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Abstract 

Heat pumps with wastewater as a heat source are used at Solnaverket, Norrenergi to provide a base load 

district heating and some cooling services. Currently, the waste cooling produced from the heat pumps is 

needed to supply a growing demand for district cooling during hot summer days. At the same time, the 

heating demand is very low in summer. Part of the heating base load could instead be imported from 

Stockholm Exergi with very low production costs for district heating in the summer. While the heating cost 

decreases as a result, the supply of district cooling becomes a more expensive product for Norrenergi.  

Bromma sewage treatment plant will presumably shut down in 2027, which means that Norrenergi needs 

to replace the wastewater with for example lake water as heat source. This study investigates how the district 

cooling production could become more economical and resource efficient by converting a heat pump to a 

chilling machine for summer operation.  

The technical possibilities of a redesign have been investigated. This resulted in three alternatives; two of 

those focused on converting a heat pump to a refrigerating machine in the summer with the possibility to 

use lake water as a cooling source. The third alternative connected the evaporator directly to the district 

cooling network, but still required a heating load in order to operate. An operational model of how the 

district cooling network prioritizes which cooling equipment starts first was built to simulate the converted 

heat pump behavior for three representative historical cooling demands.  

The option of converting a heat pump to a refrigerating machine with an intermediate cycle connected to 

the condenser was considered as the best investment. The sensitivity analysis showed that the climate data 

is the factor that affects the results the most, followed by the electricity price. Before Bromma sewage plant 

shuts down, the annual savings are too low to recommend an investment. However, this alternative was 

profitable considering an increased cooling demand and the inclusion of a cooling buffer energy storage in 

the future. A scenario considering the whole system profit also showed to be profitable. After Bromma 

sewage plant shuts down, the alternatives must be compared with the investment in new chilling machines, 

which are expensive, and potentially replacing heating capacity. Therefore, an investment could be 

recommended for this case, but needs further investigation.  



ii 

Sammanfattning 

Värmepumpar med spillvatten som värmekälla används på Norrenergi, Solnaverket för att ge en 

värmebaslast till det lokala fjärrvärmenätet och för att tillverka spillkyla. Spillkylan är idag nödvändig för att 

täcka behovet för fjärrkyla under varma sommardagar, men samtidigt är värmebehovet väldigt lågt under 

sommaren. Värmen kan istället importeras billigare från Stockholm Exergi som i sin tur har väldigt låga 

produktionskostnader för värme under sommaren. Ett större värmeunderlag ger också en systemnytta för 

båda systemen.  Det här resulterar i att kylan är en dyr produkt när den produceras från värmepumparna.  

Bromma reningsverk som försörjer Norrenergi med spillkyla kommer att läggas ner ungefär 2027, vilket 

innebär att spillvattnet kommer att behöva ersättas med förslagsvis sjövatten. Den här studien undersöker 

bland annat hur kylproduktionen skulle kunna bli mer ekonomiskt lönsam och resurssnål genom att 

konvertera en värmepump till en kylmaskin under sommaren.  

De tekniska och praktiska möjligheterna utreddes under studien. Detta mynnade ut i tre alternativ, där två 

innefattade en ombyggnation till en kylmaskin med sjövatten som värmesänka. Det tredje alternativet 

kopplade förångaren direkt till fjärrkylan, vilket ökade kylkapaciteten och COPet något men krävde 

fortfarande ett värmebehov. Hur mycket el de tre olika designalternativen sparade simulerades i en modell 

över fjärrkylanätet som prioriterade vilken kylkälla som startas först och därmed tog fram när 

värmepumparna i basscenariot startades för kylproduktion.  

Resultaten visade att en av kylmaskinslösningarna som hade en mellancykel innan kondensorn var mest 

lönsam och även hade lägst risk kopplat till investeringen. Känslighetsanalysen visade att vädret var den 

faktorn som påverkade resultaten allra mest, därefter elpriset. Besparingarna var för låga för att 

rekommendera en investering innan Bromma reningsverk läggs ner. Skulle man ta hänsyn till hela systemet 

med angränsande system skulle investeringen däremot vara lönsam. Efter att Bromma reningsverk läggs 

ner, måste alternativen jämföras med att bygga ny kylkapacitet vilket är dyrare än kylmaskinslösningen. 

Därför kommer detta alternativ förmodligen vara lönsammast i det fallet. Det visade sig också att det 

alternativet skulle vara lönsamt för en ökad kylmarknad. 
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1 Background and introduction 

This chapter presents a short introduction of the case company, a background to the concepts of district 

heating and cooling and waste heat utilization. Then a problematization, purpose of the study, limitations 

and previous studies on the topic are presented.  

1.1 District heating and cooling 

District heating (DH) have been shown to significantly reduce emissions in densely populated areas and is 

a well-established technology in Sweden. The working principle is economy of scale, centralized heating or 

cooling is more efficient than small production at a customer site. The production is local and supplied to 

local customers with resources that otherwise often would have been wasted. The energy sources are mainly 

renewable fuels and waste heat, which can be utilized through combined heat and power plants (CHP), 

waste to energy plants or by reuse of waste heat with heat pumps. (Werner, 2017) 

District cooling, (DC) is a relatively new concept; the first cooling plant in Sweden was built in Västerås, 

1992 (Werner, 2017). Today however, DC is accessible in densely populated areas like Stockholm, Göteborg, 

Uppsala, Lund, among others. Geographically, it is most optimal where the thermal load density is high, 

because transmission cost is a large part of the capital cost (more than 50 %) (ASHRAE, 2013). Customers 

are mainly commercial buildings, offices and server halls. The markets expansion capacity rate has been 

about 8 % since 2000. Buildings in Sweden are suitable for DC, because of their design that reduces heat 

losses in the winter, which as a consequence creates cooling loads during summer (Werner, 2017).  

Similarly, to DH, DC is made more efficient by centralization of the system. For example, chilled water 

generation in a central plant is around 40 % more efficient than an air chiller in one building (ASHRAE, 

2013). Noise disturbances are also avoided. Additionally, DC decreases the use of refrigerants, which have 

global warming potential, GWP. (Energimarknadsinspektionen, 2013)  

There are three main components of the system: the central plant, the distribution system and the 

interconnection with the customer. The cold water can be produced in a number of ways, for example with 

refrigerating machines, cold lake water or electrically driven compressor systems (ASHRAE, 2013). Peak 

loads are managed with cold storages and chillers (Werner, 2017). Reaching the customer, the supplied cold 

water lowers the temperature of the air in the ventilation system. The temperature difference between supply 

and return is around ten degrees. The low temperature difference requires pipes with a large diameter, which 

makes the distribution of DC more expensive per unit of energy compared to DH. 

(Energimarknadsinspektionen, 2013)     

For some applications, it is advantageous to combine DH and DC in one large system. For example, in heat 

pump or waste heat applications, the cold secondary liquid can be used to produce DC (Norrenergi, 2017). 

The topic of waste heat utilization is presented further in the next chapter.    

1.2 Waste heat utilization 

Waste heat utilization is simply the method of recovering heat that otherwise would have been lost to the 

environment. This process requires three components: (1) a source of waste heat, (2) a recovery technology 

and (3) a receiver for an end use application. All conversion processes produce heat. A estimation is that 

currently around 63 % of the global energy consumption is lost during combustion and other heat transfer 

processes. Therefore, the theoretical potential for waste heat recovery is huge, but the energy is not 

necessarily easy or economically beneficial to use (with high investment costs etc.). The usability also 

depends on the energy quality of the heat (Forman, et al., 2016). In Sweden, waste heat is used as an energy 

source for DH and mainly originates from industrial processes, but also from wastewater and crematories 

(Svensk fjärrvärme, 2009). Heat recovery from industrial processes are dependent on proximity of industries 

to DH plants, whereas sewage water treatment plants exist in almost every city (Hepbaslia, et al., 2014).  
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As mentioned, large amounts of wastewater containing high amounts of heat energy is created in populated 

areas. The wastewater is a concentrated low-grade heat source with high heating capacity and density. 

(Hepbaslia, et al., 2014) The energy is utilized with heat pumps and the advantage is that less work has to 

be put in to gain a higher energy output, because the starting point has a higher temperature. Thereby the 

temperature does not have to be increased up to that point and additionally, less work has to be input per 

degree at higher temperatures. Ground source heat pumps are using this principle for example, which makes 

the COP higher than for heat pumps that uses outdoor air as a heat source.   

Wastewater also have additional qualities that differentiates it from other heat sources. The temperature 

varies with the heating and cooling season, with a higher temperature than the outdoor temperature in the 

winter and lower than the outdoor temperature in the summer. The temperature in the winter is higher than 

for other conventional heat sources, for example ground source heat pumps. The temperatures in these two 

different periods are also relatively constant, enabling an even distribution. These qualities make wastewater 

a good source to produce both a heating load and a cooling load as a base load. (Hepbaslia, et al., 2014) 

1.3 Case company 

Norrenergi AB is a district heating and cooling company located in Solna, Stockholm, Sweden. In the 1950s 

a heating plant in Solna began to deliver DH to their inhabitants and in the 1960s a heating plant in 

Sundbyberg started to do the same. At first, the business was owned and coordinated by the city of Solna 

and Sundbyberg, who started to collaborate more and more. From this, Norrenergi was founded 1993 and 

co-owned by Solna stad and Sundbybergs stad. Norrenergi has made a journey to increase the share of the 

renewables in the production. They were environmentally certified by ISO 14001 in 2001 and was the first 

DH company to be certified by the Swedish certificate “Bra miljöval” by Naturskyddsföreningen in 2009. 

(Norrenergi, 2017)  

Norrenergi is the only company delivering DH and DC in Solna and Sundbyberg but is not the only one in 

Stockholm. Stockholm Exergi and Söderenergi delivers heating and cooling to other parts of Stockholm 

and there is some collaboration between the companies. Part of Norrenergis heating load in the winter is 

for instance imported from Stockholm Exergi.  

The DH network is around 21 000 km long and provides about 90 % of the heating load for buildings in 

the districts of Solna and Sundbyberg. The network also delivers heat to parts of Bromma and Danderyd 

(Norrenergi, 2018). The annual delivered heat is 997 GWh and the share of renewable fuels is 99.3 % 

(Norrenergi, 2017). 

The DC network provides cooling for offices, server rooms, shopping centers and hospitals and is growing 

every year with an increasing demand. The delivered cooling is 58 GWh per year and the DC network is 

about 70 km long. The cooling load is produced with 27 % free cooling with sea water as a heat source, 38 

% from refrigerating machines and 35 % from heat pumps with waste water as a heat source (Norrenergi, 

2016). The distributed temperature to customers is between 5 – 7 °𝐶 (Norrenergi, 2017). 

1.4 Problematization 

Norrenergi produces heat from a thermal power station and from heat pumps. Part of the base load is 

produced from heat pumps located in Solna. The heat pumps use wastewater from Bromma sewage plant 

as a heating source. The remaining cold water after the condenser is run through heat exchangers connecting 

to the DC network, thereby producing waste cooling. Currently, the heat pumps are necessary to provide a 

cooling load during hot summer days. At the same time, the heating demand is very low.  

Norrenergi has a collaboration with Stockholm Exergi, which states that Norrenergi can import some 

heating capacity. If the heating demand is higher than the purchased capacity, the heat pumps produce the 

additional necessary load. When there is a high cooling demand, the heat pumps operate with the purpose 

of producing a cooling load. The heating load produced from the heat pumps will normally be more 

expensive than if it were imported from Stockholm Exergi. There is also a limit for the cooling production, 
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since the heat pumps cannot produce more heat than the heating demand. Additionally, the heat pump 

process requires more electricity to primarily produce useful temperatures for DH, than for refrigerating 

heat pump applications. As a result, the cooling becomes an expensive product, when produced from the 

heat pumps.  

Solutions are needed in order to provide cooling in the summer with a more efficient use of resources. 

There is a possibility to use lake water for these solutions.   

Currently, the heating and the cooling load is dependent on the wastewater from Bromma sewage plant as 

a heating source for the heat pumps. However, it is expected to shut down in a few years (Stockholm Stad, 

2015), this study will assume it will be in 2027. Therefore, means to replace both the current heating capacity 

and cooling capacity needs to be taken in the future. It is advantageous that the solutions presented in this 

project will enable the heat pumps to operate for cooling production when it shuts down.   

1.5 Purpose 

The aim of this study is to investigate how the production costs and environmental impacts of the heat 

pumps used for cooling at Norrenergi can be lowered. The results will provide alternatives for redesign and 

provide a base for making a decision based on profitability and environmental gain.  

