the total investment costs with 30% was not sufficient to reach profitability from the 

requirements set up by AB Fortum Värme.  

The results from the first sensitivity analysis of Case 3, presented in section 4.4.4, showed that the 

system is profitable if subsidies of 30% is achieved. The total investment costs was reduced to 2.4 

million € and with an annual net income of almost 0.50 million €, the payback time was less than 5 

years. The IRR was increased to almost 15.0% and the net present value was just 0.40 million € less 

than the initial investment cost, after 25 years of operation. Consequently, the investment in a SDH 

facility is profitable if the additional dumped heat from Högdalen CHP and Hammarby HOB can be 

stored during summer and used together with the produced solar heat during winter in already 

existing rock caverns. Though, it is uncertain if the caverns under Kvarnholmen could be used as a 

thermal storage and if the consortium Kvarnholmen Utveckling AB would provide the caverns for this 

purpose for free. Since the sanitation process has been ongoing during several years, it is likely that 

Kvarnholmen Utveckling AB demand some economic compensation. Though, these questions lies off 

the scope of this study since the outcome would be determined by business discussions between AB 

Fortum Värme and Kvarnholmen Utveckling AB. 

The second sensitivity analysis consisted of the assumptions of received subsidies of 30%, utilization 

of the existing rock caverns in the area and increased revenues by 30%. The assumption of increased 

revenues is seen as reasonable and could originate from an implementation of new business and 

price models within AB Fortum Värme. If the Solar District Heating facility were to be built, the 

produced thermal energy could for instance be labeled and sold as green district heating at a higher 

rate. This could be configured as the Electricity Certificate system that exists in the electricity market. 

In the system a producer of electricity from renewable energy sources receives a bonus per produced 

MWh of electricity. The Electricity Certificate system is a governmental subsidy and to implement a 

new certificate system for green district heating would be an extensive process. But, by utilizing the 

same bonus system setup the produced thermal energy from the SDH facility could be sold at a 

higher rate and the revenue would increase. 

The results from the second sensitivity analysis, presented in Table 17 in section 4.4.4, indicated that 

almost all systems would be profitable. The increased revenues leads to lowered payback times, from 

around 6.5 years down to less than 4 years. The third case proved to be the most beneficial with a 

NPV higher than the initial investment, a payback time of less than 4 years and with an IRR of almost 

19.0%.  

The preformed sensitivity analyses can though be seen as fairly improbable, since they are depending 

on quite uncertain variables. There is no guarantee that subsidies could be given from the EU, that 

the existing rock caverns under Kvarnholmen will be available for free and that there are customers 

willing to pay more for the district heating. Though, it was considered interesting to investigate these 

factors due to how the results was affected. There are also other variables that would have an effect 

on the economic profitability, such as decreased investment costs of boreholes and solar collectors. 
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The result that the change of those variables would lead to are presented in the corresponding 

Appendices to each case in section 9.5 to section 9.9. 

6 Conclusions 
The first conclusion that can be drawn is that it is technically viable to implement a Solar District 

Heating facility within the City/South network in Stockholm. The produced thermal energy from the 

solar collectors is preferably stored and distributed during December to March and will thus replace 

some of the production at the HOB in Orminge.  

The distributed energy from the system configurations in the three cases would represent less than 

10% (minimum 1.2% and maximum 9.4%) of the total annual heat demand in Nacka. This, in 

combination with the mass flow in the existing distribution pipes in Nacka, does not imply any 

technical limitations in the network. 

The environmental impact of production is highest for Case 3, since the heat pump is operated 

during a long time period and at a high electrical power. In Case 1 and Case 2, the operation of the 

borehole systems leads to a higher environmental impact than the CTES systems, this when 

compared to production at the Orminge HOB. Operation of the borehole system also leads to an 

increase of the primary energy utilization. 

The economic results, presented in section 4.4.2, clearly shows that it is more feasible to invest in a 

Solar District Heating facility with a borehole storage than with a cavern storage. This especially if a 

new rock cavern needs to be excavated, due to the major initial investment cost, and if the existing 

caverns under Kvarnholmen is unavailable. But it has also been proven that the borehole systems are 

more economic feasible in Case 1 and Case 2, even if the existing caverns under the peninsula of 

Kvarnholmen would be utilized. Though, none of the three cases can be seen as profitable, from the 

requirements set up by AB Fortum Värme, without any given subsidies or other reduction of initial 

costs.  

The alterations of the two sensitivity analyses, with given subsidies and increased revenues, is seen 

as plausible conditions. The subsidies could be given from the 8th Framework program within the EU 

and the revenues could be increased by implementing new business models. The analyses showed 

that the most economically viable system is Case 3, which utilizes the dumped heat from Högdalen 

CHP and Hammarby HOB in the existing caverns under the Kvarnholmen peninsula. 

7 Future study recommendations 
One of the parts that was off the scope of this thesis project was to investigate if the Solar District 

Heating facility could be combined with low energy buildings, which require a lower supply 

temperature. In that case, the supply temperature from both the solar collectors, and consequently 

the storage, could be lowered leading to a higher thermal energy output. In such as study, it would 

be interesting to investigate if it is beneficial to have smaller decentralized storages placed near the 

buildings instead of a larger centralized storage. Such a study could be relevant due to the planned 

expansion in the Nacka area in the coming years. 
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The third case of this study could be complemented by analyzing if the rock caverns under 

Kvarnholmen could also be utilized as a short term storage, i.e. a large accumulator, to even out the 

daily variations of the demand. It could be proven that the further use of the rock caverns for this 

purpose would lead to significant system benefits with the results of a further decreased use of the 

peak production plant in Orminge. 

This final thesis study could preferably be complemented with a deeper study on what different 

business models that could be applied to the system configuration in order to increase the possible 

revenue. It would be interesting to develop business models similar to those utilized within the 

electricity market, i.e. the Electricity Certificate system. It would also be interesting to investigate 

whether there are potential customers that would accept a higher rate, if the thermal energy was 

derived from the sun. In such an analysis, other soft values such as PR-benefits would also be 

interesting to examine. 

It would also be interesting to broaden the scope of this study by including a cooling production unit 

in the form of an absorption or adsorption cooling machine, connected to the solar collectors. In such 

a configuration the solar collectors could be used to operate the cooling machine during summer and 

together with a seasonal storage during winter. This increased utilization of the facility could lead to 

increased revenues and it would be interesting to determine the profitability of such a facility. The 

focus of that broaden study could be to determine the most optimal technical configuration and 

optimal operation of the combined heat and cooling production unit. 

The environmental impact from the three cases could be complemented by including the carbon 

dioxide backpacks, i.e. the emissions during manufacturing and transportation, of the different 

components in the systems. In this study, only the environmental impact from utilization of the 

different components was included. It would also be interesting to examine the impact that a Solar 

District Heating facility, with a seasonal storage, would have on soil and ground water in the area. 

The thermal losses from the storages could also be calculated more exactly by using known physical 

equations rather than the assumed percentage losses, which was used in this study. To achieve a 

more accurate result, a dynamic model of the solar collectors, storage losses and the distributed 

energy could preferably be set up.  

Finally, more precise data on specific costs for the different components could be added to the 

economic calculations. One aspect that has not been included in this study is the exact devaluation of 

the different components. The thermal storage, for instance, is due to have a substantially longer 

devaluation than the distribution pumps which could have an significant effect on the profitability.  
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9 Appendices 

9.1 Appendix 1 - ScenoCalc equation 
The following equation and the description of the variables and parameters is taken from the 

description of the ScenoCalc program, written by SP (2013). The program is transparent and it is 

possible for the user to withdraw and review data from the different calculation steps. ScenoCalc 

utilizes the fully dynamic extended collector model derived from EN12975 to calculate the thermal 

power output per m2 of aperture area. The different variables and parameters in the equation is 

displayed below. The ScenoCalc program is though not constructed for complete system 

configurations of large solar collector installations. In the program the assumption has been made 

that there is a constant load during operation and that the mean fluid temperature is constant in the 

solar collectors during operation. (SP, 2013) 
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Equation 10. The extended collector model used in the ScenoCalc program 

Variables in the equation:  

GbT = beam solar radiation in the collector plane [W/m2]  

GdT = diffuse solar radiation in the collector plane [W/m2]  

GT = total (beam + diffuse) solar radiation in the collector plane [W/m2]  

θsunNS, θsunEW = Incidence angles for beam radiation projected onto the north-south and east-west 

planes. [Degrees]  

w10 = wind speed at 10 m above ground level [m/s]  

tm = 0.5·(tin + tout) = mean fluid temp. between inlet and outlet of the collector [°C]  

E L = long wave or thermal radiation (incident from sky + ambient) in the collector plane [W/m2]  

Ta = ambient temperature close to the collector (in the shade) [K]  

ta = ambient temperature close to the collector (in the shade) [°C]  

τ = time step in measurements and simulation. [s] 

Parameters in the equation:  

F´(τα)en = zero loss efficiency of the collector, at normal incidence [−]  

Kθb(θsun NS,θsunEW) = incidence angle modifier for beam solar radiation. [−]  

Kθb varies with incidence angle θi, (when a simple one direction b0 function is used) or with θsunNS and 

θsunEW (when user defined incidence angle modifier constants are used). Kθb_EW or Kθb_NS are then 

calculated  

Kθd = incidence angle modifier for diffuse solar radiation [−] 

c1 = heat loss coefficient at (tm - ta) = 0, c1 is equal to a1 [W/(m2 K)]  

c2 = temperature dependence in the heat loss coefficient equal to a2 [W/(m2 K2)]  

c3 = wind speed dependence of the heat losses equal to F´Uwind [J/(m3 K)]  

c4 = long wave irradiance dependence of the heat losses, equal to F´ε [−]  

c5 = effective thermal capacitance, equal to (mC)e [J/(m2 K)]  

c6 = wind dependence of the collector zero loss efficiency [s/m]  
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9.2 Appendix 2 - Technical specifications for Arcon Solar A/S FPC HT-SA 

28/10 
Table 18. Technical specifications for Arcon Solar A/S HT-SA 28-10 FPC 

High Temperature Flat Plate Solar Collector 

Manufacturer Arcon Solar A/S 

Model HT-SA 28/10 

External dimensions (BxHxT) 2.27 x 5.96 x 0.14 m 

Aperture area 12.52 m2 

Gross area 13.57 m2 

Weight, excl. Fluid 250 kg 

Fluid content 9.3 litre 

Optical efficiency 0.804 

Efficiency coefficient α1 2.564 W/m2K 

Efficiency coefficient α2 0.005 W/m2K2 

Effective thermal capacity, ceff 6.88 kJ/m2K 

Absorber type Selective - Alanod 

Absorber material Copper/aluminum 

Coating Mirotherm (α>0.95, ε<0.05) 