1.6 Research questions 

The research will be made with focus on both technical and economic aspects. The main research questions 

for this project are listed below: 

 How can the system be designed to increase the cooling capacity and efficiency in the summer? 

 Which design produces the least amount of greenhouse gas emissions in its lifetime? 

 Which design is the most economically profitable over a lifetime of 25 years? 

 What is the mutual system gain when heat is imported, as opposed to produced from heat pumps 
in the summer?  

1.7 Limitations 

Norrenergi currently has a collaboration with Stockholm Exergi for delivering part of the base load to the 

DH system. Redesigning the waste water system will affect the whole system efficiency of the production 

to some extent. The total impact will not be accounted for in this project.   

Investment costs for the different designs will be estimated in the study. Due to the project time constraints, 

offers will not be taken for all new components necessary for the designs. The investment price will be 

estimated by other means and offers needs to be taken if the design will be commissioned in the future.  

Bromma sewage plant, delivering wastewater to Solna heat plant is expected to shut down 2027. Measures 

compensating for this capacity or relocation needs to be implemented in the future. The solutions presented 

in this project will enable cooling production when it shuts down, but solutions to keep the heating 

production in the winter will not be considered. The environmental and economic impact of Bromma 

sewage plant shutting down will not be part of the evaluation of the alternatives.  

The heat production at Stockholm Exergi, which will be increased if Norrenergi converts a heat pump to a 

refrigerating machine, is also used to produce electricity. It can be assumed that the production of this 

additional electricity will decrease the production of other electricity on the marginal load, presumably more 

polluting. The environmental gain from this will not be estimated in this project. 

1.8  Previous studies 

Stockholm Exergi have converted a heat pump, Hammarby VP5, to a refrigerating machine. The result was 

an increased cooling capacity and an increased COP. The knowledge from this reconstruction will be a 
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valuable base for a reconstruction and the conclusions and recommendations from the reconstruction will 

be useful for this study. This project is described further in section 5.1.    

Several studies have been conducted on utilizing industrial or other types of waste heat to DH networks.  A 

few examples of this are the study by Hang Fangs (2013) on industrial waste heat utilization for DH (Hao 

Fanga, 2013), the Swedish District heating’s organization review of industrial waste heat (Svensk fjärrvärme, 

2009) and the study by Wahlroos (2017) on using waste heat from data centers for DH (Mikko Wahlroos, 

2017). One review paper specifically evaluated the use of heat pumps to utilize the low-grade energy from 

wastewater for DH, outlining the performance of different systems for these applications (Hepbaslia, et al., 

2014). There have been studies performed that investigates the consequences of converting a heat pump to 

a refrigerating machine, for instance Afshari’s study (2018) on the thermodynamic effects of converting a 

heat pump to a refrigerating machine (Afshari, et al., 2018). However, there seem to be a lack of studies that 

analyzes the practical considerations and the profitability of such investments.  

Case studies have previously been conducted at Norrenergi, researching DH/DC integrated with sewage 

plants with different approaches. Böving (2016) did a system analysis of the value of the supplied DC to the 

DH/DC system of the heat pumps in question and reviewed the need for installing more capacity for the 

DC system. The same heat pumps have been simulated in another study to optimize their operation (Alm, 

2015). Another study, not performed on the heat pumps in question, have investigated the possibility of 

heat recovery of wastewater upstream from a sewage plant (Vestberg, 2017). The case company have 

previously investigated the heat pump system. This study will complement these studies by redesigning the 

system to be more feasible for DC considering economic and environmental aspects and additionally 

considering other cooling sources than wastewater.  

There seems to be a lack of studies that considers options for rebuilding heat pump to a refrigerating 

machine and evaluates the economic and environmental gain, especially for DC applications, which this 

study will investigate.  
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2 Methodology 

The general construction of the project is presented first. Thereafter, how the selected methods affect the 

research quality is discussed.  

2.1 Research design 

The general research approach used for this investigation was a case study, which is a type of qualitative 

research. A case study is suitable when the research is of an exploratory nature. The case can be either a 

single case or multiple cases, but the study should be limited to a few cases to enable a description and in-

depth analysis of each case. (Salkind, 2010)  

Firstly, a pre-study was made to gain enough knowledge about the system and its potential improvements 

to create the problem formulation. Then a theoretical framework of heat pumps and its critical components 

were compiled. Furthermore, a literature study of the Swedish electricity mix was performed to create a base 

for the environmental analysis. Parallelly, a system study at the case company was performed to gain 

information about the heat pump system, its design, the potential for redesign and temperature conditions. 

Before the scenarios were set up, a data collection was performed through unstructured interviews. The 

system study and the literature study of heat pump components were used as base for the unstructured 

interviews.  

Unstructured interviews are recommended when studying new areas and when there is a time limit for the 

data collection, which was the case for this study. The questions were open ended in order to discover the 

interviewees views on the topic and other information that the interviewee wanted to highlight. The 

interviews should be inductive in all types of qualitative research data collection, meaning that the 

interviewee should not be influenced by the interviewers view on the topic. (Firmin, 2008) More information 

has been gathered than used in the report, which is common when performing qualitative data collection. 

If the researcher is not experienced in the field, which can be considered the case, it is recommended to 

collect more data than will be used. After collecting the data, the useful information can be selected and 

analyzed. (Firmin, 2008) The interviews and study visits were performed with actors at Stockholm Exergi 

in order to gain information about similar systems and other design considerations. The specifications of all 

external interviews can be seen in Appendix A. Unstructured interviews were therefor suitable to gain 

information about their systems, the specifics of which were not known beforehand. Interviews with 

internal actors were also performed to obtain more information about the system and which designs has 

been considered earlier at the case company.   

The scenarios were set up based on the gathered information and was checked for the practical possibilities 

for implementation at the site. Estimations of necessary pump capacity, space available for reconstruction, 

pipe diameters and pipe lengths have been investigated and roughly estimated. This information has been 

further used to make a price estimation for the scenarios. The price estimations have been made by collecting 

internal data, company contacts providing offers and structured interviews or through mail contact with 

experienced personnel in the area. If the scenarios were to be approved and invested in by the case company, 

offers will be taken for all components and the project will be planned in further detail, where this study 

will serve as a base.         

To evaluate the economic and environmental impact of the scenarios, an operational model was created. 

The model was based on the gathered information of the heat pump system and the DC network, the input 

was climate data and COP and capacities of cooling loads delivered to the network. The expected output 

was annual operation costs for each scenario. The final analysis was based on the operational model and the 

estimated price for each scenario using several established methods for economic evaluation and 

environmental evaluation. The methods and set up of the operational model are further discussed and 

presented in Chapter 0. From the operational model and the scenario design, the research questions could 

be answered. The structure of the research design can be seen in Figure 1.   
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Figure 1. Research design structure. 

2.2 Research quality 

It is important for all studies that the result is correct and can be trusted, which makes it important to ensure 

high research quality. Three common assuring factors are: validity, generalizability and reliability. (Leung, 

2015) This section will present these concepts further and how they have been considered to ensure quality 

of this study.   

2.2.1 Validity 

In short, validity is a measure of how well tools are used to achieve the intended results, for instance, how 

well the study is constructed to answer the set-up research questions, how well the measuring tools measures 

the data, how well predictions of the future used in a study matches with reality etc. A method or a source 

can be trustworthy, but the result will have low validity if used in the wrong context. (Yue, 2010)  

As mentioned in the previous section, input values to the model and prices had to be assumed and estimated 

throughout the study with different methods. The estimated values were checked for their relevance, prices 

were recalculated by the inflation and were crosschecked with other sources if possible. However, the 

selection of suitable method has varied from case to case and has not been subject to a systematic selection, 

due to time constraints, which can lower the validity somewhat.  

Unstructured interviews were selected for their explanatory nature, to give a more holistic picture and to 

cover a larger area of study. A wide spread of information was collected and processed afterwards, which 

can give the risk of highlighting information that were not as important or significant as other information. 

This risk was reduced by considering the whole system picture and letting expertise at the respective topics 

highlight the most relevant information.   

Credibility of the literature study also increases the validity. The used sources for the literature study were 

books, academic articles, academic reviews, government reports and internal documentation in form of 

manuals, system specifications and statistics. Validity was ensured by checking the information in several 

sources and by using first hand sources if possible. The main base for the not case specific information was 

academic articles published in academic journals, which have the advantage of being subject to peer review. 

This is not necessarily a quality guarantee, which is why the articles were also checked for quality of its own 

citations, age and relevance of the focus of the publishing journal. Peer-reviewed books were also used for 

the same purpose. Government reports or consulting firms were used to gain information about the DH 

and DC market and the outlook for the Swedish electricity mix. These are not subject to peer review, but 

are generally results from long projects and collaboration with both academy and industry. Consulting firms 

and company reports have more incentive to be biased and therefore have lower credibility. The information 

was therefore cross checked with other sources before being used. 
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2.2.2 Generalizability 

Generalizability is a measure of how general the research is and whether the theories or results can be applied 

to other cases. Statistical generalizability is hard to achieve in a case study because of a small sample size and 

it is questionable whether it should be sought after. Instead, the strength of a case study is deep and 

comprehensive results. The generalizability for qualitative studies can instead be viewed as the results 

transferability to other cases. (Moriceau, 2010) Statistical generalizability could not be obtained in this study, 

but transferability was aimed for. The model set up, parameters used for economic and environmental 

evaluation were documented and motivated and therefore can be used for similar evaluations in other 

studies. General trends of the economic and environmental results can also potentially be used in other 

cases. General design consideration about rebuilding heat pumps can also potentially be used in similar 

studies, but are case specific to some extent. The design of the scenarios, the system study and considerations 

that are related to the case company or the specific heat pump system cannot be considered transferable to 

other studies (except for studies at the case company). This can be considered as a weakness of the 

generalizability of the study.  

2.2.3 Reliability 

Reliability describes how consistent and stable the research is, i.e. whether the results and conclusions are 

repeatable over a number of measurements. Reliability can be ensured by documenting the process so that 

a third party is able to reproduce the research and critically review the sources for the literature review and 

methods for data gathering. (Ward & Street, 2010)  

A qualitative case study generally has low repeatability, which weakens the reliability. Unstructured 

interviews, even if thoroughly documented, will not give the same result if repeated later, since the subject 

will have exactly the same answer every time. However, the general considerations that are a result of the 

interviews will be the same if repeated. The price estimations in this study will also have low repeatability, 

since time makes some of the price estimations inaccurate because of inflation and price changes on 

technology, taxes, labor etc. This uncertainty is however applicable to all studies including price estimations. 

The operational model has higher reliability since the assumptions and inputs are documented and thereby 

can be repeated. The potential variations of the result depending on the input parameters is shown in the 

sensitivity analysis, which strengthens the reliability.  
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3 Theoretical framework 

This section will provide a literature study on the topic of heat pump technology and the heat pump 

components. Lastly, the Swedish electricity mix, its environmental impact and future outlook will be 

presented. 

3.1 Heat pumping technology 

The purpose of a heat pump is to extract heat from a low temperature source, the heat source, to increase 

the heat of something with a higher temperature, the heat sink. The second law of thermodynamics, states 

that “It is impossible for any system to operate in a cycle in such way that the sole result would be a heat 

transfer from a cooler to a hotter body”. Instead, to enable this transfer, work have to be supplied to the 

system. In heat pump applications, electricity is added to run the compressor. The same principle is applied 

in refrigerating cycles, but reversed, i.e. the surroundings will be the heat sink. The temperature ranges are 

often different in heat pumps applications and refrigeration applications. (Granryd, et al., 2011) 

In its simplest form, this cycle is a vapor compression system, which requires a compressor, a condenser, 

an expansion device and an evaporator. The condenser operates with a higher pressure, the condensing 

pressure and the evaporator operates with a lower pressure, the evaporation pressure. The pressure is close 

to constant in the condenser and the evaporator. (Granryd, et al., 2011) This cycle is illustrated in Figure 2.  

 

Figure 2. The vapor compression cycle, taken from (Swep net, 2019).  