Outer layer Antireflex treated glass + ETFE foil 

Thickness of outer layer 3.2 + 0.025 mm 

Back side insulation 75 mm mineral wool 

Side insulation 30 mm mineral wool 

Max. working pressure 10 bar 

Maximum flow 3.3 m3/h 

(Arcon Solar A/S, 2013a) 
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9.3 Appendix 3 - Cost estimations for heat exchangers 
Table 19. Cost estimations for heat exchangers (Energishop, 2013) 

Power (kW) Cost - actual values (SEK) Investment cost (€) Investment cost (€/kW) 

22 585 68 3.07 

44 941 109 2.47 

66 1116 129 1.95 

90 1215 140 1.56 

125 1305 151 1.21 

130 1341 155 1.19 

165 1449 167 1.01 

210 1701 196 0.94 

230 2640 305 1.33 

285 3490 403 1.41 

330 3490 403 1.22 

440 4390 507 1.15 

550 5550 641 1.16 

660 6250 722 1.09 

700 
 

747 1.07 

800 
 

818 1.02 

900 
 

880 0.98 

1000 
 

931 0.93 

1100 
 

972 0.88 

1200 
 

1004 0.84 

1300 
 

1025 0.79 

1400 
 

1036 0.74 

 

The red values are estimations originated from a second degree polynomial curve, made from the 

actual values. As seen in Figure 30, the curve stagnates at an investment cost of around 1040 € for a 

heat exchanger of 1 400 kW, which is 0.74 €/kW of thermal power. 

 

Figure 30. Cost estimation for heat exchangers 
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9.4 Appendix 4 - Sensitivity analysis variables 
The following variable changes was included in the sensitivity analysis for each case. 

 Reduced investment cost for the solar collectors with 50% 

 A combination of reduced investment cost for solar collectors with 50% and provided 

investment subsidies of 30% 

 Reduced investment cost for the storage by 30% (both for BTES and CTES) 

 Utilization of the existing caverns in the Nacka area (solely for the parts 

where CTES are used) 

 Investment subsidies of 30% 

 Increased revenue with 50% 

 A combination of provided investment subsidies of 30% and increased revenue with 30% 

 A combination of utilization of the existing caverns in the Nacka area and 

provided subsidies of 30% and increased revenues with 30% (solely for the 

parts where CTES are used) 
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9.5 Appendix 5 - System configuration for Case 1, part 1 - BTES 

9.5.1 System components and operation 

The annual production for Case 1 with a BTES of 20 569 MWh is distributed over the months 

according to Figure 31 below and the total operating time is 2 143 hours, around 25% of the year.  

 

Figure 31. Solar production in Case 1 with BTES 

The total system configuration consists of 2 995 solar collectors, distributed with 749 pcs within Solar 

field 1 (Area 1) and 2 246 pcs within Solar field 2 (Area 2). The Solar field 1 is located around 100 m 

from the storage and the distance from Solar field 2 to the storage is 1 650 m. As described in the 

previous section, the supply temperature for the solar collectors is set to 68°C when combined with a 

BTES and the return temperature is set to 42°C. The annual production from the 2 995 FPC is 20 569 

MWh, from which Solar field 1 represent 5 144 MWh and 15 425 MWh is distributed from Solar field 

2. The total maximum thermal power from the solar collectors is 29.9 MWth, from which 7.5 MWth is 

distributed from Solar field 1 and 22.4 MWth is from Solar field 2. This energy volume corresponds to 

a water & propylene glycol liquid volume of 616 000 m3, with a highest temperature of 65°C and a 

lowest of 40°C. 

Due to the limitations of flow velocities and the heat flow rates in pipes a DN3002 is sufficient for 

Solar field 1 and a DN450 must be used for Solar field 2.  

The heat exchangers 2 & 3 have been dimensioned to handle the peak production from the solar 

fields and it has been assumed that the temperature loss is 3°C in each heat exchanger. The pressure 

loss in each of the heat exchangers is 0.5 bar, meaning a head of 5 m. The parameters of the two 

heat exchangers can be seen in the Appendix in section 9.4. 

The pumps 3 & 5 are return pumps, pumping the water & propylene glycol mixture, with a supply 

temperature of 68°C, from the Solar fields to the heat exchangers 2 & 3. The pressure loss over all 

solar collector modules in Solar field 1 is 6.7 bar and 13.5 bar for Solar field 2. The distance from Solar 

field 1 to the storage is much shorter than the distance from Solar field 2 to the storage. Pump 

number 4 & 6 are also located on the return side and pumps the water & propylene glycol mixture 

from heat exchanger 2 & 3 to the boreholes in the storage. The pressure loss in each borehole was 

calculated to 0.17 bar with the data sheet from Everhot Inc. (2013). This together with the pressure 

loss of 0.5 bar over the heat exchangers give the total pressure drop for pump 4 & 6. Distribution 

pump 2 must be dimensioned to manage the pressure loss in the distribution pipe to the network, 

                                                           
2
 The notation "DN" correspond to the specific dimension of the pipe. 
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which is approximately 800 m. Distribution pump 2 must also raise the pressure an extra 5.5 bar, 

which is the average pressure at the pump station in Nacka (see section2.4), to be able to distribute 

the energy from the storage to the network. The characteristics of distribution pump 1, 2, 3, 4, 5 & 6 

are given in Table 20. 

Table 20. Case 1 - BTES; Parameters for distribution pumps 1, 2, 3, 4, 5 & 6 

Pump nr;  Pump 1 Pump 2 Pump 3 Pump 4 Pump 5 Pump 6 

 Pump direction  Supply Supply Return Return Return Return 

 Pressure drop (bar)  0.5 6.8 7.3 0.7 15.6 0.7 

 Lift head (m)  5.2 69.4 75.0 6.8 159.4 6.8 

 Max. flow (m3/h)  212.0 207.3 286.5 286.5 859.6 859.6 

 Hydraulic power (kW)  3.1 38.4 61.4 5.6 392.0 16.7 

 Shaft power (kW)  3.7 45.2 72.2 6.6 461.2 19.7 

 

The characteristics for heat exchanger 1, 2 & 3 are presented in Table 21below. 

Table 21. Case 1 - BTES; Characteristics for heat exchanger 2 & 3 

Heat exchanger nr Heat exchanger 1 Heat exchanger 2 Heat exchanger 3 

Inlet temp. - side 1 (°C) 65 68 68 

Outlet temp. - side 1 (°C) 40 42 42 

Inlet temp. - side 2 (°C) 42 40 40 

Outlet temp. - side 2 (°C) 62 65 65 

Max. flow (m3/h) 212.0 286.5 859.6 

Max. power (MWth) 5.3 7.5 22.4 

Thermal efficiency  80.0% 96.2% 96.2% 

 

The technical parameters of the heat pump is given in Table 22 below. 

Table 22. Case 1 - BTES; Technical specifications for the heat pump 

Data Heat pump 

Operation time (hours) 2 904 

Supply temperature (°C) 90 

Heat source temperatute (°C) 62 

Evaporation temperature (°C) 40 

Flow rate (m3/h) 212.0 

Added thermal energy (MWh) 17 521 

Thermal power (MW) 6.0 

Efficiency 65% 

COP 4.72 

Electrical power need (kW) 1 278 

Electrical energy used (MWh) 3 711 
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The thermal power output from the heat pump is 6.0 MW and this combined with the thermal 

output from the borehole storage leads to a total thermal power output of 11.3 MW, with a flow of 

207.3.0 m3/h. The electricity utilization and the electricity losses in the distribution pumps and in the 

heat pump during operation, can be seen in Table 23 below.  

Table 23. Case 1 - BTES; Electricity utilization and losses from distribution pumps and heat pump, during a normal year 

Radetiketter 
Electricity usage - 
heat pump(MWh) 

Electrical loss - heat 
pump (MWh) 

Electric usage - 
pumping (MWh) 

Electrical loss - 
pumping (MWh) 

 January  951 333 132 39 

 February  859 301 123 37 

 March  951 333 147 44 

 April  - - 24 7 

 May  - - 32 10 

 June  - - 34 10 

 July  - - 33 10 

 August  - - 30 9 

 September  - - 20 6 

 October  - - 9 3 

 November  - - 2 1 

 December  951 333 130 39 

 Total  3 711 MWh 1 299 MWh 715 MWh 215 MWh 

 

The total costs for the distribution pumps and for the heat pump can be seen in Table 24 below. 

Table 24. Case 1 - BTES; Annual operating costs for distribution pumps and for the heat pump 

Month  
Operating costs - 

pumping (€) 
Operating cost - 
heat pump (€) 

 January  2 644 60 372 

 February  2 792 54 530 

 March  4 168 60 372 

 April  2 379 - 

 May  3 221 - 

 June  3 386 - 

 July  3 272 - 

 August  2 981 - 

 September  2 026 - 

 October  865 - 

 November  236 - 

 December  2 499 60 372 

Total 30 469 € 235 646 € 
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9.5.2 Production revenue and costs 

The revenue from the sold heat from the solar thermal production facility in Case 1, with a borehole 

storage, is calculated by utilizing the two price models within AB Fortum Värme. The operating costs 

originates from the cost of running the distribution pumps and from running the heat pump. The 

distribution pumps 1, 2, 3 & 4 is operating when there is active production from the solar collectors, 

which is 2 143 hours. The distribution pump 1 & 2 and the heat pump is only operating when the 

storage is discharged, the 2 904 hours during December to March. Distribution pump 1 & 2 has much 

higher operating costs during the discharge period than the other distribution pumps. This is due to a 

low solar production during these months and a lower operating flow for the solar distribution 

pumps. It can also be seen that the pumping connected to the Solar field 2 is higher than for the 

Solar field 1. The revenue, the total cost and the net income per month can be seen in Table 25. 

Table 25. Case 1 - BTES; Annual costs, revenue and net income per month during a normal year 

Month  Total costs (€) Revenue (€) Net income (€) 

 January  63 016 516 413 453 397 

 February  57 322 487 183 429 861 

 March  64 540 457 673 393 133 

 April  2 379 - -2 379 

 May  3 221 - -3 221 

 June  3 386 - -3 386 

 July  3 272 - -3 272 

 August  2 981 - -2 981 

 September  2 026 - -2 026 

 October  865 - -865 

 November  236 - -236 

 December  62 871 496 863 433 992 

Total 266 115 € 1 958 132 € 1 692 017 € 

 

During a normal year, with a total thermal energy distribution of 32 947 MWh, the annual net 

income is 1 692 017 €. The investment costs for each different component is given in Table 26.  