The heating source, the wastewater in this case, enters through the evaporator and heats the refrigerant, 

which vaporizes. The compressor sucks away the vapor, maintaining the low evaporation pressure, enabling 

the vaporization process to continue. Passing through the compressor, the pressure of the refrigerant 

increases, which also raises the temperature. The condenser condenses the refrigerant, either by air or by 

water and releases latent heat that heats the DH water. The expansion maintains the necessary pressure 

difference for the cycle to operate by throttling the flow. (Granryd, et al., 2011) 

To enable the heat transfer that occurs in the evaporator, the evaporation temperature, i.e. the boiling 

temperature of the refrigerant, must be lower than the temperature of the wastewater. For the condenser, 

the condensing temperature of the refrigerant must be higher than the DH waters temperature. The 

selection of refrigerant depends on these temperatures and the environmental impact of the refrigerant. 

(von Cube & Steimle, 1981) 

The ratio between the produced heating or cooling from a vapor compression system can be calculated as 

the Coefficient of Performance, COP, with the following equation:  
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𝐶𝑂𝑃1 =
𝑄1

𝐸
, 

where: 

𝑄1 is the heat rejected from the cycle and 

𝐸 is the electrical work of the compressor.  

The COP of a refrigeration cycle can be calculated analogously. The highest theoretically possible COP that 

can be achieved in a cycle without any losses is called the Carnot efficiency and can be calculated with the 

following equation:  

𝐶𝑂𝑃1𝐶 =
𝑇1

𝑇1 − 𝑇2
, 

where: 

𝑇1 is the condensing temperature and 

𝑇2 is the evaporating temperature.  

The COP of the Carnot refrigeration cycle is calculated in a similar manner, 

𝐶𝑂𝑃2𝐶 =
𝑇2

𝑇1 − 𝑇2
. 

Based on this, a general recommendation for heat pump and refrigeration cycles is to design the system so 

that the temperature difference of the evaporator and condensing temperature should be kept as low as 

practically possible. (Granryd, et al., 2011) 

3.2 Heat pump components and design 

This section will provide an overview of the critical components of a heat pump for large capacity DH and 

DC applications. The concept of fouling will also be described.  

3.2.1  Evaporators 

As mentioned previously, an evaporator’s task is to transfer the heat from the heating source, in this case 

the waste water, to the refrigerant. Shell and tube evaporators are commonly used in medium sized and large 

systems. They are easy to maintain and are generally efficient. (Kharagpur IIT, 2015) The geometry is a 

cylinder with tubes on the inside, through which the wastewater or other liquids passes through. The tubes 

are constantly drowned in refrigerant, which heats up as the waste water passes, causing the refrigerant to 

vaporize. The vapor rises to the top of the cylinder, where the compressor sucks it in. (Granryd, et al., 2011)  

Open panel evaporators consist of panels where the refrigerant flows in tubes arranged behind the panels.  

The wastewater flows on the outside of the panels. It is often used in applications with large heat pumps, 

where heat is extracted from sewage- or lake water. The benefit is that there is no risk for damage to the 

evaporators by freezing. The fact that there is no risk for freezing also means that water can be cooled down 

to very low temperatures (close to zero). (Granryd, et al., 2011)  

3.2.2 Compressors 

The purpose of a compressor is to transfer the vapor from the evaporator to the condenser by creating a 

pressure difference between the evaporator and compressor with help from the expansion device. All 

moving parts of a heat pump or refrigerating system are essentially those of a compressor. Thus, the 

performance of the whole system, life expectancy, efficiency and requirement for maintenance, is 

determined by the compressor to a large extent. Naturally, there is a variation of compressor designs for 

different applications. (Granryd, et al., 2011)  
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Firstly, a distinction can be made between how the compressor is connected to the motor. Open compressor 

designs have the driving motor disconnected from the compressor with a separate cooling system. Hermetic 

designs have the compressor inserted into the same casing as the motor which is cooled by the same fluid 

as the compressor. Semi-hermetic designs are a combination of the two, where the motor and the 

compressor are in the same casing, but the motor is separated with a direct access to the compressor. (Grassi, 

2018) 

For industrial applications requiring large capacities, centrifugal- or turbo compressors are commonly used. 

The principle of operation is that refrigerant gas is pumped inside, where a high-speed impeller takes up the 

velocity and flings it in an outwards direction. The housing turns part of the kinetic energy into static 

pressure. The motor is most commonly driven with an electric motor but can also be driven with a steam 

turbine or a gas turbine. (Dincer & Kanoglu, 2010) These types of compressors are especially suitable 

operating with a limited pressure ratio and with a high gas volume (Granryd, et al., 2011). Depending on the 

manufacturer, the motor can be connected to the compressor in one or multiple stages and the design can 

either semi-hermetic or open shaft. For a larger temperature difference, multiple stages are feasible. (Dincer 

& Kanoglu, 2010) 

A compressor operates optimally in a certain operation range specified by the manufacturer. The operation 

range depends on the refrigerant and the condensing and evaporation temperatures. A compressor that is 

used for a heating load will therefore most probably not be suitable for a refrigeration cycle. (Grassi, 2018)  

3.2.3 Condenser  

The condenser transfers heat to the heat sink from the refrigerant, by condensing the refrigerant. A 

condenser can either be cooled by water, air or by evaporation. If available, the most cost-efficient coolant 

is water. The geometry of the condenser can be either tubes or plates. The effectiveness of the heat transfer 

surface has a high impact on the COP of the process. Therefore, the selection of material with high heat 

transfer properties is important. The material must also withstand corrosion. (Granryd, et al., 2011)   

The condenser tubes are exposed to the water passing through it and risks being damaged by several 

corrosion mechanisms. Even small amounts of leakage can cause serious problems, because if a leakage 

occurs, the refrigerant leaks out into the cooling water that passes through the condenser. The selection of 

the tube material is therefore essential to ensure a high reliability of the condenser. Visual inspection can be 

performed to determine the condition of the condenser tubes. (Rodriguez, 1997) 

A common form of corrosion damage is pitting, which causes cavities or holes due to local corrosion 

(Birring, 2016). Damage caused by pitting is hard to detect, since the cavities often are covered with 

corrosion. Therefore, and because it is hard to design against and predict pitting, pitting is considered to be 

more dangerous than uniform damage to a material. (NACE international, 2000)  

A failure mechanism that is dependent on the operating conditions is erosion corrosion. The combination 

of a corrosive environment and mechanical wear from a water stream containing air bubbles, sand particles 

etc. wear out the protective oxide layers protecting the metals from corrosion. (Frayne, 2010) The risk for 

erosion corrosion depends on the fluid velocity, turbulence (which causes higher local velocities), 

component geometry and the viscosity of the fluid. Different materials can handle different operating 

velocities (Kain, 2012). If a system is wrongly designed regarding the mentioned parameters, tube 

perforations can appear within a few days (Janikowski, 2009). 

The condenser material should have a high thermal conductivity to transfer heat efficiently. To prevent the 

material to expand in contact with hot fluid, the thermal expansion coefficient should be low. (Rodriguez, 

1997) 

The most commonly used tubing material is copper – nickel alloys (brass), titanium, and stainless steel 

(Birring, 2016). Titanium is the most resistant to corrosion in highly oxidizing environments but does not 

have excellent heat transfer properties and is also expensive (ISHII, et al., 2003). Copper have the best heat 

transfer properties of the common metals, but has a poor resistance to aggressive fluids. It is therefore 
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normally used with unoxidized water or other standard coolants. Brass is an alloy of copper and zinc and is 

more resistant than copper, while sufficiently keeping its thermal properties. However, it still suffers from 

some corrosion problems. (IEEE GlobalSpec, u.d.) There are many types of steel alloys. Stainless steel is a 

steel alloy with an addition of chromium among other additives, improving the resistance to corrosion by 

adding a thin protective layer of chromium. The film is self-reparable in contact with oxygen. Ferritic 

stainless steel contains 11 – 30 % chromium and a small amount or no nickel. It is relatively cheap, does 

not have great heat transfer properties, but has a relatively good corrosive resistance, especially to chloride 

stress. Austenitic stainless steel has an addition of nickel, obtaining an austenitic structure that has a high 

toughness and ductility. Duplex stainless steel combines the ferritic and austenitic phases and the advantages 

of both phases. The result is higher strength, higher resistance to pitting and stress corrosion than the ferritic 

stainless steel. It has a low thermal expansion coefficient, which makes it suitable in contact with liquids 

with higher temperature (for example with a DH connection). (Lambert, 2009) 

Treated waste water is corrosive, especially to copper alloys, because the low pH and the presence of sulfur 

compounds creates a base for forming H2S or sulfuric acid, which dissolves the protective patinas of the 

material (Janikowski, 2009). Brackish or sea water is also corrosive to metals; condensers using sea water as 

a cooling fluid therefore select titanium as a tube material. (Rodriguez, 1997) Fresh lake water is not as 

corrosive as the previously mentioned fluids but is still corrosive to metals due to the presence of oxygen 

(Rossum, 2000). 

The condenser tubes are most likely to last many years but will also most probably fail at some point in 

time. Before selecting a suitable tube material, a life cycle analysis based on the estimated life time can be 

performed. The life cycle analysis should consider initial tube costs, installation cost, failure costs and fuel 

savings if a higher thermal performance is achieved. (Janikowski, 2009) 

3.2.4 Fouling 

Fouling is simply defined as the accumulation of unwanted deposits on a surface. The deposit can for 

instance be a biological substance, crystalline, products of chemical reactions or particles. The presence of 

a foulant with low heat transfer properties will act as a resistance to heat transfer, reducing the efficiency of 

the heat transfer surface. The problem with fouling has been known since the first heat exchangers were 

built and includes problems with all heat transferring surfaces, for instance evaporators, condensers and 

heat exchangers. Reduced efficiency due to fouling means higher operational costs and more emissions due 

to lower efficiency. (Bott, 1995) 

Biological fouling can be reduced by inserting chemical additives in the water but cannot be used in heat 

exchanger applications where the water is often returned to the lake, sea etc. Periodic manual or mechanical 

cleaning can be a solution. (Bott, 1995)   

3.3 Swedish electricity mix and outlook 

The heat pumps uses electricity, which makes the current and future electricity mix and emissions from 

electricity production relevant for the environmental estimation that will be performed this study.  

The current Swedish electricity mix consists of around 40 % hydro power, 40 % nuclear power, 9 % 

combustion from different sources, 11 % wind power and a small share solar energy. The total share of 

fossil fuels 2017 was 2,3 %. (Energimyndigheten & SCB, 2018) The Nordic countries has a mutual electricity 

market with some exchange of electricity between the countries. There also is some exchange between other 

European countries. The total share of fossil fuel for electricity production in the Nordic countries is 15 % 

and for European electricity 55 %. An EU directive is to extend the transmission capacity between European 

countries, it therefore becomes more relevant to make an analysis considering the Nordic and the European 

countries in the future. (Gode, et al., 2009)  
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The Nordic electrical network consists of a base capacity, regulation power and intermittent power. The 

base capacity is nuclear power and combined heat and heat plants (CHP plants) (Statens energimyndighet, 

2002). Hydropower is mainly used as regulation power, balancing variations in supply and demand and the 

loss of intermittent power. Intermittent power is power that cannot be altered, like wind power. (Gode, et 

al., 2009) 

The electricity demand is fluctuating and the supply must vary with it. There also is a variation in the supply 

from electricity sources during the year, thereby the electricity mix is not the same each day or hour of the 

year. In theory, the electricity sources providing the supply should always be the cheapest available. Hence, 

the so-called marginal load, is the production technology that is used to supply the last unit power on the 

market. (Statens energimyndighet, 2002) Thus, it is the technology that is suppressed when the demand 

decreases. The marginal load must have a large capacity to be able to cover the peak demand and a high 

flexibility to increase and decrease with the demand, which makes the flexible cost high. Thus, the cost of 

the marginal load determines the electricity price on the market. (Gode, et al., 2009)       

Coal CHP plants is a dominating part of the annual marginal load in Sweden (Gode, et al., 2009). The 

marginal load varies depending on the demand and supply (for example the access to water in the hydro 

power reservoirs) and is therefore not necessarily equivalent to electricity from coal CHP plants. Instead, 

the marginal top load in Sweden has varied from 400 kg CO2 eq. /MWh during years with low top load 

emissions and up to 750 kg CO2 eq. /MWh during years with high emissions (whereas the emission factor 

varies between 750-950 kg CO2 eq. /MWh for coal CHP plants depending on the efficiency of the power 

plant). Prognosing the future the top load is complex. However, Elforsk has made a prediction that depends 

on the future climate policies. With low climate ambitions the emission factor is approximated to be 600 kg 

CO2 eq. /MWh and with high ambitions 150 kg CO2 eq. /MWh (EME Analys AB, Profu, Elforsk AB, 

2008).  

The future technology of the marginal load depends on the political views and subsidies for what is politically 

considered as renewable electricity, directives for EU trade with emission rights, CO2 taxes, the climate and 

the transmission possibility between countries (Gode, et al., 2009). Political decisions and subsides will 

impact which technologies will be invested in first. In the long term, the coal CHP plants are expected to 

be replaced with natural gas plants. Currently, natural gas plants are the cheapest technology considering 

both the fixed and variable cost and will be the cheapest to build if the price for CO2 emissions increase. 

Norway has low gas prices and there is enough transmission capacity between Sweden and Norway. 

Therefore, if the demand increases in Sweden, it will be profitable to build natural gas plants in Norway, if 

the price remains low. These plants are therefore expected to be built first, after other potential subsided 

technologies have been built. However, natural gas plants are not expected to replace coal CHP plants in 

the short term. New natural gas plants have a lower variable cost than coal CHP plants in the beginning, 

which means that coal CHP plants still will be produced as a top load when the capacity is still needed. 

(Statens energimyndighet, 2002)   
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4 System description 

This section presents the heat pumps system at Solna heat plant, an overview of the demand, production 

and the DC network. The relationship between heating and cooling production from the heat pumps and 

its impact for the proposed alternatives for redesign of the heat pumps is also presented.  

4.1 Solna heat pump system 

Norrenergi’s heating base load is provided by heat pumps using wastewater from Bromma sewage treatment 

plant as a heat source, and through an agreement with Stockholm Exergi for additional base load and 

peaking load. The total output capacity of the four heat pumps is 100 MW (25 MW each).  

The incoming wastewater has a temperature of 15-17 °𝐶 and is pumped approximately 7 km from Bromma 

sewage plant before reaching Solna heating plant., It is then pumped up to 3.8 m height and roughly filtered 

before entering the waste water canal. The wastewater passes by each evaporator and then back to the waste-

water canal. The water is heated to around 70 °𝐶  after the condensers, which is used for DH.  

Two of the heat pumps have open panel evaporators and two have shell and tube evaporators. The waste 

water passes by the two heat pumps with shell and tube evaporators first. Then the panel evaporators, that 

have a larger evaporation area and can extract energy from lower temperatures, exchanges the remaining 

heat energy in the wastewater. The temperature after the evaporators is about 0.5-3 °𝐶. The cooled waste-

water is then led to heat exchangers connected to the DC. The designed capacity of the heat exchangers is 

16 MW. The heat pumps produce approximately 60 % heating and 40 % cooling. (Norrenergi, 2016) 

The process is illustrated in Figure 3 where “VP” represents the heat pumps and the arrows shows how the 

wastewater flows. After this process, the outgoing wastewater is transported through a tunnel of 

approximately 7.5 km to Saltsjön, where it is released.  

 

 

Figure 3. The current wastewater-sourced heat pump system at Norrenergi. 
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The available capacity is dependent on the wastewater flow and temperature, a reduced flow rate and/or 

temperature results in reduced capacity. The refrigerant is R134a. The compressor has a semi-hermetic 

design and compresses in a two-stage cycle, because of the large temperature difference between the waste-

water supply and the DH output. (Internal documentation, 2007) 

The shell and tube evaporators have a cleaning system installed in order to keep the tube surfaces free from 

any unwanted deposits and to maximize the heat transfer of the evaporator. The cleaning is performed by 

a system that pushes rubber balls through each tube, thereby removing loose particles and deposits. The 

system is connected to a pump and a mechanism that counts the balls, which will give an alarm if any balls 

are missing. The panel evaporators do not have any cleaning systems installed. (Internal documentation, 

2007) 

The tube material in the condensers was changed from stainless steel to an alloy steel in 2017, because of a 

leakage from the condenser that caused a refrigerant to leak into the environment. The alloyed steel is less 

sensitive to corrosion. The only possibility for regulation of the flow in the waste water canal is to lift up or 

lower the barriers in the canal, which redirects part of the flow directly to the outlet tunnel. Because of the 

imprecise possibility for regulation, more flow than necessary is often used. The COP is usually lower in the 

summer than in the winter, because of a higher waste water temperature. Additionally, when the pumps 

operate to create a cooling load, the evaporator temperatures must be cooled down lower than for usual 

heat pump operation, also decreasing the COP.     

4.1.1 Permissions for redesign 

An environmental permit to use water at Nockebysundet or Bällstaviken has been applied for. The verdict 

is expected to be reached by spring 2020. The depth at the intake point will be 7-8 m in both cases. If the 

permit is approved for intake at Nockebysundet, the water can be pumped up using an existing tunnel and 

can be pumped directly to the waste water canal. If Bällstaviken is used instead, either an existing pump 

system can be used, or a new pump station can be installed in order to pump the water to the waste water 

canal. Regardless of the potential source of lake water, this study will consider that lake water will reach the 

heat plant by filling the waste water canal.  

The environmental permit that is applied for has restrictions in order to not interfere with natural life. The 

maximal increase in temperature in the zone where the water is mixing is 3 ℃. With an operation with full 

capacity, with a rejected heat of 105 MW and a volumetric flow of 2,5 m3/s, the restriction in temperature 

between the inlet and outlet is 10 ℃. 

4.1.2 Current demand and production 

The heating and cooling demand varies with the outside temperature, the season and the time of day. The 

heat pumps have a heat capacity of 24 – 25 MW each and a heating COP of approximately 3.  The maximum 

amount of waste cooling that can be produced is 16-18 MW per heat pump. However, the heat exchanger 

converting the waste cooling to DC has a design limitation of 16 MW for the whole system.   

In the winter, the heating demand is the most dominating demand. The demand is around 400 MW, whereas 

the heat pumps produce around 100 MW which is used as a base load in the system. The demand for DC 

in the winter varies from 3.5– 4 MW, but the demand is expected to grow with the prospect of more 

customers like data centers, for instance. In the summer, the heating demand is reduced to 25 – 35 MW. 

The demand for cooling has a high fluctuation depending on the outside temperature and time of day and 

varies between 8 – 60 MW.    

The production of DC from Solna heat plant 2016 - 2018 is shown in Figure 4. The peaks represent the 

summer season. It can be seen that the summer of 2017 was a relatively cool summer with a relatively low 

and even cooling demand and that the summer of 2016 was slightly warmer. The summer of 2018 was a 

very hot summer for Sweden with temperatures above 30 °C daytime.  
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Three weeks of measurement is lacking in august 2018 and in the summer 2016, which have been estimated 

from data of the outside temperatures these days and the relation between outside temperature and cooling 

demand.  

 

Figure 4. The cooling load from DC production from 2016-2018. 

Figure 5 shows how the total cooling load of Norrenergi have varied depending on the outside temperature 

in 2018. A maximal load of almost 60 MW can be noticed. It can also be noted that higher temperatures do 

not necessarily correlate with a higher distributed load, as the capacity may be limited due to difficulties in 

the production, in the cooling system in the building or that the high temperatures occurred on a weekend. 

The load decreases on weekend days because the staff at offices and other facilities are not at work. This 

relation can be seen by the division of the load in two lines for the same outside temperature, illustrated by 

the two blue lines in the graph It can also be seen that the increase per degree is lower between 10- 15 ℃ 

than after 15  ℃. 

 

Figure 5. Total cooling load 2018 as a function of the outside temperature. 
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4.2 Temperature conditions 

The temperatures of the waste water during the year is presented in Figure 6. It can be seen that the waste 

water has a relatively even temperature distribution during the year. The average temperature is lower than 

the outside temperature in the summer and higher than the outdoor temperature in the winter, which is 

advantageous to match customer demands.  

 

Figure 6. Average, maximal and minimal temperature of the waste water (2017). 

The temperature of the potential intake point from the environmental permit application at 8 m depth is 

showed in Figure 7. The temperature in the middle of the summer is similar to the temperature of the waste 

water, but it can also be seen that the temperature in the late spring and beginning of the autumn is lower 

than the waste water. The lower temperatures during the rest of the year, especially during the winter, will 

have a negative impact on potential heating production. However, the spring and autumn still has acceptable 

temperatures for this purpose.    

 

Figure 7. Average, maximal and minimal temperatures in Bällstaviken. 

0.0

5.0

10.0

15.0

20.0

25.0

Jan Feb Mar Apr Maj Jun Jul Aug Sep Okt Nov Dec

℃

Axis Title

Average Maximum Minimum

0.0

5.0

10.0

15.0

20.0

25.0

jan feb mars april may june july aug sep oct nov dec

℃

Average Maximum Minimum



 
   

- 17 - 

 

The average temperatures of the return of the DC and the return of DH are shown in Figure 9. The first 

two alternatives for redesign of the heat pumps connects with Bällstaviken and the return of the DC, 

whereas the third alternative uses the DC and the DH.  

 

 

Figure 8. Average temperature at return of the DH and DC. 
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4.3 The DC network  

The DC network provides cooling to Solna and parts of Sundbyberg. The network is divided in a northern 

and a southern part. The northern part constitutes approximately 55 % and the southern 45 % of the cooling 

load. Up to 5 MW can be exported between the networks via the connection point in Hagalund. 

The northern network has free cooling and two refrigerating machines located in Frösunda. Together, the 

capacity is 22 MW. When the capacity for free cooling is lower, the refrigerating machine covers the rest of 

the capacity. The COP varies with the share of free cooling. Another refrigerating plant with the capacity 

of 12 MW is located in Sundbyberg.  

The southern network has the capacity from the heat pumps in question, two refrigerating machines located 

in Solna and an accumulator that manages peak loads. Solna refrigerating machines currently has the capacity 

of 5 MW, but is planned to be rebuilt in the near future to 9 MW capacity. In 2018, the capacity of 5 MW 

has not been reached, instead the operational capacity was 2,5 MW on average. This study will consider a 

future capacity of 9 MW.  

The DC network can be viewed in Figure 9, which shows where Sundbybergsverket (SBG), Frösunda and 

Solnaverket are located. The Hagalund area is marked with a black circle.  

 

Figure 9. The DC network (Norrenergi). 

The accumulator is not used in the winter. In the summer, it is filled with cooling load from the heat pumps 

and hence the COP varies with the COP of the heat pumps. A summary of the capacities and the COPs of 

the other cooling sources than the heat pumps is presented in Table 1. 

Table 1. Other cooling source in the DC network. 

 Capacity [MW] COP Part 

Frösunda  22 10-18,5 Northern 

SBG refr. machine 12 5 Northern 

Solna refr. machine 9 (5) 5,5 Southern 

Accumulator 10 - Southern 
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4.3.1 Expansion of the DC network 

As mentioned previously, DC is a rapidly expanding market. Additionally, Solna is Sweden’s most dense 

area regarding company’s and businesses (Solna stad, 2016), which also indicates a promising market. For 

the southern part of the network, directly from Solnaverket, an expansion of the DC network to Bromma 

Blocks is planned (Norrenergi, 2019). The northern part is also expected to increase its distributed capacity.  

To meet this new demand, a new storage for cooling with 15 MW is planned to be built in Sundbyberg, 

soonest 2024. The new storage can be filled with cooling from the heat pumps, from Solna refrigerating 

machine and from the northern part of the network.  

4.4 The relationship between heating and cooling production 

Norrenergi and Stockholm Exergi have a collaboration agreement, where Norrenergi can import part of the 

base heating load from Stockholm Exergi (up to 75 MW). The rest of the baseload is provided by the heat 

pumps. The purchased heating has the same environmental standards as the heating produced at Norrenergi.  

As both heating and cooling output are produced when the heat pumps are operating, an adjustment needs 

to be made to correctly value the price of heating and cooling. For example, it is reasonable that the cooling 

will take the additional costs for heating for the case when the heat pumps are started to produce DC and 

the heating demand is low. Since the heating can be imported from Stockholm Exergi instead, the cooling 

is responsible for the increased alternative cost of heating. To determine the relation between heating and 

cooling, Norrenergi has developed a formula for price allocation, presented below. 

Cost for cooling [SEK] = Heat produced from the cooling production [MWh]/ COPheat * Electricity price 

[SEK/MWh] – Heat from cooling production [MWh] * Marginal costs [SEK/MWh]. 

The cost can never be less than zero. The marginal cost is the alternative cost for heating. 

Conclusively, the cost of heat production in the summer is the same as the price for importing heat. The 

cooling load will take the rest of the cost for operating the heat pumps. Thus, cooling will be an expensive 

product and should be produced from other sources if they have enough capacity to cover the cooling 

demand. 