Table 26. Case 1 - BTES; Investment costs for the system components 

Equipment Cost (€) 

Solar collectors 9 074 371 

Drilling BTES 6 843 606 

Heat pump 973 745 

Distribution pumps 84 647 

Heat exchanger cost 26 037 

Piping to BTES 115 445 

Piping between fields 1 904 850 

Piping to district heating network 923 564 

Sum investment costs 19 946 265 € 

The total investment cost for Case 1 with a BTES of 1 371 250 m3 is 19.9 million €. 
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9.5.3 Operating life cycle, economic feasibility  

The above presented operational data is regarding a normal year, during which the losses from the 

storage has stabilized to 25% annually and no extra investments is needed. Though, to achieve a 

more accurate result of both technical and economic feasibility, the whole life cycle of the system 

must be taken into consideration. 

According to Figure 11, the initial losses is assumed to decrease linearly from 90% to 25% during a six 

year period. During this six year period, there still is production corresponding to costs, revenue and 

a net income. The linear decrease in thermal losses from the storage has been used to estimate the 

total available energy in storage during the year. This available energy has been utilized to calculate 

the number of hours the storage can be operated with the same thermal output power as for a 

normal year, 11.3 MW. From this, the total distributed energy to the district heating network has 

been calculated. The operational parameters can be seen in Table 27 below. 

Table 27. Case 1 - BTES: Operating parameters during the initial years 

Year 
Losses 

(%) 
Available energy in 

storage (MWh) 
Operating 
time (h) 

Distributed energy 
(MWh) 

1 90% 2 057 387 4 402 

2 77% 4 731 891 10 109 

3 64% 7 405 1 394 15 816 

4 51% 10 079 1 897 21 534 

5 38% 12 753 2 401 27 240 

6 25% 15 427 2 904 32 947 

 

The first year during which the thermal losses has stabilized to 25%, is the sixth year. The operating 

costs, revenue and annual net income for the initial years, including an annual inflation of 2%, is 

shown in Table 28 below.  

Table 28. Case 1 - BTES: Costs, revenue and net income during the initial years of operation 

Year Cost (€) Revenue (€) Net income (€) 

1 53 740 249 765 196 025 

2 100 085 617 314 517 229 

3 147 143 1 026 115 878 972 

4 196 136 1 461 026 1 264 890 

5 246 936 1 878 867 1 631 931 

6 299 689 2 205 175 1 905 486 

 

The annual net income during year 6 is higher than the annual net income given in Table 25 above, 

due to an annual inflation of 2%. The distribution pumps 3, 4, 5 & 6 connected to the solar fields are 

operated continuously throughout the years, to distribute the solar heat to the storage. These four 

distribution pumps operate with a variable flow. The two distribution pumps 1 & 2 are running when 

the storage is discharged, which increases from the first year to the sixth according to Table 27 

above. After the first six years of operation, the total net income is 6.4 million €. The economic 

feasibility of the system was determined by the economic feasibility methods NPV, IRR, LCOE and 



 

65 
 

payback time. The total re-investment on the 20th year is 1.6 million €, including the annual inflation 

of 2%, and the O&M costs are 247 366 € (each fifth year). The O&M cost is also affected by the 

annual inflation off 2%. The results from the economic methods, including re-investments and 

operation & maintenance costs, is displayed in Table 29. 

Table 29. Case 1 - BTES: Economic analysis 

Economic method Value after 25 years 

LCOE (€/MWh) 98.7 

IRR (%) 9.6% 

NPV (€) 5 706 384 

Payback (years) 10.5 

 

Table 29 shows that the operating cost is 98.7 €/MWh. It can also be seen that the net present value 

of the system is 5.7 million €, compared to the total investment which was around 19.9 million €. The 

payback time of 10.5 years is calculated with the average revenue and cost during the 25 years of 

operation and thus includes re-investments and operating & maintenance costs, seen in Table 30 

below. The internal rate of return was calculated to 9.6 %. 

Table 30. Case 1 - BTES: Average revenue, cost and net income during the 25 years of operation 

Data Value 

Average revenue (€) 2 352 522 

Average cost (€) 452 723 

Average net income 1 899 799 € 

 

The average annual net income, during the 25 years of operation, is around 1.9 million €. 

9.5.4 Environmental impact from production 

The environmental impact from production is determined by the climate impact and the energy 

efficiency, as described in section 2.6. The total impact from the Solar District Heating facility and the 

HOB in Orminge is seen in the Table 31 below. 

Table 31. Case 1 - BTES: Environmental impact from energy production 

Component 
Climate impact 

(kg CO2) 
Primary energy 

(MWh) 

Operation of solar collectors 16 661 4 525 

Heat pump operation 371 126 5 567 

Distr. pump operation 47 986 720 

Total impact from SDH 435 773 10 812 

Operation of HOB in Orminge 435 374 2 142 

Net values 399 kg CO2 8 670 MWh 

 

As seen in the table, both the climate impact and the primary energy utilization increases for the 

Solar District Heating facility compared to the HOB in Orminge. The table also shows that the highest 
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impact is achieved from the utilization of the heat pump and the distribution pumps, for the SDH 

facility.  

9.5.5 Sensitivity analysis 

As described in section 3.3, a sensitivity analysis has been performed in order to determine which 

parameters that has the greatest effect on the economic feasibility. For Case 1 with a borehole 

storage, the impact to the economic viability by including subsidies of 30% was analyzed initially. The 

total investment was consequently 14.0 million € instead of the initial 19.9 million €. The results from 

the sensitivity analysis with reduced solar collector costs and given subsidies, is given in Table 32. 

Table 32. Case 1 - BTES: Sensitivity analysis 2 - Received subsidies of 30% of the total investment cost 

Economic method Value after 25 years 

LCOE (€/MWh) 73.0 

IRR (%) 13.4% 

NPV (€) 6 945 873 

Payback (years) 7.3 

 

The results in Table 32 show that the Levelized cost of energy is reduced to 73.0 €/MWh, which is 

about 14 €/MWh higher than the production cost at the HOB in Orminge. The IRR is increased to 

13.4% and the NPV is increased to around 6.9 million €. The changed parameters reduce the payback 

time to 7.3 years from the initial 10.5 years. 

In the second analysis, the revenue was increased by 30% as well as receiving 30% of the total 

investment costs as subsidies, from the European 8th Framework Programme. The total investment 

cost, with the included reduction, is 13.9 million € and the annual average net income, over the 25 

years of operation, increases to 2.6 million €. The results from the reduction of the total investment 

costs and increased revenue is presented in Table 33. 

Table 33. Case 1 - BTES: Sensitivity analysis 1 - Increased revenue by 30% and received subsidies of 30% of the total 
investment cost 

Economic method Value after 25 years 

LCOE (€/MWh) 73.0 

IRR (%) 16.2% 

NPV (€) 10 600 598 

Payback (years) 5.4 

 

It can be seen that the cost of production is reduced by around 26 €/MWh, that the internal rate of 

return is increased with around 6 percentage points from the initial 9.6% and that the net present 

value is increased to around 10.6 million €. This when compared to the initial conditions. The total 

payback time, calculated from the average net income over the 25 years of operation, is decreased 

from 10.5 years to 5.4 years. The other results from the different parameter alterations, for the 

sensitivity analysis of Case 1 with a BTES, is found in the table below. 
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Table 34. Case 1 - BTES: Results from the sensitivity analyses 

ECONOMIC ANALYSIS 

Initial conditions SOLAR COLL. DECREASE 50% 

LCOE 25 98.7  €/MWh LCOE 25 79.2  €/MWh 

LCOE 30 95.3  €/MWh LCOE 30 76.6  €/MWh 

IRR 25 9.6%   IRR 25 12.3%   

IRR 30 10.7%   IRR 30 13.1%   

NPV 25 5 706 384  € NPV 25 6 646 207  € 

NPV 30 6 324 964  € NPV 30 7 010 923  € 

Payback 10.5 years Payback 8.1 years 

BTES PRICE DECREASE -50%  SOLAR COLL. DECREASE 50% & 30% SUBSIDIES 

LCOE 25 84.0  €/MWh LCOE 25 59.4  €/MWh 

LCOE 30 81.2  €/MWh LCOE 30 57.6  €/MWh 

IRR 25 11.5%   IRR 25 16.5%   

IRR 30 12.4%   IRR 30 17.0%   

NPV 25 6 415 169  € NPV 25 7 603 749  € 

NPV 30 6 842 293  € NPV 30 7 709 814  € 

Payback 8.7 years Payback 5.7 years 

BTES DEC. 50% & 30% SUBSIDIES REVENUE INCREASE 30% 

LCOE 25 62.7  €/MWh LCOE 25 98.7  €/MWh 

LCOE 30 60.8  €/MWh LCOE 30 95.3  €/MWh 

IRR 25 15.6%   IRR 25 12.0%   

IRR 30 16.2%   IRR 30 12.8%   

NPV 25 7 442 023  € NPV 25 9 361 109  € 

NPV 30 7 591 773  € NPV 30 9 765 906  € 

Payback 6.1 years Payback 7.7 years 

SUBSIDIES - 30% OF TOT INVESTMENT REVENUE INCREASE 30% & 30% SUBSIDIES  

LCOE 25 73.0  €/MWh LCOE 25 73.0 
 
€/MWh 

LCOE 30 70.7  €/MWh LCOE 30 70.7 
 
€/MWh 

IRR 25 13.36%   IRR 25 16.2%   

IRR 30 14.07%   IRR 30 16.7%   

NPV 25 6 945 873  € NPV 25 10 600 598  € 

NPV 30 7 229 643  € NPV 30 10 670 585  € 

Payback 7.3 years Payback 5.4 years 
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9.6 Appendix 6 - System configuration for Case 1 - CTES 

9.6.1 System components and operation 

The characteristics for the distribution pumps are given in Table 35. 

Table 35. Case 1 - CTES; Dimensioning parameters for distribution pumps 3, 4, 5 & 6 

Pump nr; Pump 1 Pump 2 Pump 3 Pump 4 Pump 5 Pump 6 

Pump direction Supply Supply Return Return Return Return 

Pressure drop (bar) 7.9 6.8 5.1 7.9 11.1 7.9 

Lift head (m) 80.1 69.4 51.7 80.1 113.6 80.1 

Max. flow (m3/h) 92.7 102.3 130.6 130.6 391.9 391.9 

Hydraulic power (kW) 19.8 19.0 18.9 27.9 118.8 83.8 

Shaft power (kW) 23.3 22.3 22.3 32.9 139.8 98.6 

 

In the CTES case, the distribution pumps 3 & 5 are dimensioned to provide a sufficient lift head for 

the pressure losses in the solar collectors (4.5 bar respectively 9.0 bar), the pressure losses in the 

distribution pipes from the Solar fields to the storage (0.1 bar and 1.7 bar) and the pressure drop of 

0.5 bar in each of heat exchanger 2 & 3. The distribution pumps 4 & 6 are dimensioned to provide 

enough head to lift the water 75 meter (45 meters of storage depth and additionally 30 meters from 

the top of the storage to the surface) and additionally 0.5 bar due to the pressure drop in heat 

exchanger 2 & 3. Since the storage is operated during the same time period in all cases, the thermal 

output power to the heat exchanger 1 is 5.6 MWth with a flow of 92.7 m3/h. The heat exchanger 1, 2 

& 3 have the following characteristics, seen in Table 36. 

Table 36. Case 1 - CTES; Characteristics for heat exchanger 2 & 3 

Heat exchanger nr Heat exchanger 1 Heat exchanger 2 Heat exchanger 3 

Inlet temp. - side 1 (°C) 93 96 96 

Outlet temp. - side 1 (°C) 40 42 42 

Inlet temp. - side 2 (°C) 42 40 40 

Outlet temp. - side 2 (°C) 90 93 93 

Max. flow (m3/h) 92.7 130.6 391.9 

Max. power (MWth) 5.3 7.2 21.5 

Thermal efficiency  94% 94% 94% 

 

 

 

 

 

 

 



 

69 
 

The heat pump in Case 1 with a CTES has the following parameters, given in Table 37. 

Table 37. Case 1 - CTES: Technical specifications for the heat pump 

Data Heat pump 

Operation time (hours) 1742 

Condensation temperature (°C) 93 

Heat source temperatute (°C) 70 

Evaporation temperature (°C) 40 

Flow rate (m3/h) 29.2 

Added thermal energy (MWh) 2 440 

Thermal power (MW) 1.4 

Efficiency 65% 

COP 4.5 

Electrical power need (MW) 0.31 

Electrical energy used (MWh) 543 

During operation of the distribution pumps and the heat pump there are some electrical losses, 

which is displayed in Table 38. 

Table 38. Case 1 - CTES; Electricity utilization and losses from distribution pumps and heat pump, during a normal year 

Month 
Electricity usage - 
Heat pump(MWh) 

Electricity losses - 
Heat pump (MWh) 

Electricity usage - 
Pumping (MWh) 

Electricity losses - 
Pumping (MWh) 

January 102 36 40 6 

February 210 73 41 6 

March 232 81 54 8 

April - - 26 4 

May - - 34 5 

June - - 34 5 

July - - 35 5 

August - - 31 5 

September - - 22 3 

October - - 11 2 

November - - 4 1 

December - - 38 6 

Total 543 MWh 190 MWh 368 MWh 55 MWh 
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In Table 39 below, the specific operating costs for the heat pump and the distribution pumps are 

given. 

Table 39. Case 1 - CTES; Annual operating costs for distribution pumps and for the heat pump 

Month 
Operating costs - 

Heat pump (€) 
Operating costs - 

Pumping (€) 

January 6 455 3 947 

February 13 307 3 767 

March 14 733 4 402 

April - 980 

May - 1 293 

June - 1 245 

July - 1 308 

August - 1 168 

September - 851 

October - 437 

November - 165 

December - 3 842 

Total 34 495 € 23 405 € 

It can be seen in the table that the heat pump is only operational during January to March.  

9.6.2 Production revenue and costs 

The production cost, revenue and net income for Case 1 with a CTES has been calculated in by using 

the same price models as for the BTES system described in section 3.3. The operating costs of the 

distribution pumps, seen in Table 39 below, is about 50% lower than for the CTES case. This is due to 

the reduced energy production from the solar collectors, that different liquids are being pumped. 

The total costs, revenue and net income over the months during a normal year is seen in Table 40 

below.  

Table 40. Case 1 - CTES; Annual costs, revenue and net income per month during a normal year 

Month Total operating costs (€) Revenue (€) Net income (€) 

January 8 981 254 976 245 995 

February 15 898 240 544 224 646 

March 18 137 225 973 207 857 

April 1 629 - -1 629 

May 2 177 - -2 177 

June 2 178 - -2 178 

July 2 204 - -2 204 

August 1 990 - -1 990 

September 1 405 - -1 405 

October 668 - -668 

November 226 - -226 

December 2 383 245 323 242 941 

Total 57 876 € 966 816 € 908 960 € 
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It can be seen in Table 40 that the operation costs are much higher during January to March, this is 

due to the heat pump being operational during that time. The operating costs during the remaining 

months are represented by the distribution pumps. The total net income during one year of 

operation is 908 960 €, with total costs of 57 876 € for the distribution pumps and the heat pump. 

The investment cost for each component in the CTES system configuration is seen in Table 41. 

Table 41. Case 1 - CTES; Investment costs for the system components 

Component Investment cost (€) 

Solar collectors  9 074 371 

Excavating CTES  61 467 556 

Heat pump  236 400 

Distribution Pumps 36 951 

Heat exchanger  25 372 

Piping to CTES  80 812 

Piping between fields 1 904 850 

Piping to district heating-net 923 564 

Sum costs 73 749 876 € 

 

The investment cost for the Solar District Heating facility with a CTES in Case 1 is 73.7 million €, from 

which the CTES represent 83.4%. 

9.6.3 Operating life cycle, economic feasibility  

As described in Figure 11, the initial losses from the storage of 90% decreases to 10% after six years 

of operation. As was done for Case 1 with BTES, the annual available energy, the number of 

operational hours and the annual energy volume that could be distributed was calculated. The 

results are shown in Table 42. 

Table 42. Case 1 - CTES: Operating parameters during the initial years 

Year 
Losses 

(%) 
Available energy 

(MWh) 
Operation time 

(h) 
Distributed energy 

(MWh) 

1 90% 1 807 323 1 809 

2 74% 4 699 839 4 700 

3 58% 7 591 1 355 7 596 

4 42% 10 483 1 871 10 486 

5 26% 13 375 2 388 13 377 

6 10% 16 268 2 904 16 267 

 

During the initial six years, 54 236 MWh has been distributed from the storage. During normal 

operation, 97 605 MWh would have been distributed from the storage over six years and 

consequently 44.4% has been lost due to the initial high thermal losses. The operation during the 

initial six years is graphically shown in Figure 32 below. 



 

72 
 

 

Figure 32. Case 1 - CTES: Energy input to the storage and distributed energy to the district heating-net during the initial 
six years 

As shown in both Table 42 above, the initial production is quite low during the initial years. In Table 

43 below, the annual revenue, costs and net income of the initial six years is displayed. 

Table 43. Case 1 - CTES: Costs, revenue and net income during the initial years of operation 

Year Revenue (€) Cost (€) Net income (€) 

1 112 371 15 516 96 855 

2 283 706 17 779 265 926 

3 499 114 23 884 475 230 

4 711 904 37 125 674 780 

5 921 728 50 885 870 843 

6 1 088 792 65 181 1 023 611 
 

During the six initial years the total net income is around 3.4 million €, including an annual inflation 

of 2%. To determine the economic feasibility, expressed as LCOE, NPV, IRR and payback time, the 

average revenue, cost and net income during the 25 years of operation was calculated. The total re-

investment cost on the 20th year is 443 887 €, including an annual inflation of 2%. The operation & 

maintenance cost occurs each 5th year and varies from is 273 112 € (on the 5th year) to 405 830 € (on 

the 25th year). The results in Table 44 includes re-investment of a heat pump, distribution pumps and 

heat exchangers as well as O&M cost.  

Table 44. Case 1 - CTES: Average revenue, cost and net income during the 25 years of operation 

Data Value 

Average revenue (€) 1 159 344 

Average cost (€) 154 160 

Average net income  1 005 184 € 
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The annual average net income during the 25 years of operation is 1.0 million € for system in Case 1 

with a CTES. From the costs, revenue and total production during the 25 years of operation the LCOE, 

IRR, NPV and payback time has been calculated. The results are given in Table 45 below. 

Table 45. Case 1 - CTES: Economic analysis 

Economic method Value after 25 years 

LCOE (€/MWh) 655.8 

IRR (%) -5,0% 

NPV (€) -10 071 106 

Pay Back (years) 73.4 

 

The cost of production from the Solar District Heating facility is around 655.8 €/MWh, which is 

around 11.5 times higher than for the average cost for pellet and bio-oil burning at the HOB in 

Orminge. Due to the high investment cost, both the net present value and the internal rate of return 

are negative and the payback time is around 4 times the assumed technical lifespan of the system. 

9.6.4 Environmental impact from production 

The total environmental impact from the Solar District Heating facility, including the electricity 

utilization by the distribution pumps and heat pump, for the energy volume of 18 075 MWh is seen in 

Table 46. Included in the table is the environmental impact from production at the HOB in Orminge 

corresponding to the 18 075 MWh. 

Table 46. Case 1 - CTES: Environmental impact from energy production 

Component 
Climate impact 

(kg CO2) 
Primary energy 

(MWh) 

Operation of solar collectors 14 641 3 976 

Heat pump operation 54 339 815 

Distr. pump operation 36 828 552 

Total impact from SDH 105 808 5 343 

Operation of HOB in Orminge 238 848 1 175 

Net  -133 040 kg CO2 4 168 MWh 

 

It can be seen that the Solar District Heating facility has a positive effect on the climate impact, with a 

decrease of CO2 emissions of 133 000 kg annually. Though, due to the utilization of electricity by the 

distribution pumps and the heat pump, the primary energy is around 4 168 MWh higher for the SDH 

facility than for the HOB plant in Orminge. 