4.4.1 Impact for the alternatives for redesign 

The previous section described that the cooling is an expensive product in the summer with the current 

heat pumping solution. Reversing the heat pumps to a refrigerating cycle will result in that more cooling can 

be produced without producing heat. This, in itself, will make cooling a more profitable product when the 

demand for cooling is high and the demand for heating is low.  

Additionally, the heat pump solution today uses more electricity for the compressor to increase the 

evaporating temperature to a temperature usable for DH. This is not necessary in a refrigerating cycle, which 

would increase the cooling COP. A refrigerating cycle is therefore an interesting option that will both 

increase the profitability of the DC and increase the capacity. The different alternatives will be discussed 

further in section 6.3 Scenario description.  

If Norrenergi does not start the heat pumps for cooling operation, the heat that otherwise will be produced 

can instead be imported. The imported heat normally has a lower production price, which creates the 

additional gain to the whole system. Conclusively, all the heat purchased in the summer would be a mutual 

system gain to the interconnected DH companies. The impact of this will be analyzed further and presented 

in Chapter 0.   
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5 Other heat pump systems 

Stockholm Exergi have similar heat pumps as Norrenergi and have different solutions for production of 

cooling in the summer. A heat pump in Hammarby, VP5, changes the compressor to run a refrigeration 

cycle in the summer. Another heat pump in Hammarby connects DH to the condenser and DC to the 

evaporator instead of wastewater for spring – autumn operation and production of both heating and cooling. 

Ropsten has one heat pump that uses see water for DC in the summer and DH in the winter.   

These designs and other considerations will be used when designing the different alternatives. This section 

will present a description of heat pump systems at Stockholm Exergi and the considerations that have been 

gathered from interviews and visits at the heat plants.  

5.1 Hammarby heat pumps 

Hammarby heat plant has a heat pump system with the capacity of 220 MW heating and seven heat pumps 

in total. The heating source is wastewater from Henriksdal sewage treatment plant. The wastewater flows in 

a canal under the heat pumps and is pumped up to each heat pump evaporator. 

Two of the heat pumps are larger and have higher capacity than the others, 40 – 45 MW. These heat pumps 

have open panel evaporators in order to operate with higher volumes of wastewater and to be able to cool 

it down to lower temperatures. The other heat pumps are smaller, with the capacity of 20 – 25 MW and 

have shell and tube evaporators. The cooled wastewater from all heat pumps is lead to heat exchangers that 

are connected to the DC network and can produce cooling. This is considered as waste cooling from the 

heat pump process, as for Norrenergi.      

One of the heat pumps, VP 1, can reconnect the evaporator from the wastewater canal to the DC network 

directly, to produce cooling directly to the network. The heat exchangers after the wastewater canal has a 

maximal capacity of cooling production and directly connecting the evaporator with the DC network frees 

additional capacity. This connection still requires a heating load; it is therefore most efficiently used in the 

spring and the autumn. It also enables the heat pumps to operate independently from the wastewater. This 

connection still requires a heating load and is therefore not optimal for summer operation.                

One of the heat pumps, VP 5, is rebuilt to a refrigerating machine in the summer, increasing the total cooling 

capacity and the COP. The condenser is reconnected from DH to wastewater and the evaporator to DC.  

This design is presented in Figure 10.  
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Figure 10. Principal sketch of VP5, the winter connection to the left with the DH connection and the refrigerating 
machine solution to the right.  

The compressor must operate in a suitable operational range. The temperature range of a refrigerating cycle 

is lower than for a heating cycle, thereby a one stage compressor is enough as opposed to a two-stage 

compressor. This increases the cooling COP, as less energy must be input to operate the compressor. The 

COP of the refrigeration cycle is around 5,5 – 6.  

The condenser tubes have been changed to Duplex material resistive to oxygen after corrosion problems. 

Copper or nickel alloys have enough resistance to corrosion and are cheaper, but expands thermally at low 

temperatures and are therefore not an option in this case, since the condenser is connected to the DH in 

the winter. In this application, with DH temperatures at 70-80 ℃, there is a risk for thermal expansion.  

After the replacement of the condenser tubes, the first corrosion occurred in the welding connection of the 

tubes. After that, the tubes were replaced with tubes in the same material but without the joints. The 

materials in the gables and the chambers have not been replaced, because it was considered too complex to 

insert new material without distance between the plates of material. Instead, to withstand the wear, the 

material is blasted and painted with epoxy color for resistance. This process must be repeated before each 

cooling season to avoid damage to the material.  

The conversion to refrigerating machine takes approximately three weeks. The tank with refrigerant must 

be emptied and refilled, the materials in the gables and chambers blasted and painted, the pipes from the 

condenser must be reconnected from the wastewater canal to the DC and the compressor must be replaced. 

The compressor manufacturer is hired for the compressor installation and the cost for hiring is not 

insignificant. The dates for the transition to refrigerating machine must be set in advance, since the 

compressor manufacturer is hired a certain week. Therefore, the loss of either heating or cooling capacity 

risks to be inconvenient as the prediction of the outside temperatures can be uncertain. The loss of capacity 

from one heat pump during the conversion also needs to be considered.    

The conversion also implies a risk, since the compressor must be moved twice a year. The cogs are supposed 

to fit perfectly together when switching, but after operating a period together, they might be slightly 

disformed and therefore risks being damaged either from lifting up the compressor or fitting in the 

compressor. Thus, there is a risk for damage during each conversion. Hammarby has had one incident, 

where a part of one cog was damaged. Unfortunately, there was no spare parts in storage and the delivery 

times were long, which resulted in that the compressor had to operate on part load all season. The 

compressor manufacturer has some parts in store and Hammarby always has a compressor axis in storage. 

The storage of other parts depends on costs and strategies.  
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The conversion takes place in a space that is built only for heat pump operation. The space is limited. To 

be able to reconnect the pipes, a platform had to be installed at the top of the heat pump. A pump for the 

DC water had to be installed as a one time investment. The gear box matches both compressors and does 

not have to be changed. A picture of the compressor is seen in Figure 11. 

 

Figure 11. The one-stage compressor before the switch. 

A new control mode must be entered into the control system to operate the summer configuration. Earlier, 

Hammarby had an old system that could not store two configurations at the same time. The system therefore 

had to be restarted each switch of operation. It is both hard to find the competence to reprogram the system 

and it is an additional annual cost. Therefore, Hammarby installed a new system that could hold the 

information of two operation modes, was simpler to overview and more efficient to operate.  

A small turbine (1 MW) was installed when the heat pumps and wastewater canal were built, where the 

wastewater was released to the outlet tunnel. The capacity was used to operate the pumps. The turbine was 

damaged later and was not considered economical to repair.  

The reconstruction of VP 5 has had a high investment cost, partly because of the problems described and 

partly because of bad luck with unreliable suppliers. Therefore, it have been valuable to gain knowledge 

about which problems can be avoided when performing a similar reconstruction. 

5.2 Ropsten heat pumps 

Ropsten 3 is a heat pump system built on a barge on the sea fixated with poles, just outside the bridge to 

Lidingö. It was built 1986 and the heat pumps were redesigned approximately 20 years later. It has a total 

heating capacity of 100 MW heating, divided upon four heat pumps. Heat exchangers are installed producing 

free cooling. The sea water is sucked in through a large tower located at the bottom of the sea, connected 

to wooden pipes that collects water from different locations. The heat pumps can operate at full load as 

long as the water temperature is above 2 °𝐶. 
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Ropsten 1 & 2, with totally six heat pumps is located on the shore. These heat pumps produce heating and 

the warm water is connected to the four heat pumps at Ropsten 3, which heats the water 10 – 20 °𝐶 more 

to maximum 78 °𝐶. In the winter, the DH network often requires higher temperatures and the DH water 

is sent to Värtaverket, a heat plant nearby, to increase the temperature before reaching the customers. 

Before a redesign of the heat pumps, they used to operate only to produce DH with sea water as a heating 

source. The water was collected from a depth of 13 - 15 m in the winter and the warm surface water was 

collected in the summer. The evaporators were panel evaporators, suitable for extracting energy from low 

temperature sources. After the redesign, the evaporator connection with the seawater was replaced with a 

DC connection in the summer.  

To receive as low temperatures as possible, the water is collected far from the shore at a depth at 20 m. Four 

new shell and tube evaporators were built in series with the old panel evaporators. The shell and tube 

evaporators are used for summer operation (DC production) and the panel evaporators for winter operation 

(DH production). Valves regulates which evaporator operates.   

The evaporators are connected in series, which means that the refrigerant runs through all evaporators, 

including the evaporators that are not in operation. During part load, liquid condensates in the panel 

evaporators that are not in operation because of lower fluid velocity. This leads to lower efficiency and extra 

work for cleaning the evaporators. Therefore, for summer operation, the regulation option is often full load 

or no load. It is possible to use both evaporators in the summer, by using the panel evaporators as pre-

cooling. This increases the cooling capacity to some extent, but lowers the COP. 

The pipes for intake and outlet are wooden and have a very high corrosive resistance, as long as they are 

not moved. Before the redesign, the winter intake was located deep and the outlet was located at the shore. 

However, there are environmental concerns and regulations regarding letting out water collected close to 

the bottom of the sea to the surface: nutritious elements located at the bottom will stimulate algae growths 

when activated by the sun at the surface.  

To solve this and rearrange the outlet to deeper water, the flow through the heat pump system was 

rearranged, reversing the intake and outlet and a pipe was added to the previous intake, extending it. This 

resulted in a more complex system and since it is hard to connect two pipes under water perfectly, a 

temperature loss of inlet temperature of approximately 1 °𝐶.  

Heat exchangers are used in the winter for free cooling. These are also used in the summer to precool the 

refrigerant before entering the evaporator. This increases the capacity with an additional 2- 4 MW. This 

gives an increase in capacity as long as the seawater is colder than the DC return temperature. The maximum 

cooling capacity without the heat exchangers is 20 MW.  

The maximum capacity for free cooling is 65 MW. The heat exchangers are directly connected with the sea 

water which makes them sensitive to algae growth. The deposits needs to be removed in order for the heat 

exchangers to function at full capacity. After a summer without cleaning, the capacity is usually reduced to 

35 MW. Mechanical cleaning takes up to a week, which usually cannot be performed during the summer. 

Instead, an automatic chemical cleaning system is installed to prevent growth, which works to some extent. 

The compressor is a two-stage turbo-compressor. The refrigerant is R500. The tube material in the shell 

and tube evaporators is Duplex steel and the material in the panel evaporators and condensers is carbon 

steel.   

One efficiency problem with the heating production in the winter is the occasional cold water temperature. 

During a “normal” winter, there is a layer of ice on the lake and a cover of snow upon it. This isolates the 

water and keeps the water temperatures relatively warm at the bottom. When the conditions are windy and 

the ice is open in many places or not existing, the water will have a temperature close to zero. The capacity 

is reduced to approximately 75 % when the water temperatures is around 1 °𝐶 compared to 3-4 °𝐶. 
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The Ropsten heat pump system was built on a barge, with the original intent to have the possibility to move 

it to locations with a high cooling demand. However, the system is very heavy and new poles have to installed 

at the bottom of the sea or lake at the new location. It will most probably never be moved. Nevertheless, 

the location in the sea means that it is space efficient and that more space and additional heat pumps could 

be added to the system if necessary.  

5.3 Nimrod  

“Nimrod” is a system of four heat pumps used to produce cooling in the summer and cooling and preheating 

for the DH network in the winter. In the summer, the condenser is connected to sea water and the 

evaporator is directly connected to DC. The sea water is taken from a canal which is filled with sea water 

from Värtan, the temperatures is thereby close to surface temperatures. In the winter the condenser is 

reconnected to the DH and the evaporator is still connected to the DC, where the heat is extracted. The 

heating capacity is 9 MW which is used to preheat the water before being heated further by other sources 

in the network.  

The tube material for the condensers is titanium, which is resistive and can withstand corrosion from sea 

water. Some fouling has occurred however, which was solved by installing a ball cleaning system, similar to 

the system used to clean the evaporators at Norrenergi. The tubes can also be cleaned manually, but it takes 

minimum one week, at which time the machine cannot operate. From their experience, it is recommended 

to install a ball cleaning system in the condenser if it is in contact with either sea water or waste water to 

avoid fouling. The ball cleaning system was newly installed after capacity problems. The original designed 

cooling capacity is 48 MW and the current achieved capacity is only 12 MW, which is hopefully increased 

with the new cleaning system.  

Nimrod was built and designed with regards to the two operation modes in the summer and the winter. In 

the summer the heat pumps are connected two and two in parallel and in series in the winter to achieve a 

higher DH temperature. Therefore, the heat pumps do not have to be rebuilt each season, instead switches 

are installed regulating valves connected to the evaporator in the condenser. Nor the condenser or the 

evaporator must be cleaned before the seasonal switch, the ball cleaning system is sufficient. The heat pumps 

were built for their current function, but in an already existing building, which makes the use of space tight 

and it can be tricky to make reparations.    
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6 System design 

Firstly, the alternatives for redesign that have been developed during this project will be presented. 

Furthermore, the considerations for redesign and the considerations that have not been accounted for in 

this study will be presented. 

6.1 Description of redesign alternatives 

The alternatives presented below will be considered for this project and will be compared by environmental 

and economical parameters to each other and the baseline scenario, business as usual.  

A heat pump and a refrigerating machine use the same principle of opearaion. A refrigerating machine in 

this study is defined as a heat pump that is used to produce a cooling load. This will still cause an increase 

in temperature on the condenser side, but the temperature will be too low to be usable for DH. 

Baseline scenario, business as usual. The heat pumps will operate when there is a peak cooling demand 

and if there is an additional heating demand after the maximum heating load from Stockholm Exergi is 

purchased.   

Alternative 1A, refrigerating machine with directly connected condenser. One heat pump with tube 

evaporator will be redesigned to operate a refrigeration cycle. This will be performed by connecting the 

condenser to the wastewater canal and connecting the evaporator to DC directly. The two heat pumps with 

open panel evaporators will remain unaltered and thereby will have the capacity to produce heating if 

necessary. This option also enables Norrenergi to produce a cooling load after Bromma sewage plant shuts 

down and the lake water could also be potentially used to produce heating in the winter season. The 

evaporator is connected to the wastewater canal, which means that it can be filled with either lake water or 

wastewater. This solution could therefore be implemented both before and after Bromma sewage plant 

shuts down.  

Alternative 1B, refrigerating machine with heat exchanger. The setup will be similar to alternative 1A, 

except for that the condenser will be connected to the wastewater canal through an intermediate circuit with 

a plate type heat exchanger. The condenser will thereby not be directly connected to the wastewater or the 

lake water, which means that the tubes in the condenser will not need to be changed. This will decreas the 

COP slightly, since the temperature after the heat exchanger and into the condenser will be a few degrees 

warmer than the lake water.   

Alternative 2, direct DC connection. Directly connecting the evaporator to DC, instead of the waste-

water canal. This will reduce losses from cooling down the wastewater in the canal and running it through 

a heat exchanger.  The cooling capacity will also not be limited to the design capacity of the DC heat 

exchangers. The operation still requires a heating load and will not solve the performance issues in the 

summer to a satisfactory extent. However, this solution can produce cooling and potentially heating when 

Bromma sewage plant shuts down and does not require a lake water connection.        

A conceptual sketch is provided in Figure 12 below, where the two different connections are presented. 
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Figure 12. An illustration of the design proposals.  

 

6.2 Practical considerations for redesigning the system 

The information gathered from the system analysis and how the experience from the different constructions 

can be used for the redesign will be discussed in the following section. Other considerations in the redesign 

and the design selection will also be discussed.  

6.2.1 Alternative 1A 

In theory, changing the cycle from a heat pump to a refrigeration cycle is only a matter of reversing the 

cycle. In practice, however, the compressor needs to be changed to one that is suited for the different 

evaporation and condensing temperatures. A feasible option is changing from a two-stage compressor cycle 

to a single stage cycle to match the different condensing and evaporation temperatures. The temperature at 

the condenser outlet does not have to be raised as high to match the DH but instead the lake water 

temperature. Less electricity input is needed to drive the cycle, thus increasing the COP if compared with a 

DH-aimed heat pump. The principle of the reconstruction is presented in Figure 13. 

 

Figure 13. A 2-stage compressor cycle to the left and a single compressor cycle to the right. 
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As mentioned previously, the wastewater in an open panel evaporator flows over the panels and the 

refrigerating fluid flows behind the panels. Reversing this cycle would mean that the DC water would flow 

over the panel. It is practically impossible to reverse the cycle as the DC water is pressurized and therefore 

cannot flow on top of the panels. Thus, the open panel evaporators cannot be part of a refrigeration cycle. 

Additionally, the shell and tube evaporators are easy to clean before each cooling season change, with the 

same ball cleaning system as described for the heat pumps at Stockholm Exergi.  

Instead of using the open panel evaporators, one of the two already installed shell and tube evaporators will 

be used for a refrigerating cycle. With a potentially increasing demand in the future, it is possible to also 

change the other two open panel evaporators to shell and tube evaporators and make the same redesign for 

them.   

Both lake water and wastewater are corrosive. The current condenser tube materials of carbon steel cannot 

handle direct contact with neither and therefore needs to be changed to a material more resistant to 

corrosion, or changed to an intermediate circuit, which will be described in the next section. The material 

must be resistive to corrosion and have a low thermal expansion coefficient. Duplex is suitable according 

to these factors and also from experience of the reconstruction of VP5 at Hammarby. From their 

experience, it is complex to install Duplex in the gables and connections, but it is a better alternative than 

blasting and epoxy painting before each cooling season. There are risks for corrosion in the connections 

and it is important to hire a reliable supplier. The current tubes in the condenser have been changed recently 

and replacing them with Duplex is an expensive investment.  

The condenser tubes need to be cleaned regularly to maintain the same capacity. Nimrod has solved this by 

installing the same ball cleaning system as installed in the evaporators at Norrenergi. If possible, one 

alternative to purchasing a new cleaning system is to move the cleaning system from the evaporator to the 

condenser, since the evaporator does not need a cleaning system when connected to DC water.   

Before each new cooling season, the compressor needs to be changed to reverse the cycle to a refrigeration 

before the summer season and vice versa for the cooling season. These changes must be practically feasible 

to a reasonable amount of labor and cost. The changes will be similar to those made at Hammarby. The 

compressor manufacturer will also be the same and will be hired one week for the reinstallation. The current 

gearbox matches the two different compressors and does not need to be changed. As the compressor and 

the system is analogue to the one at Hammarby, it can be assumed that the obtained COP and capacity are 

the same.    

For Hammarby, the seasonal change takes around three weeks. The compressor manufacturer needs one 

week to reconfigure the compressor. The blasting and the painting with epoxy paint take up a large part of 

the three weeks for Hammarby, which Norrenergi will not have to perform. Therefore, the switch is 

expected to take one up to two weeks for Norrenergi. 

The evaporator that will be connected to the DC also needs to be cleaned from the wastewater after the 

switch. Norrenergi will invest in a new control system this year which does not have to reprogrammed each 

seasonal change. However, a onetime installation for the new summer regulation mode will need to be made 

as a onetime investment. The existing space and buildings occupied by the heat pumps today can be used 

for this reconstruction. The same refrigerant can also be used for both cycles.   

The pipes to the evaporator must be changed from the wastewater canal to DC and the condenser to the 

wastewater canal. There are some limitations in the space available in the existing buildings, which requires 

planning. Currently, the closest DC connection is in a pump house located 50 - 100 m from the nearest heat 

pump. To minimize the piping distance, the closest heat pump with shell and tube evaporators, VP1, will 

be used for the reconstruction. A minimum of 8 valves must be installed. The flowchart for the 

reconstruction can be seen in Appendix C.        
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6.2.2 Alternative 1B 

The difference between this proposal and the previous proposal is how the condenser is connected to the 

wastewater canal. To avoid the risks and the costs with replacing the condenser tubes, an intermediate water 

circuit and a heat exchanger are installed to connect to the condenser. Therefore, the condenser is not in 

direct contact with lake water or wastewater. This installation requires a heat exchanger, a pump, a 

pressurization system and pipes to operate the separate cycle.  

The water reaching the condenser will be 2 – 4 ℃ warmer, depending on the size of the heat exchanger. 

This will result in a slightly decreased COP. Practically, the intermediate heat exchanger would be installed 

on the second floor of the heat pump building, to fit into the limited space. The heat exchanger needs to 

withstand corrosion from lake water and wastewater. Minimum 6 valves need to be installed, the flowchart 

for the reconstruction can also be seen in Appendix C.  

6.2.3 Alternative 2 

This alternative is the cheapest of all alternatives. The changes that needs to be implemented is changing 

the evaporator connection to the DC network, which requires the same work for excavation and installing 

new pipes to the pump house. Two new valves also have to be installed.  

 

6.3 Design limitations 

Norrenergi has a 70 kV switchgear supplying electricity to the heat pumps. The connection points are 

currently full; therefore, if the reconstruction requires new installations in the transmission plant, other 

alternatives must be considered. The most realistic alternative is to build an additional switchgear. The 

alternative that needs a new pump installation is Alternative 1B. The cost for building or reinstalling the 

switchgear have not been considered in this project.       

The DC system, the pipes etc., close to the heat pumps, are dimensioned to handle 16 MW of cooling. 

Redesigning the heat pumps to refrigerating machines will increase the capacity of the heat pumps to 20 

MW. To be able to distribute the full capacity, the system will need to be redesigned. The cost and design 

of the reconstruction have not been considered in this project. 

A rough practical design for each proposal and estimations of the installation price have been made. If 

Norrenergi decides to build one of the proposed alternatives, more detailed designing must be performed 

before rebuilding.  

The lake water that will fill the wastewater canal after Bromma sewage plant shuts down can either be 

supplied by building a pump station from Bällstaviken or by using an existing tunnel from Nockebysundet. 

This may lead to additional costs, which have not been accounted for in this study.   
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7 Calculation of emissions and costs 

In order to evaluate the alternatives, a model for describing how the electricity consumption is affected by 

the use of the heat pumps was set up. This section describes the model setup and how the environmental 

impact and the cost for each scenario was estimated. 

7.1 Operational model 

The annual electricity savings were the base for both the economic and environmental calculations. One of 

the purposes of the project was to reduce the cost for cooling, which is why only the cooling load was 

considered in the model. The cost and environmental impact for the heating load can be calculated from 

deriving the heating cost from the electricity consumption allocated to cooling.  

In order to estimate the annual electricity consumption, the load was distributed between the cooling 

equipment’s to cover the total cooling load and the cooling load in the northern and southern network 

separately. Based on the COP of the sources, a prioritization order was created that decided which cooling 

source will start first to cover a demand. In order to always have the capacity from the accumulator, it will 

always start last. The transmission interlink capacity between the southern and northern networks is 5 MW. 

Customers in the southern network always need to be provided with 45 % of the total demand, while for 

the northern section this threshold is 55 %.  

The order is tabulated in Error! Reference source not found.. Waste cooling is the cooling load gained 

when the heat pumps are operating for a heating load and have no cost, as the heating carries the full cost. 

Waste heat cannot be produced when the heat pumps are converted to a refrigerating machine. In the model 

and hereby, summer operation is defined as June – August and winter operation as September – May. The 

COP used in the model are also tabulated. The COP for the refrigerating machine has been given from the 

compressor manufacturer. How the COP of alternative 1B and 2 have been estimated can be seen in 

Appendix C. The COP of Frösunda for different months can also be seen there.  

 

Table 2. Load prioritizing order. 

 Part Baseline scenario and alternative 2 Capacity 

[MW] 

COP Alternative 1A and 1B 

1 Southern  Waste cooling 16 - Waste cooling (winter operation) 

2 Northern Frösunda, free cooling + refr. machine 22 10,5-18,5 Frösunda, free cooling + refr. machine 

3 Southern Solna refrigerating machine  9 5,5 Solna refrigerating machine  

4 Northern SBG refrigerating machine 12 5,5 SBG refrigerating machine 

 

5 

 

Southern 

 

Heat pumps for cooling production 

 

16; 20 

2,7; 

5,5(1A) 

5,1 (1B) 

3 (2) 

 

Refrigerating machine 

6 Southern Accumulator 10 - Accumulator 

   

The heat pumps in Solna are receiving electricity with higher voltage, 70 kV, which is then transformed at 

site to reach a usable voltage. The rest of the cooling equipment’s in the network receives 20 kV. The 

electricity with higher voltage is cheaper, thereby, the electricity used for the heat pumps is cheaper to 

purchase than for the other cooling equipment’s.     
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7.1.1 Investigated external parameters 

There are a few external changes that will affect the outcome of the proposed investments. The main part 

of the study does not consider an increased cooling demand in the future, for instance. The additional 

investigated parameters are presented in this section and will provide a sensitivity analysis of how external 

factors affects the results.  