9.6.5 Sensitivity analysis 

For Case 1 with a CTES, 83.4% of the initial investment cost is represented by the excavation of the 

cavern storage of 299 033 m3. By utilizing the existing cavern under the peninsula of Kvarnholmen 

instead of excavating a new, the economic feasibility of the system is improved greatly. The 

estimated cost of sanitation and needed extra equipment is discarded. The total investment cost, if 

the existing rock caverns are used, is reduced to 12.3 million € from 73.7 million €. The results of the 

economic analysis with the existing caverns included and with given subsidies of 30% is presented in 

Table 47. 
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Table 47. Case 1 - CTES: Sensitivity analysis 1 - Utilizing the existing rock caverns under Kvarnholmen and received 
subsidies of 30% 

Economic method Value after 25 years 

LCOE (€/MWh) 84.4 

IRR (%) 10.7% 

NPV (€) 3 424 402 

Payback (years) 8.6 

 

It can be seen that the utilization of the existing rock caverns of around 300 000 m3 greatly improves 

the economic feasibility of the first case of the solar thermal production. For instance, the levelized 

cost of energy is reduced by around 570 €/MWh and the net present value is increased to 3.4 million 

€ from around -10.1 million €. 

By utilizing the existing caverns under Kvarnholmen, including subsidies of 30% and increasing the 

revenue with 30%, the economic feasibility is even more improved. The results from the economic 

analysis with these three parameter alterations is shown in Table 48. 

Table 48. Case 1 - CTES: Sensitivity analysis 2 - Utilizing existing caverns, received 30% subsidies of the total investment 
cost and increased revenue with 30% 

Economic method Value after 25 years 

LCOE (€/MWh) 84.4 

IRR (%) 13.3% 

NPV (€) 5 225 484 

Payback (years) 6.4 

 

The costs of production is, as for the first sensitivity analysis, 84.4 €/MWh but the payback time is 

reduced to 6.4 years. It can also be seen that the other economic feasibility indicators is improved, 

compared to the initial conditions displayed in Table 45 in section 9.6.3. The NPV is increased to 

around 5.3 million € and the IRR is up to 13.3%, after 25 years of operation. The results from the 

other changed input parameters is found in the table below. 
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Table 49. Case 1 - CTES: Sensitivity analyses 

ECONOMIC ANALYSIS: Case 1 - CTES 
Initial conditions: Case 1 - CTES SOLAR COLL. DECREASE 50% 

LCOE 25 655.8 €/MWh LCOE 25 616 €/MWh 

LCOE 30 629.1 €/MWh LCOE 30 591 €/MWh 

IRR 25 -5,00%   IRR 25 -4.7%   

IRR 30 -1.6%   IRR 30 -1.3%   

NPV 25 -10 071 106 € NPV 25 -9 131 282 € 

NPV 30 -6 221 744 € NPV 30 -5 535 785 € 

Payback 73.4 years Payback 68.9 years 

UTILIZE EXISTING CAVERN 
SOLAR COLL. DECREASE 50% & 30% 
SUBSIDIES  

LCOE 25 116.7 €/MWh LCOE 25 433.9 €/MWh 

LCOE 30 112.3 €/MWh LCOE 30 416.4 €/MWh 

IRR 25 7.3%   IRR 25 -2.6%   

IRR 30 8.6%   IRR 30 0.3%   

NPV 25 2 661 162 € NPV 25 -4 830 308 € 

NPV 30 3 071 294 € NPV 30 -2 396 587 € 

Payback 12.2 years Payback 48.2 years 

USING EXISTING CAVERN & 30% SUBSIDIES 
EXISTING CAVERN. SUBSIDIES OF 30% & 
REVENUE INCREASE 30% 

LCOE 25 84.4 €/MWh LCOE 25 84.4 €/MWh 

LCOE 30 81.3 €/MWh LCOE 30 81.3 €/MWh 

IRR 25 10.7%   IRR 25 13.3%   

IRR 30 11.6%   IRR 30 14,00%   

NPV 25 3 424 402 € NPV 25 5 225 484 € 

NPV 30 3 628 369 € NPV 30 5 324 819 € 

Payback 8.6 years Payback 6.4 years 

REVENUE INCREASE 30% REVENUE INCREASE 30% & 30% SUBSIDIES  

LCOE 25 655.8 €/MWh LCOE 25 461.7 €/MWh 

LCOE 30 629.1 €/MWh LCOE 30 443.1 €/MWh 

IRR 25 -3.7%   IRR 25 -1.5%   

IRR 30 -0.5%   IRR 30 1.2%   

NPV 25 -8 270 024 € NPV 25 -3 687 103 € 

NPV 30 -4 525 293 € NPV 30 -1 180 307 € 

Payback 54.5 years Payback 38.2 years 
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9.7 Appendix 7 - System configuration for Case 2 - BTES 
The distribution of the production over the months is given in Figure 33. 

 

Figure 33. Case 2 - BTES: Distribution of the solar production 

9.7.1 System components and operation 

The specific characteristics for the distribution pump 1, 2, 3 & 4 are given in Table 50. 

Table 50. Case 2 - BTES: Characteristics for distribution pump 1, 2, 3 & 4 

Pump nr; Pump 1 Pump 2 Pump 3 Pump 4 

Pump direction Supply Supply Return Return 

Pressure drop (bar) 0.5 6.6 7.3 0.54 

Lift head (m) 5.1 67.3 74.6 5.6 

Maximum flow (m3/h) 53.0 88.2 286.5 286.5 

Hydraulic power (kW) 0.8 15.9 61.1 4.6 

Shaft power (kW) 0.9 18.6 71.9 5.4 

 

The pump head of distribution pump 4 is dimensioned from the pressure drop of 6.7 bars over all the 

solar collectors, 0.1 bar pressure drop in the distribution pipe from the collectors to the borehole 

storage and 0.5 bar pressure drop in heat exchanger 2. The technical parameters for heat exchanger 

1 & 2 is given in Table 51. 

Table 51. Case 2 - BTES: Characteristics for heat exchanger 1 &2 

Heat exchanger nr Heat exchanger 1 Heat exchanger 2 

Inlet temp. - side 1 (°C) 65 68 

Outlet temp. - side 1 (°C) 40 42 

Inlet temp. - side 2 (°C) 42 40 

Outlet temp. - side 2 (°C) 62 65 

Max. flow (m3/h) 53.0 286.5 

Max. power (MWth) 1.3 7.5 

Thermal efficiency  96.0% 96.2% 

 

The heat pump in Case 2 with a borehole storage has the following characteristics. 
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Table 52. Case 2 - BTES: Technical specification for the heat pump 

Data Heat pump 

Operation time (hours) 2 904 

Supply temperature (°C) 90 

Heat source temperatute (°C) 62 

Evaporation temperature (°C) 40 

Flow rate (m3/h) 53.1 

Added thermal energy (MWh) 4321 

Thermal power (MW) 1.5 

Efficiency 65% 

COP 4.72 

Electrical power need (kW) 278.8 

Electrical energy used (MWh) 810 

 

Distribution pump 1 was dimensioned to have a sufficient lift head for a pressure drop of 0.5 bar in 

heat exchanger 1 and a pressure drop of 0.005 bar in the PEX collector tube for one borehole. 

Distribution pump 2 has been dimensioned for a pressure drop of 0.6 bar in the distribution pipe to 

the district heating network, a pressure loss of 0.5 bar in the heat exchanger and the additional 5.5 

bar to ensure that the distributed thermal energy can be delivered to the network. The annual 

production cost, from the operation of the distribution pumps and the heat pump, for a normal year 

is given in Table 53. 

Table 53. Case 2 - BTES: Annual production cost during a normal year 

Month 
Operating cost 
- pumping (€) 

Operating cost 
- heat pump (€) 

January 1 002 14 889 

February 963 13 448 

March 1 221 14 889 

April 343 - 

May 464 - 

June 488 - 

July 471 - 

August 429 - 

September 292 - 

October 125 - 

November 34 - 

December 981 14 889 

Total costs 6 812 € 58 114 € 

 

9.7.2 Production revenue and costs 

The annual production revenue and costs originate from the price models used within AB Fortum 

Värme together with the characteristics of the system components described above. In total, during 
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a normal year, the total production costs are 62 476 €. The annual total costs, revenue and net 

income per month during a normal year is given in Table 54.  

Table 54. Case 2 - BTES: Annual operating costs, revenue and net income during a normal year of operation 

Month Total operating costs (€) Revenue (€) Net income (€) 

January 15 890 128 194 112 304 

February 14 411 120 938 106 527 

March 16 110 113 613 97 503 

April 343 - -343 

May 464 - -464 

June 488 - -488 

July 471 - -471 

August 429 - -429 

September 292 - -292 

October 125 - -125 

November 34 - -34 

December 15 870 123 341 107 472 

Total sum 64 926 € 486 086 € 421 160 € 

 

During a normal year of operation, during which no re-investments or operation & maintenance is 

needed, the annual net income from production is 421 160 €. The detailed costs of operating the 

distribution pumps and the heat pump can be found in the Appendix in section 9.7. The investment 

cost in Case 2 with a borehole storage is seen in Table 55 below. 

Table 55. Case 2 - BTES: Specific initial investment costs for the components in the system 

Component Cost (€) 

Solar collectors (€) 2 269 350 

Drilling BTES (€) 1 858 672 

Heat exchangers (€) 6 511 

Heat pump (€) 240 141 

Distribution Pumps (€) 80 812 

Piping to BTES (€) 12 813 

Piping to district heating-net (€) 692 673 

Sum costs 5 160 972 € 

 

The total investment cost for the second case configuration with a borehole store sum up to 5.1 

million € and it can be seen that the solar collectors represent the biggest share of the total costs. 

9.7.3 Operating life cycle, economic feasibility  

The whole lifespan of the solar thermal production facility must be taken into consideration to 

determine the economic feasibility of the second case with a borehole storage. This is due to the 

linear decrease of the annual losses from 90% the first year to 25% the sixth. As for the previous 

cases, the storage is assumed to be operated with a constant power output during the entire 



 

79 
 

operational life cycle. The available energy in the storage, the total distributed energy and the 

number of operating hours is given in Table 56 below. 

Table 56. Case 2 - BTES: Operational parameters during the initial years 

Year 
Losses 

(%) 
Available energy 

(MWh) 
Operating time 

(h) 
Production 

(MWh) 

1 90% 514 387 1 093 

2 77% 1 183 891 2 509 

3 64% 1 852 1 394 3 926 

4 51% 2 521 1 897 5 346 

5 38% 3 189 2 401 6 762 

6 25% 3 858 2 904 8 179 

 

The annual production from the solar collectors and the available distributed energy to the district 

heating network is displayed in Figure 34.  

 

Figure 34. Case 2 - BTES: System operation during the initial years 

As for both storage techniques in Case 1, the distributed energy during the initial years increase to a 

stabile level after six years of operation. The annual revenue, operating costs and net income from 

the initial six years is seen in Table 57 below. 