Increased heating sales will result in an additional gain to the whole DC system that is connected to other 

DC companies. The whole system profit was estimated by estimating the heating that Norrenergi will 

purchase externally when the heat pumps are converted to a refrigerating machine that would not have been 

bought in the baseline scenario. The difference in the assumed production price for the alternative and the 

price that Norrenergi pays for the heating is the additional economical gain in the model.  

Another parameter investigated was the capacity of Solna refrigerating machines. These are initially designed 

for 10 MW cooling capacity but currently have a limitation of capacity to 5 MW or lower (the capacity could 

be as low as 2,5 MW - 3 MW in the summer of 2018). It is planned to increase the capacity to 9 MW (a 

permanent loss of 1 MW is estimated due to fouling losses) and the future capacity have been assumed in 

the main model. However, it is relevant to consider how a decrease in capacity would affect the investments.  

DC cooling is an increasing market. Therefore, it is relevant to consider how the investments are affected 

by this. The demand is expected to be increased with 12 MW in the southern part and 14 MW in the 

northern part in 2024, the expansions are described further in section 4.3.1 and an additional storage is 

expected to be built that can be filled with 5 MW cooling from the heat pumps and 10 MW from the 

northern part. This scenario and its effect on the results were calculated in the model. The increased demand 

was simulated as a correlation factor to the previous demand to distribute the increase with the same 

distribution as the previous cooling load.   

7.1.2 Selection of climate data 

The cooling demand varies with the outside temperature, as presented in Figure 5, section 4.1.2. The annual 

operational costs will therefore also vary depending on the weather in the summer. Additionally, the summer 

weather in Sweden can also vary significantly from year to year. It is therefore relevant to consider the 

climate data used in the modelling and providing result from different climatic data will serve as a sensitivity 

analysis for this parameter.     

There is a high uncertainty to data models predicting future weather, many parameters, each with a high 

uncertainty, affects the outcome. There also is uncertainty associated to the modelling itself, because the 

equations describing the physical processes are not a perfect representation of theory or needs to be 

simplified because the equations cannot be solved analytically and hence are not a perfect representation of 

the cause and effects. (Parker, 2010) The investment will be analyzed with a lifetime of 25 years, which 

means that climate change could potentially be important to consider. The global climate change can be 

modelled relatively accurately, but the local and regional impact is harder to predict and does not necessarily 

follow the trend of the global climate change. (Hawkings & Sutton, 2009) For instance, Stockholm’s average 

annual temperature have increased more the last century compared to the average global value. The increase 

is larger in the winter than in the summer. (SMHI, 2019) 

Figure 14 shows average temperature for summers from 1860-2018. The blue and red colors represent 

temperatures lower, respectively higher than average for 1961-1990. It can be seen that the average between 

2000-2010, marked in the figure, is higher than the average of the whole time span. This could be a 

consequence of climate change, or it could be a similar shift that can be seen between 1930-1950; the reason 

is not relevant for this study. From this however, it can be seen that it is probably most relevant to use the 

more recent years to estimate a normal average temperature in the summer for the years to come.  
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Figure 14. The trend of the average temperature in the summer in Stockholm from 1860-2018 (SMHI). 

Figure 15 presents the last ten years average summer temperatures in Stockholm, that resulted in an average 

value of 17.15 ℃ for this period, which is marked in the diagram. The last three years has had well 

documented heating and cooling load from Solna heat plant and most relevant customer cooling demand, 

which average temperatures are marked in red. Therefore, these years have been selected to be used as base 

for the climatic data. The year of 2016 was used as a normal year, 2017 as a year with low cooling load and 

2018 as a year with high cooling load. The normal year will serve as a basis for the evaluation, as it in the 

future hopefully also will be close ta an average value in a future timespan. The years with a low and a high 

heating load will provide information about how the results can vary potentially.  

 

 

Figure 15. The average temperature in the summer in Stockholm the last ten years (in Observatorielunden), data 

collected from SMHI. 

It can be seen that these years represent the respective years relatively accurately, see Table 3. The selected 

coldest summer is 0,4 ℃ warmer than the coldest summer of the selected timespan, the hottest summer in 

the model is the hottest summer in the timespan and the average summer is 0.35 ℃ warmer than the average 

of the selected timespan. Thus, the overall result will correspond relatively well to the statistics of the recent 

summers but are slightly warmer than the real values. The corresponding hours in the model for the 

baselines scenario where the heat pump must operate to produce a cooling load is also presented.  
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Table 3. Model years compared to the real coldest, average or hottest summer. 

 Min/Average/Max for the 

model year [℃] 

Real Min/Average/Max  

2008-2018 [℃] 

Annual hours heat pump 

cooling production [h] 

Min 16.5 16,1 48 

Normal 17,4 17,15 190 

Max 19,7 19,7 463 

 

The model will not use outside temperature as an input, instead the cooling and heating load for the selected 

representative years will be used. This leads to some uncertainty of the correlation between average 

temperature in the summer and the amount of cooling load, affecting the representability of the years. Figure 

5, section 4.1.2. shows the correlation between outside temperature and cooling load, which is linear 

between 10-15 ℃ and for 15 ℃ and higher (in weekdays), where the cooling load after 15 ℃ increases more 

per increased degree outside temperature than for the other case. The first uncertainty lies in that the cooling 

load will be higher if the hot days occur on weekdays as opposed to weekends, whilst this difference will 

not show for the average temperature. Additionally, if two summers has the same average temperature, the 

cooling load can vary depending on the distribution of temperature. For instance, if one summer has one 

month with temperatures lower than 15 ℃ with the rest of the months warmer than 15 ℃ and the other 

summer has relatively constant average temperatures higher than 15 ℃: then the cooling load will be larger 

for the first summer because there will be more days that have a larger degree of cooling load per increased 

degree of outside temperature.    

Another uncertainty associated with using the cooling demand for three historical years is that the DC 

customers have increased since 2016. The contracted DC capacity rose from 57,3 to 63 MW between 2016-

2018 (it was 60 MW in 2017). This will result in slightly higher cooling demands than representative for year 

2017 and 2018. However, there is a large difference in hours of operation in the baseline scenario for 2017 

and 2018, which indicates that the extra customers have a much smaller impact on the results in the model 

than the weather. 

7.1.3 Assumptions and simplifications 

Assumptions and simplifications had to be made designing the operational model. These are described 

below.  

 It is assumed that the heat pump is converted at the same point in time every year. In practice, the 

conversion will be made approximately at the same time every year, but with a variation depending 

on the outside temperature and short-term predictions.    

 The electricity price used in the model is the price from 2018. The electricity price has varied 

historically, and predictions of future history prices are uncertain. This adds extra uncertainty to the 

model. The sensitivity analysis will provide information about how variations of electricity price 

will affect the model. As mentioned, the heat pumps use electricity with higher voltage that is 

cheaper, which have been considered in the model.  

 The COP varies with the load. A constant COP for all cooling sources has been assumed in the 

model.  

 An economic minimal load has been used for the modelling of the refrigerating machine, i.e. the 

load that the refrigerating machine will initiate its operation from. However, all the other 

refrigerating machines in the DC system also has an economic technical and economical minimal 

load, which have not been accounted for in the model. Operating on small loads impacts the COP 

negatively, this impact has also not been accounted for. Simulating all refrigerating machines adds 

complexity to the model and has an insignificant impact on the results. 

 The accumulator is always filled up in the summer so that the capacity can be delivered. It is filled 

with cooling load from the marginal load, the heat pumps. If there is a heating demand, which is 
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relatively rare, it is filled with waste cooling. In the model, it is assumed that the accumulator is 

always filled with cooling from heat pumps that are started for the purpose of producing a cooling 

load (not waste cooling) in the baseline scenario and cooling from the converted refrigerating 

machine in alternative 1A and 1B.  

 Once the heat pumps are started, it is not economical to stop the operation immediately. This is 

simulated by using hours for latest start, latest stop etc. in the model. These hours vary somewhat 

from day to day in practice. 

 Alternative 2 can be and most probably will be converted both before and after the summer. In the 

model however, it has been assumed that this conversion only will be implemented in the summer. 

This will have a small impact to the annual savings since there are negligible hours of cooling 

operation of the heat pumps in the spring and autumn.  

 For the simulation of an expanded market, the same (increased) cooling demand was used for all 

year. It is most probable that this demand will be increased even more in the lifetime of the 

investments.  

7.2 Estimation of the environmental impact 

The key parameter investigated for the environmental evaluation was the CO2 equivalent. The difference in 

emitted CO2 equivalent depends on the electricity consumption and its impact on the CO2 equivalent. 

Different approaches for estimating the environmental impact and the motivation for the selected approach 

is described in the next section.  

7.2.1 Environmental calculation approaches 

It is common that different actors want to evaluate their environmental effects from electricity consumption. 

The result can differ vastly depending on the selected method for evaluation. (Gode, et al., 2009) It is 

therefore of importance to use a method suitable for the specific task. This section will present two methods 

for environmental evaluation, the bookkeeping approach and the consequential analysis approach to select 

a suitable method for the specific case of operating the heat pumps.  

A bookkeeping approach is an approach used by many power companies to present annual emission. The 

environmental impact is estimated based on average values of CO2 equivalent per MWh of the total 

electricity mix or by the purchased electricity mix if a renewable mix is purchased. The risk with using this 

approach is that the whole system impact is under-estimated. This approach is recommended to use when 

bookkeeping annual emissions on an already made investment. The results will differ depending on the 

selected system boundary, whether it is selected to be the Swedish network or the Nordic network (which 

has transmission with the Swedish network). In the future it may be relevant to include the European 

network as a system boundary. Electricity can also be bought environmentally certified, where the extra cost 

supports investing in renewable sources. It is discussable whether the emission factors from only renewable 

sources can be used for bookkeeping when this electricity is purchased, but it will not be discussed further 

in this report. (Gode, et al., 2009)  

A consequential analysis accounts for the effects of the addition of electricity consumption in the system by 

using a so-called marginal approach. The principle is that new customers or additional electricity demand 

will impact the top load of electricity. The top load is characterized by a high variable cost, a high capacity 

and the flexibility to decrease or increase the load. It is commonly the most emitting load, often produced 

from coal, oil or gas. On average, the top load in Sweden and the Nordic countries is produced from coal 

CHP plants. A consequential analysis quantifies the impact from the additional electricity. It is 

recommended to use a consequential analysis when calculating the impact of a change, both a historic 

change and a change in the future. (Gode, et al., 2009)  

Thus, for the environmental calculation analysis in this specific case of decreasing electricity consumption 

from heat pump operation, a consequential analysis approach using the electricity from the marginal top 

load will be used.   
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7.2.2 Selection of emission factor 

Section 3.3 presented the current average marginal load in Sweden which varies between 400 – 750 kg CO2 

eq./MWh. It also presented future predictions of the marginal load, depending on future political climate 

ambitions. The emission factor is expected to be 600 kg CO2 eq./MWh with low ambitions and 150 kg CO2 

eq./MWh with high ambitions. The emission factor for low climate ambitions is also approximately the 

median of the current marginal load.  

This study will consider low climate ambitions and 600 kg CO2  eq./MWh as the global emission factor for 

all the energy involved in running the DH and DC systems at Norrenergi. The sensitivity analysis will 

provide information about how the results might vary with the emission factor.  

 

7.3 Economic evaluation 

Firstly, the investment cost of the three redesign alternatives were found. Offers from manufacturers for 

the necessary design changes was taken. A total installation cost for the alternatives was calculated. Annual 

operational costs were found from the previous analysis of electricity savings.   

7.3.1 Tools for economic analysis 

 

Before making a large investment, it is important to evaluate the investment. There are several common 

tools used for these types of evaluations. (Erményi, 2015) 

Payback time is commonly used and is both simple to understand and to calculate. It shows how long it will 

take for an investment to break even. The formula is presented below:   

𝑃𝑎𝑦 𝐵𝑎𝑐𝑘 𝑡𝑖𝑚𝑒 =
𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡

𝑎𝑛𝑛𝑢𝑎𝑙 𝑠𝑎𝑣𝑖𝑛𝑔𝑠
 . 