Table 57. Case 2 - BTES: Annual cost, revenue and net income from production during the six initial years 

Year Operating cost (€) Revenue (€) Net income (€) 

1 11 294 73 043 83 603 

2 22 905 153 242 175 036 

3 34 742 254 722 293 864 

4 47 066 362 684 420 578 

5 59 845 466 409 541 278 

6 73 117 547 412 631 895 
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During the six initial years, the total thermal losses arise to 21 258 MWh which is 43.4% of the total 

production during six normal year. The total net income during the six initial years is 2.1 million €, 

calculated with an annual inflation of 2%. The economic feasibility has been calculated by utilizing 

the average cost, revenue and net income during 25 years of operation for the solar thermal 

production facility, which is given in Table 58. 

Table 58. Case 2 - BTES: Average annual revenue, costs and net income during the 25 years of operation 

Data Value 

Average revenue (€) 584 431 

Average cost (€) 110 334 

Average net income  474 097 € 

 

The average annual net income of 474 097 € is calculated with an annual inflation of 2% over the 25 

years of operation and with re-investment costs and O&M costs included. The re-investment costs 

(heat pump, heat exchangers and distribution pumps) of 385 552 € occur on the 20th year and 

includes an annual inflation of 2%. The O&M costs occur each 5th year, and the amount varies from 

68 301 € (on the 5th year) to 101 491 € (on the 25th year) due to the annual inflation rate. The 

economic feasibility, expressed in Levelized cost of energy, internal rate of return, net present value 

and payback time is seen in Table 59 below. 

Table 59. Case 2 - BTES: Economic feasibility 

Economic method Value after 25 years 

LCOE (€/MWh) 102.9 

IRR (%) 6.3% 

NPV (€) 1 386 054 

Payback (years) 10.9 

 

The internal rate of return of 6.3% is around 6 percentage points from what is assumed as a feasible 

investment within AB Fortum Värme, which is 12%. It can also be seen that the net present value of 

the investment of almost 5.2 million € is 1.4 million € after 25 years and that the payback time is 

almost 11 years. 

9.7.4 Environmental impact from production 

The environmental impact from the energy production for Case 2 with a BTES was calculated with 

the key indicators stated in section 2.8.5 and the total impact from the production is given in Table 

60 below. 
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Table 60. Case 2 - BTES: Environmental impact from the energy production 

Component 
Climate impact 

(kg CO2) 
Primary energy 

(MWh) 

Operation of solar collectors 4 167 1 132 

Heat pump operation 91 526 1 373 

Distr. pump operation 10 728 161 

Total impact from SDH 106 421 2 666 

Operation of HOB in Orminge 108 077 532 

Net  -1 656 kg CO2 2 134 MWh 

 

In total, after one normal year of production, the SDH facility has reduced the emissions of CO2 by 1 

656 kg, but increased the primary energy utilization with 2 134 MWh compared to if the HOB in 

Orminge would have been used. 

9.7.5 Sensitivity analysis 

As a first sensitivity analysis of Case 2 with a BTES, subsidies of 30% was included. The total 

investment cost was thus reduced to 3.6 million €, from 5.1 million €. The results of the first 

sensitivity analysis is presented Table 61. 

Table 61. Case 2 - BTES: Sensitivity analysis 1 - Subsidies of 30% included 

Economic method Value after 25 years 

LCOE (€/MWh) 76.1 

IRR (%) 9.7% 

NPV (€) 1 706 764 

Payback (years) 7.4 

 

The production cost of the facility is reduced by around 30 €/MWh from the initial conditions in the 

first sensitivity analysis. By achieving 30% of subsidies, the IRR is increased by 3.4 percentage points 

and the NPV is increased by more than 300 000 €.  

The second sensitivity analysis includes the parameter change of increasing the revenues by 30% as 

well as including subsidies of 30%. By utilizing those parameter changes, the results from the 

economic analysis for Case 2 with a BTES is improved, as given in Table 62. 

Table 62. Case 2 - BTES: Sensitivity analysis 2 - Increased revenue by 30% and included subsidies of 30% 

Economic method Value after 25 years 

LCOE (€/MWh) 76.1 

IRR (%) 13.0% 

NPV (€) 2 614 697 

Payback (years) 5.6 

 

By increasing both the revenue by 30% and achieving subsidies of 30%, the average net income over 

the 25 years of operation is increased with around 175 300 € to 649 426 €, which reduces the 
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payback time by around 50%. The internal rate of return is increased from 6.3% to 13.0% and the net 

present value is almost doubled, compared to the initial conditions. The other sensitivity analyses for 

this case can be found in the table below. 

Table 63 Case 2 - BTES: Sensitivity analyses 

SENSITIVITY ANALYSIS: Case 2 - BTES 

INITIAL CONDITIONS SOLAR COLL. DECREASE 50% 

LCOE 25 76.1 €/MWh LCOE 25 83.3 €/MWh 

LCOE 30 73.7 €/MWh LCOE 30 80.6 €/MWh 

IRR 25 13,00%   IRR 25 8.6%   

IRR 30 13.4%   IRR 30 9.3%   

NPV 25 2 614 697 € NPV 25 1 621 088 € 

NPV 30 2 637 975 € NPV 30 1 720 763 € 

Payback 5.6 years Payback 8.5 years 

BTES PRICE DECREASE -50%  
SOLAR COLL. DECREASE 50% & 30% 
SUBSIDIES 

LCOE 25 86.8 €/MWh LCOE 25 62.4 €/MWh 

LCOE 30 84 €/MWh LCOE 30 60.6 €/MWh 

IRR 25 8.1%   IRR 25 12.3%   

IRR 30 8.9%   IRR 30 12.8%   

NPV 25 1 578 554 € NPV 25 1 871 288 € 

NPV 30 1 689 718 € NPV 30 1 903 379 € 

Payback 8.9 years Payback 5.9 years 

BTES DEC. 50% & 30% SUBSIDIES REVENUE INCREASE 30% 

LCOE 25 64.9 €/MWh LCOE 25 102.9 €/MWh 

LCOE 30 62.9 €/MWh LCOE 30 99.4 €/MWh 

IRR 25 11.7%   IRR 25 9.2%   

IRR 30 12.3%   IRR 30 9.9%   

NPV 25 1 841 514 € NPV 25 2 229 398 € 

NPV 30 1 881 648 € NPV 30 2 403 894 € 

Payback 6.2 years Payback 7.9 years 

SUBSIDIES - 30% OF TOT INVESTMENT REVENUE INCREASE 30% & 30% SUBSIDIES 

LCOE 25 76.1 €/MWh LCOE 25 76.1 €/MWh 

LCOE 30 73.7 €/MWh LCOE 30 73.7 €/MWh 

IRR 25 9.7%   IRR 25 13,00%   

IRR 30 10.3%   IRR 30 13.4%   

NPV 25 1 706 763 € NPV 25 2 614 697 € 

NPV 30 1 783 296 € NPV 30 2 637 975 € 

Payback 7.6 years Payback 5.6 years 
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9.8 Appendix 8 - System components for Case 2 - CTES 

9.8.1 System components and operation 

The characteristics for the distribution pumps are seen in Table 64. 

Table 64. Case 2 - CTES: Technical parameters for distribution pump 1, 2, 3 & 4 

Pump nr; Pump 1 Pump 2 Pump 3 Pump 4 

Pump direction Supply Supply Return Return 

Pressure drop (bar) 6.4 6.6 0.6 6.4 

Lift head (m) 65.1 67.3 5.7 65.1 

Maximum flow (m3/h) 23.2 25.6 130.6 130.6 

Hydraulic power (kW) 4.0 4.6 2.1 23.9 

Shaft power (kW) 4.4 5.4 2.5 28.1 

 

The technical data for heat exchanger 1 & 2 are found in Table 65 below. 

Table 65. Case 2 - CTES: Characteristics for heat exchanger 1 & 2 

Heat exchanger nr Heat exchanger 1 Heat exchanger 2 

Inlet temp. - side 1 (°C) 93 96 

Outlet temp. - side 1 (°C) 40 42 

Inlet temp. - side 2 (°C) 42 40 

Outlet temp. - side 2 (°C) 90 93 

Max. flow (m3/h) 21.9 130.6 

Max. power (MWth) 1.3 7.2 

Thermal efficiency  90.6% 98.5% 

 

The utilized heat pump, in Case 2 with a cavern storage, has the operational parameters according to 

Table 66 below. 

Table 66. Case 2 - CTES: Technical parameters for the heat pump 

Data Heat pump 

Operation time (hours) 1742 

Condensation temperature (°C) 93 

Heat source temperatute (°C) 70 

Evaporation temperature (°C) 40 

Flow rate (m3/h) 6.4 

Added thermal energy (MWh) 320 

Thermal power (kW) 184 

Efficiency 65% 

COP 4.5 

Electrical power need (kW) 40.9 

Electrical energy used (MWh) 71.2 
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The costs for each month during a normal year is seen in Table 67 below. 

Table 67. Case 2 - CTES: Annual operating costs for distribution pumps and heat pump 

Month 
Operating costs - 

pumping (€) 
Operating cost - 
heat pump (€) 

January 827 846 

February 774 1 744 

March 938 1 931 

April 167 - 

May 228 - 

June 242 - 

July 231 - 

August 212 - 

September 142 - 

October 58 - 

November 15 - 

December 818 - 

Total sum 4 650 € 4 521 € 

 

9.8.2 Production revenue and costs 

The production costs for Case 2 with a CTES is a sum of the operating costs for the distribution 

pumps and the operating costs for the heat pump. During a normal year, with stabile thermal losses 

of 10 % from the storage, the annual costs sum up to 7 677 €. The total operational costs, revenue 

and net income during a normal year is given in Table 68. 

Table 68. Case 2 - CTES: Annual operating costs, revenue and net income for a normal year of operation 

Month Total operating costs (€) Revenue (EUR) Net income (€) 

January 1 336 63 765 62 429 

February 2 210 60 156 57 946 

March 2 518 56 512 53 994 

April 146 - -146 

May 199 - -199 

June 211 - -211 

July 202 - -202 

August 185 - -185 

September 124 - -124 

October 51 - -51 

November 13 - -13 

December 482 61 351 60 869 

Total sum 7 677 € 241 785 € 234 107 € 

 

During a normal year, the net income is 234 107 €. The total investment for each of the components 

included in the system configuration is shown in Table 69 below. 
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Table 69. Case 2 - CTES: Investment costs for the different components in the system 

Component Cost (€) 

Solar collectors (€) 2 269 350 

Excavating CTES (€) 15 372 020 

Heat pump (€) 30 985 

Distribution Pumps (€) 4 430 

Heat exchanger (€) 6 338 

Piping to CTES (€) 80 812 

Piping to district heating-net (€) 692 673 

Sum cost 18 456 608 € 

 

The total investment costs for the Solar District Heating facility in Case 2, is 18.5 million €, where the 

cavern thermal energy storage of 74 783 m3 represent 83.3% of the total investment. 

9.8.3 Operating life cycle, economic feasibility  

The initial losses decrease from 90% to 10% over a six year period. The annual available energy in the 

cavern storage, number of operating hours with a constant power output of 1.2 MWth and the annual 

production is given in Table 70 below. 

Table 70. Case 2 - CTES: Operational parameters during the initial six years of operation 

Year Losses (%) Available energy (MWh) Operation time (h) Production (KWh) 

1 90% 452 323 452 

2 74% 1 175 839 1 175 

3 58% 1 899 1 355 1 900 

4 42% 2 622 1 871 2 622 

5 26% 3 345 2 388 3 345 

6 10% 4 068 2 904 4 068 

 

During the initial six years, the total distributed energy to the district heating network is 13 564 MWh 

and the total potential distributed energy during six years of normal operation is 24 409 MWh 

Consequently around 44.3% of the potential thermal energy is lost due to convection in the cavern 

storage. The initial operational characteristics of the solar thermal production facility is graphically 

shown in Figure 35. 
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Figure 35. Case 2 - CTES: Operation during the initial years 

As for the Case 1 with a CTES, in section 9.6.3, the initial losses from the storage is high but decreases 

over a six year period to a stabile level of 10% annually. The initial operation give rise to the following 

annual revenue, operating costs and net income during the initial years of operation, presented in 

Table 71. 

Table 71. Case 2 - CTES: Annual revenue, cost and net income during the first six years of operation 

Year Revenue (€) Cost (€) Net income (€) 

1 28 102 1 493 26 609 

2 70 950 1 899 69 051 

3 124 820 2 825 121 995 

4 178 036 4 691 173 344 

5 230 509 6 631 223 878 

6 272 289 8 646 263 643 

 

During the initial six years, the total net income, including an annual inflation of 2%, is 878 521 €. To 

evaluate the economic feasibility of the investment, the annual average revenue, operating cost and 

net income over the 25 years of operations is utilized. The specific data is given in Table 72. 

Table 72. Case 2 - CTES: Average annual revenue, operating costs and net income for the lifespan of 25 years 

Data Value 

Average revenue (€) 289 933 

Average cost (€) 28 453 

Average net income 261 480 € 

 

The average net income, over the 25 years of operation and including an annual inflation, is 261 480 

€. In the calculations of economic feasibility, the re-investment cost of 62 043 € on the 20th year 

(including the annual inflation) and O&M costs are included. The operation & maintenance cost 

occur each 5th year and varies from 68 301 € on the 5th year to 101 491 € on the 25th year. The 

increase is due to the annual inflation rate of 2%. The results from the economic analysis methods, 

LCOE, IRR, NPV and payback time is given in Table 73 below. 
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Table 73. Case 2 - CTES: Results from the economic analysis methods 

Economic method Value after 25 years 

LCOE (€/MWh) 653.9 

IRR (%) -6.2% 

NPV (€) -2 469 003 

Payback (years) 70.6 

 

The investment of 18.5 million €, with an average net income of 261 480 €, results in a payback time 

of 71 years and a negative internal rate of return of -6.2%. The net present value of the investment is 

-2.5 million € after 25 years of operation, with an operating cost of 654 €/MWh. 

9.8.4 Environmental impact from production 

The environmental impact of the solar thermal production facility, with a cavern storage, is 

presented in Table 74. 

Table 74. Case 2 - CTES: Environmental impact from energy production 

Component 
Climate impact 

(kg CO2) 
Primary energy 

(MWh) 

Operation of solar collectors 3 661 994 

Heat pump operation 7 122 142 

Distr. pump operation 4 970 75 

Total impact from SDH 15 753 1 211 

Operation of HOB in Orminge 59 732 294 

Net  -43 979 kg CO2 917 MWh 

 

During a normal year, the annual operation of the solar thermal facility decrease the emissions of 

CO2 with 43 979 kg. Though, the utilization of the production facility increases the utilization of 

primary energy with 917 MWh. 

9.8.5 Sensitivity analysis 

As described in section 9.6.5, the biggest impact of economic feasibility is achieved by utilizing the 

existing caverns under Kvarnholmen. As for Case 1 with a CTES, the cost of sanitation, environmental 

legal process and auxiliary equipment for the rock caverns is excluded from the calculations of 

economic feasibility. In the first feasibility study of Case 2 with a cavern storage, the existing caverns 

were utilized and subsidies of 30% was included. The results is presented in Table 75 below. 

Table 75. Case 2 - CTES: Sensitivity analysis 1: Utilizing the existing rock caverns under Kvarnholmen and received 
subsidies of 30% 

Economic method Value after 25 years 

LCOE (€/MWh) 82.4 

IRR (%) 8.8% 

NPV (€) 906 807 

Payback (years) 8.3 
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By using the existing caverns and including subsidies of 30%, the LCOE value is reduced to 82.4 

€/MWh. The IRR is increased to 8.8% and the net present value is increased by around 3.4 million € 

to almost 907 000 €. By utilizing the existing caverns and including 30% of subsidies the total 

investment cost of Case 2 with a CTES decreases to 2.2 million €. With an average net income of 261 

480 € , over a 25 year period and with an annual inflation of 2%, the payback time for the system is 

8.3 years instead of the initial 71. 

In the second sensitivity analysis it has been assumed that the existing caverns is used, that subsidies 

of 30% of the total investment is received and that the revenue from the distributed energy is 

increased by 30%. The results from the economic analysis methods are given in Table 76 below. 

Table 76. Case 2 - CTES: Sensitivity analysis 2: Utilizing the existing caverns, received subsidies of 30% and increased 
revenue of 30% 

Economic method Value after 25 years 

LCOE (€/MWh) 82.4 

IRR (%) 11.6% 

NPV (€) 1 357 228 

Payback (years) 6.2 

 

By increasing the annual revenue with 30% the payback time is reduced to 6.2 years. The total costs 

of production for the system is 82.4 €/MWh and the internal rate of return is increased to 11.6%. The 

net present value is around 1.4 million € for the investment of 2.2 million € is, after 25 years of 

operation. The results from the other sensitivity analyses is given in the following table. 
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Table 77. Case 2 - CTES: Sensitivity analyses 

ECONOMIC ANALYSIS: Case 2 - CTES 
INITIAL CONDITIONS SOLAR COLL. DECREASE 50% 

LCOE 25 653.9  €/MWh LCOE 25 614.1  €/MWh 

LCOE 30 627.2  €/MWh LCOE 30 589  €/MWh 

IRR 25 -6.2%   IRR 25 -5.8%   

IRR 30 -4,00%   IRR 30 -3.7%   

NPV 25 -2 469 003  € NPV 25 -2 233 968  € 

NPV 30 -1 510 792  € NPV 30 -1 339 245  € 

Payback 70.6 years Payback 66.2 years 

UTILIZE EXISTING CAVERN 
SOLAR COLL. DECREASE 50% & 30% 
SUBSIDIES 

LCOE 25 114.8  €/MWh LCOE 25 431.85  €/MWh 

LCOE 30 110.4  €/MWh LCOE 30 414.34  €/MWh 

IRR 25 5.6%   IRR 25 -3.8%   

IRR 30 6.5%   IRR 30 -1.9%   

NPV 25 715 127  € NPV 25 -1 157 559  € 

NPV 30 813 243  € NPV 30 -553 595  € 

Payback 11.8 years Payback 46.37 years 

USING EXISTING CAVERN & 30% SUBSIDIES REVENUE INCREASE 30% 

LCOE 25 82.4  €/MWh LCOE 25 653.9  €/MWh 

LCOE 30 79.3  €/MWh LCOE 30 627.2  €/MWh 

IRR 25 8.8%   IRR 25 -4.6%   

IRR 30 9.5%   IRR 30 -2.6%   

NPV 25 906 807  € NPV 25 -2 018 582  € 

NPV 30 953 147  € NPV 30 -1 086 538  € 

Payback 8.3 years Payback 53 years 

EXISTING CAVERN. SUBSIDIES OF 30% & 
REVENUE INCREASE 30% 

REVENUE INCREASE 30% & 30% SUBSIDIES 

LCOE 25 82.4  €/MWh LCOE 25 459.7  €/MWh 

LCOE 30 79.3  €/MWh LCOE 30 441  €/MWh 

IRR 25 11.6%   IRR 25 -2.5%   

IRR 30 12.2%   IRR 30 -0.7%   

NPV 25 1 357 228  € NPV 25 -871 663  € 

NPV 30 1 377 401  € NPV 30 -249 423  € 

Payback 6.2 years Payback 37.1 years 
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9.9 Appendix 9 - System components for Case 3 

9.9.1 System components and operation 

The characteristics for the four distribution pumps are given below. 

Table 78. Case 3: Characteristics for distribution pump 1 & 2 

Pump nr; Pump 1 Pump 2 Pump 3 Pump 4 

Pump direction Supply Supply Return Return 

Pressure drop (bar) 2.8 6.2 4.1 2.8 

Lift head (m) 28.6 62.7 41.3 28.6 

Constant flow (m3/h) 50.8 56.1 130.5 130.5 

Hydraulic power (kW) 3.9 9.4 15.1 10.5 

Shaft power (kW) 4.6 11.1 17.8 12.3 

 

The technical parameters for the two heat exchangers are presented below. 

Table 79. Case 3: Characteristics for heat exchanger 1 

Heat exchanger nr Heat exchanger 1 Heat exchanger 2 

Inlet temp. - side 1 (°C) 93 96 

Outlet temp. - side 1 (°C) 40 42 

Inlet temp. - side 2 (°C) 42 40 

Outlet temp. - side 2 (°C) 90 93 

Max. flow (m3/h) 50.8 130.6 

Max. power (MWth) 3.1 7.2 

Thermal efficiency  94.3% 98.1% 

 

The average thermal energy being dumped for Högdalen and Hammarby is presented in Table 80. 

Table 80. Average heat dump from Hammarby and Högdalen and the summarized average 

Month 
Heat dump - 

Hammarby (MWh) 
Heat dump - 

Högdalen (MWh) 
Heat dump - 
total (MWh) 

January 2 0 2 

February 1 0 1 

Mars 1 0 1 

April 4 59 63 

May 53 62 115 

June 747 606 1 353 

July 1 257 1 010 2 268 

August 1 095 416 1 511 

September 2 52 54 

October 0 3 3 

November 0 - 0 

December - 0 0 

Total  3 162 MWh 2 208 MWh 5 370 MWh 
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The operating costs for the distribution pumps and the heat pump are given in Table 81 below. 

Table 81. Case 3: Specific operating costs for the distribution pumps and the heat pump 

Month 
Operating costs - 

pumping (€) 
Operating cost - 
heat pump (€) 

January 735 25 200 

February 687 22 761 

March 830 25 200 

April 144 - 

May 196 - 

June 209 - 

July 199 - 

August 183 - 

September 122 - 

October 50 - 

November 13 - 

December 727 5 521 

Total sum 4 095 € 78 682 € 

 

9.9.2 Production revenue and costs 

The annual revenue, during a normal year of operation, are presented in Table 82. 

Table 82. Case 3: Annual operating costs, revenue and net income during a normal year of operation 

Month Total operating costs (€) Revenue (€) Net income (€) 

January 25 935 139 693 113 758 

February 23 448 131 786 108 338 

March 26 030 123 803 97 773 

April 144 - -144 

May 196 - -196 

June 209 - -209 

July 199 - -199 

August 183 - -183 

September 122 - -122 

October 50 - -50 

November 13 - -13 

December 6 248 134 404 128 157 

Total sum 82 777 € 529 686 € 446 909 € 

 

The annual net income during a normal year is around 446 909 €, with total annual costs of 82 777 €. 

The heat pump represent the biggest share of the annual operating costs during the four months of 

operation. The specific cost for the distribution pumps and the heat pump is found in Appendix 7 in 
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section 9.9. The total investment cost for Case 3 is 3.5 million €. The details of the investment costs is 

given in Table 83 below. 

Table 83. Case 3: Investment cost for the system configuration 

Component Cost (€) 

Solar collectors (€) 2 269 350 

CTES (€) - 

Heat pump (€) 404 358 

Distribution Pumps (€) 4 981 

Heat exchanger (€) 7 572 

Piping to CTES (€) 634 950 

Piping to district heating-net (€) 173 168 

Sum cost 3 494 379 € 

 

The investment costs of the components in Case 3 is 3.5 million €. The specific costs are similar to 

those in Case 2 with a CTES, though with the exception that the existing caverns under Kvarnholmen 

is assumed to be utilized instead of excavating a new cavern. 

9.9.3 Operation life cycle and economic feasibility 

As for the other cases with a CTES, the initial losses from the caverns of 90% is reduced to 10% after 

six years of operation. The available thermal energy that can be distributed to the network and the 

number of hours the storage can be operated with a constant power output of 3.1 MWth is given in 

Table 84. 

Table 84. Case 3: Annual operation during the initial years 

Year 
Losses 

(%) 
Operation time 

(h) 
Production 

(kWh) 

1 90% 323 991 

2 74% 839 2 575 

3 58% 1 355 4 162 

4 42% 1 871 5 745 

5 26% 2 388 7 329 

6 10% 2 904 8 912 

 

The annual revenue, operating costs and net income for the initial six years is presented in Table 85. 

Table 85. Case 3: Annual revenue, operating cost and net income during the initial years 

Year Revenue (€) Cost (€) Net income (€) 

1 61 564 1 582 59 982 

2 155 433 11 261 144 172 

3 273 448 30 603 242 845 

4 390 029 50 677 339 352 

5 504 984 71 541 433 443 

6 596 513 93 220 503 293 
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The annual revenue, cost and net income is calculated with an annual inflation rate of 2%. During the 

six initial years, 44.4% of the stored thermal energy is lost to the surrounding bedrock and the total 

net income for the period is 1.7 million €. The average revenue, cost and net income during the 25 

years of operation is given in Table 86. 

Table 86. Case 3: Annual average revenue, operating cost and net income over the 25 years of operation 

Data Value 

Average revenue (€) 635 166 

Average cost (€) 138 879 

Average net income 496 287 € 

 

The average net income over the 25 years of operation includes re-investments of 619 508 € on the 

20th year and O&M costs each 5th year. The O&M costs varies from 68 301 €, on the 5th year, to 101 

491 €, on the 25th year. The economic feasibility of the system configuration has been calculated with 

the same analysis methods as for Case 1 and Case 2. The results is presented in Table 87 below. 

Table 87. Case 3: Economic feasibility of the system set up 

Economic method Value after 25 years 

LCOE (€/MWh) 70.0 

IRR (%) 10.6% 

NPV (€) 1 846 178 

Payback (years) 7.0 

 

The production cost of the distributed heat is around 70.0 €/MWh. The average net income of almost 

496 300 € leads to a payback time of 7.0 years. The net present value of the initial investment of 3.5 

million € is 1.8 million € after 25 years of operation and the internal rate of return is 10.6% 

9.9.4 Environmental impact from production 

The environmental impact from the solar thermal production facility with a cavern storage is given in 

Table 88 below. 

Table 88. Case 3: Environmental impact from the SDH-facility 

Component 
Climate impact 

(kg CO2) 
Primary energy 

(MWh) 

Operation of solar collectors 3 661 994 

Heat pump operation 123 929 312 

Distr. pump operation 6 449 97 

Total impact from SDH 134 040 1 403 

Operation of HOB in Orminge 117 771 579 

Net  16 268 kg CO2 824 MWh 

 

It can be seen that the SDH-facility has increases the climate impact with almost 16 300 kg CO2 

annually and 824 MWh of primary energy, compared to the HOB in Orminge. By utilizing the dumped 
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thermal energy from Högdalen and Hammarby, the dimension of the heat pump and the number of 

operating hours has to increase. This increases the utilization of electric energy and thus leads to a 

greater environmental impact. 

9.9.5 Sensitivity analysis 

The sensitivity analysis of the system configuration in Case 3 is based on the same parameter 

changes as described in section 3.3. In the first analysis of Case 3, subsidies of 30% of the total 

investment cost was assumed to be received. The results of that parameter change is given in Table 

89 below. 

Table 89. Case 3: Sensitivity analysis 1: Received subsidies of 30% of the total investment 

Economic method Value after 25 years 

LCOE (€/MWh) 53.2 

IRR (%) 14.6% 

NPV (€) 2 063 323 

Payback (years) 4.9 

 

By including subsidies of 30%, the total investment cost is reduced to 2.4 million € and the payback 

time is thus reduced to roughly 5 years. The specific cost of production, the LCOE-value, is lowered to 

53.2 €/MWh and the net present value increases with around 200 000 €. The first parameter change 

also increased the IRR to 14.5%. 

In the second sensitivity analysis two parameters were changed, subsidies of 30% was assumed to be 

given and the revenue was assumed to increase with 30%. The change of those two parameters gave 

the results presented in Table 90. 

Table 90. Case 3: Sensitivity analysis 2: Received subsidies of 30% and increased revenue with 30% 

Economic method Value after 25 years 

LCOE (€/MWh) 53.2 

IRR (%) 18.7% 

NPV (€) 3 050 076 

Payback (years) 3.6 

 

The total investment cost, with 30% subsidies and 30% increased revenue, is 2.5 million € and the 

system has a payback time of 3.6 years. After 25 years of operation, to a cost of 53.2 €/MWh, the net 

present value of the system is 3.1 million € and the internal rate of return is up to 18.7%. The results 

from the other variable changes in the sensitivity analyses is presented in Table 91 below. 
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Table 91. Case 3: Sensitivity analyses 

ECONOMIC ANALYSIS: Case 3 
INITIAL CONDITIONS SOLAR COLL. DECREASE 50% 

LCOE 25 70  €/MWh LCOE 25 51.8  €/MWh 

LCOE 30 67.9  €/MWh LCOE 30 50.4  €/MWh 

IRR 25 10.6%   IRR 25 15.1%   

IRR 30 11.2%   IRR 30 15.4%   

NPV 25 1 846 178  € NPV 25 2 081 212  € 

NPV 30 1 918 945  € NPV 30 2 090 492  € 

Payback 7 years Payback 4.8 years 

REVENUE INCREASE 30% SOLAR COLL. DECREASE 50% & 30% SUBSIDIES 

LCOE 25 70  €/MWh LCOE 25 40.5  €/MWh 

LCOE 30 67.9  €/MWh LCOE 30 39.6  €/MWh 

IRR 25 14.1%   IRR 25 19.9%   

IRR 30 14.5%   IRR 30 20.1%   

NPV 25 2 832 930  € NPV 25 2 227 847  € 

NPV 30 2 848 373  € NPV 30 2 197 518  € 

Payback 5.1 years Payback 3.3 years 

REVENUE INCREASE 30% & 30% 
SUBSIDIES  

30% SUBSIDIES 

LCOE 25 53.2  €/MWh LCOE 25 53.2  €/MWh 

LCOE 30 51.8  €/MWh LCOE 30 51.8  €/MWh 

IRR 25 18.7%   IRR 25 14.6%   

IRR 30 19,00%   IRR 30 15,00%   

NPV 25 3 050 076  € NPV 25 2 063 323  € 

NPV 30 3 006 864  € NPV 30 2 077 435  € 

Payback 3.6 years Payback 4.9 years 
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9.10 Appendix 10 - Thermal properties of liquids 
The thermal properties for the different liquids that were used in the case study is presented in the 

Table 92 below. 

Table 92. Thermal properties of a water & Propylene glycol mixture and of water (SWEP, 2013) 

Liquid Water & Propylene glycol mix  Water 

Freezing point -37.98 °C 0°C 

Temperature Density Heat Capacity Density Heat Capacity 

°C kg/m³ kJ/kg.°C kg/m³ kJ/kg.°C 

-37 1 090 3.06 - - 

-30 1 090 3.09 - - 

-20 1 090 3.13 - - 

-10 1 090 3.17 - - 

0 1 080 3.21 999.8 4.21 

4 1 080 3.22 1 000.0 4.20 

10 1 080 3.24 999.7 4.19 

20 1 070 3.28 998.2 4.18 

30 1 070 3.32 995.7 4.18 

40 1 060 3.36 992.3 4.18 

50 1 060 3.40 988.0 4.18 

60 1 050 3.44 983.3 4.19 

70 1 050 3.48 977.8 4.19 

80 1 040 3.52 971.8 4.20 

90 1 030 3.55 965.3 4.21 

100 1 020 3.59 958.3 4.22 

 

 

 