 

The Simple Pay Back does not consider the time value of money, i.e. the fact that the same money invested 

today will be worth less in the future. It can therefore be a useful tool to make a quick evaluation to 

understand the potential with the investment, but should not be used solely to estimate whether a project is 

worth investing in. (Gallo, 2014)  

The Net Present Value, NPV, takes the different values of money in time into account and displays the 

value today of all future cash benefits minus the investment cost. The formula is presented below: 

𝑁𝑃𝑉 = ∑
𝑅𝑡

(1 + 𝑖)𝑡
,

𝑛

𝑡=0

 

where: 

n is the year of the discounted cash flow, 

RT is the total cash flow, 

i is the discount rate and 

t is the lifetime considered for the investment. 

 

The higher the NPV, the more profitable is the investment indicated to be. A negative NPV should not be 

invested in. It is however not trivial to interpret a single NPV value, but it will give more information 

compared to other NPV values. The NPV value does also not give information about the profitability in 

percent of the investment. (Erményi, 2015) 
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Internal rate of return is another commonly used tool complementing the NPV. It estimates the percentage 

earned per invested SEK. The base for the calculations is NPV, which is set to zero and then the equation 

is solved for the discount rate. The equation must be solved numerically and cannot be solved analytically.  

The equation is presented below:  

𝐼𝑅𝑅 = 𝑁𝑃𝑉 = ∑
𝐶𝑡

(1 + 𝑖)𝑡
− 𝐶0 = 0,

𝑇

𝑡=1

 

where: 

t is the lifetime considered for the investment, 

Ct is the net cash inflow during the time t, 

Co is the initial investments cost and 

i is the discount rate.  

 

The higher the IRR, the more potential for profitability for the investment. A higher IRR than the discount 

rate means that the profitability for the investment is higher than for investing the money elsewhere. 

Therefore, the IRR should be higher than the discount rate. The IRR should not be used to compare projects 

with different lifetimes. It is recommended to use the IRR as an indicator to a single project, but it should 

not be used as the only indicator to compare different projects, as a high IRR can have a lower NPV and 

vice versa. (Erményi, 2015) 

Combining different indicators to evaluate a project is recommended. Figure 16 gives an indication about 

how NPV and IRR can be combined in decision making. Neither method takes potential risks of the 

investments into consideration. (Erményi, 2015) 

 

Figure 16. Base model for combining the NPV and IRR. 

 

The investments will be evaluated based on the Internal Rate of Return and the Net Present Value and Pay 

Back time to give an understanding to the reader. The lifetime of the investment is assumed to be 25 years 

and the internal rate of return 6 %, according to standards at Norrenergi. The cash flow is real, i.e. the 

inflation is not accounted for. 
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7.3.2 Estimation of installation costs  

The estimation of installation costs has been performed by considering the necessary design changes for 

each alternative, thereby finding the necessary components for redesign and labor that must be done. The 

price of each component and the work have been estimated by either interviewing internal and/or external 

actors, or by price calculation tools. The estimated prices and the deduction method for each price 

component can be found in Appendix E.  

A range for the cost of building additional refrigerating capacity have also been estimated. It has been 

performed by reviewing the cost for similar projects at Norrenergi and at other utility companies in the 

recent past. This deduction can also be seen in Appendix E.  
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8 Evaluation Results and Analysis 

The results from the economical and environmental analysis are presented in this chapter. Firstly, the 

investment cost of the different alternatives is presented, followed by the annual savings for each alternative. 

Then the profitability of the investments is presented, followed by the additional annual savings if 

considering the whole DC system.  

Lastly, a sensitivity analysis is presented considering the variability of both economic and environmental 

factors.  

All results, except for the investment cost, are presented for three different design alternatives of climatic 

data a cold, normal or a warm summer, presented in section 7.1.2.   

8.1 Investment costs 

The estimated investment cost of the alternatives is presented in Figure 17. The cost for building a new 

refrigerating machine is estimated to be approximately 4-7,5 million SEK per MW, which for a capacity of 

20 MW will correspond to 90-150 Million SEK. 

 

Figure 17. Estimated investment cost for the three alternatives. 

 

8.2 Annual savings 

The annual operational savings are presented in Figure 18. The annual cost for changing the compressor 

have been subtracted from the savings for alternative 1A and 1B. The cost on the x-axis have been removed 

for confidentiality reasons.  
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Figure 18. Annual savings of the alternatives depending on the different climate data. 

 

8.3 Profitability of investments 

 

The NPV of the alternatives for three representative years is presented in Figure 19. 

 

Figure 19. NPV of the alternatives based on the different climate data. 

The IRR for the alternatives is presented in Figure 20 below. The IRR cannot be calculated when the savings 

are negative, which is the case for alternative 1A and 1B for the cold year. Therefore, the IRR have not been 

presented for these cases.  
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Figure 20. IRR based on climate data from different years. 

 

The payback time for the alternatives based on the different climate data is presented Table 4. The results 

have been left out for the cases where the annual savings were negative.  

Table 4. Payback time for the proposals. 

 Alternative 1A 

[years] 

Alternative 1B 

[years] 

Alternative 2 

[years] 

Cold — — 116 

Normal 189 202 27 

Warm 35 30 12 

 

8.4 Whole system profit 

If Norrenergi imports heat in the summer from a heating company interconnected with the DH network 

instead of producing heating with the heat pumps, there will be an additional system gain to the proposals 

(since the production price for the alternative heating is lower). The additional savings from the baseline 

scenario for alternative 1A and 1B for different climatic data are presented in Table 5, where the savings 

compared to the baseline scenario is shown in percent.  

Alternative 2 produces almost the same heating load as the baseline scenario, which results in zero whole 

system profit.  

Table 5. The additional savings in percent compared to the baseline scenario. 

Cold Normal Warm 

4,1 % 13 % 16 % 

 

These additional annual savings will result in different NPV, IRR and PB if the whole system profit is 

considered. The NPV for this case is presented in Figure 21.  
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Figure 21. NPV when including the whole system profit of the investments.  

 

The IRR of this case is presented in Figure 22. The cold year was left out because the annual savings were 

negative.  

 

 

Figure 22. IRR when including the whole system profit of the investments. 

 

The Pay Back time is presented in Table 6 below. The results have been left out for the cases where the 

annual savings were negative. 
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Table 6. Pay Back time when including the whole system profit of the investments. 

 Alternative 1A [years] Alternative 1B [years] 

Cold — — 

Normal 29 22 

Warm 12 9 

8.5 Results with expanded market 

With an expended market, Alternative 2 is considered to an unrealistic alternative due to high annual costs, 

therefore only the results from alternative 1A and 1B are presented. The annual savings of alternative 1A 

and 1B with an expanded market is shown in Figure 23. The NPV these alternatives with an expanded 

market is presented in Figure 24.  

 

Figure 23. Annual savings for the case of an expanded market for three climate years. 

 

Figure 24. NPV for the case of an expanded market for three climate years. 
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The IRR for this case is presented in Figure 25.  

 

Figure 25. IRR for the case of an expanded market for three climate years. 

The Pay Back time is presented in Table 7.  

Table 7. Pay Back time for the case of an expanded market. 

 Alternative 1A [years] Alternative 1B [years] 

Cold 48 43 

Normal 30 23 

Warm 16 15 

 

8.6 Sensitivity analysis of economic factors 

This section presents the sensitivity analysis for the factors affecting the economical evaluation. Firstly, the 

factors impacting the annual savings were analyzed, followed by the annual savings and the investment costs 

impact on the economical parameters used to analyze the investment.  

The sensitivity analysis was performed on alternative 1A for a year with normal climate data, the results are 

expected to be analogue to the other alternatives and different climate data. For the cases where the effect 

of parameter variation on the annual savings is compared, the results represent the increase or decrease of 

annual savings.  

8.6.1 Annual savings 

The annual savings is mainly impacted by the electricity price, the COP of the heat pumps and the COP of 

the refrigeration machine. The effect of parameter variation with a parameter range of 20 % is shown in 

Figure 26. 
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Figure 26. The impact of electricity price, COP of refrigerating machine and the COP of the heat pumps. 

Another parameter that impacts the annual saving is the capacity of Solna refrigerating machine, along with 

the capacity of other cooling sources. Other cooling sources have had constant capacity the last years, 

whereas Solna refrigerating machine had the capacity of 2,5 MW- 3 MW the summer of 2018, but has the 

future capacity of 9 MW in the model. Figure 27 shows the effect of parameter variation of capacity 2,5 

MW to 9 MW on the annual savings.  

 

 

Figure 27. The impact of Solna refrigerating machines capacity on the annual savings. 

The alternative price for heating also has an impact on the annual savings, which is presented in Figure 28. 

The range have been selected by estimation of probable future prices.    
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Figure 28. The impact of the heating price on the annual savings. 

 

8.6.2 NPV, IRR and PB 

The parameters affecting the annual savings have been presented in the previous chapter. How these savings 

and the investment cost will affect the economical parameters used to evaluate the alternative will be 

presented in this section.   

The variation of NPV, IRR and Pay Back time depending on the annual cost and the investment cost is 

presented in Figure 29. 

 

Figure 29. The impact of the annual savings and the investment cost on the NPV, IRR and Pay Back time. 
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8.6.3 Whole system profit 

The additional whole system gain is dependent on the production price for heating for Stockholm Exergi. 

One price has been assumed in the model and Figure 30, shows the effect of parameter variation depending 

on the different prices.  

 

Figure 30. The variation of annual savings depending on the heating price. 
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8.7 Environmental analysis with sensitivity factors 

The results for each design alternative was evaluated based on the savings of electricity and CO2 equivalent 

compared to the baseline scenario and generated from the operational model. There are no additional 

environmental savings for the whole system of Norrenergi and Stockholm Exergi.  

The savings in percent compared to the baseline scenario and the emission savings in ton CO2 equivalent 

compared to the baseline scenario is shown in Figure 31.  

 

Figure 31. The savings compared to the baseline scenario. The axis to the left shows the savings in ton CO2 eq. and the 
data points the savings in percent.  

 

The effect of parameter variation on the COP of the heat pump in the baseline scenario and the emission 

factor is shown in Figure 32. The analysis is performed for scenario 1A and is expected to be analogous for 

the other alternatives.  

 

Figure 32. Variation in annual savings depending on the COP of the heat pump and the emission factor. 
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9  Discussion and conclusions 

This section will analyze the results of the study. It is divided into a discussion of the research questions, 

and a discussion of the design of the alternatives. Thereafter, a discussion of the uncertainty in the results 

and suggestions on further work is presented.   

9.1 Research questions 

The purpose of this study was to investigate how the production costs of the cooling production and its 

environmental impact can be lowered. A literature study has provided a technical background for heat pump 

and its components. The system analysis and the interviews at Stockholm Exergi have given in-depth 

information of the possibilities of rebuilding the heat pumps and the considerations included. The potential 

at the site has been investigated in parallel, resulting in three design alternatives, which are the base for 

answering the research questions.  

The first question addressed for this study was: How can the system be designed to increase the cooling capacity and 

efficiency in the summer?  The design of the alternatives has been presented in section 6. All three alternatives 

increase the cooling capacity from 16 MW to 20-21 MW. The COP increases in all three alternatives, most 

in 1A, followed by 1B and the least increase can be seen in alternative 2 (corresponding to a cooling COP 

of 5.5, 5.005 and 2.025 respectively). The current problem of cooling production with the heat pumps is 

that a heat load is required and that the cheaper heat can be imported. Converting the heat pumps to a 

refrigerating machine in the summer, as proposed in alternative 1A and 1B, solves this efficiency problem 

in the summer. Alternative 2 increases the heating COP somewhat, but still requires a heating load and 

thereby does not solve the fundamental problem of cooling production in the summer.    

An operational model accounting for all cooling capacity of the DC network and its transmission capacity 

between the northern and southern part was set up to answer the remaining research questions, analyzing 

the set-up scenarios. Which design produces the least amount of greenhouse gas emissions in its lifetime? was 

possible to answer, with the results from section 8.7. For all climate data, the savings in emissions were 

highest for alternative 1A, followed by alternative 1B which have slightly lower savings due to lower COP. 

The savings were significantly lower for alternative 2 than for the other alternatives. 

The economical results in section 8, enabled answering the question, Which design is the most economically 
profitable over a lifetime of 25 years? Alternative 1A resulted in the largest annual savings, but also the largest 
investment cost, whereas 1B had slightly smaller annual savings but also significantly lower investment cost. 
Alternative 1A and 1B had a constant annual cost of changing the compressor that reduced the savings, 
which percentual effect was different depending on the climate data. This reinstallation cost was the reason 
for negative savings for the minimal year.  Alternative 2 had the lowest investment cost of the alternatives 
and the annual savings was largest of all alternatives for the cold and normal year because it has no annual 
cost of changing the compressor.  
 
A project can be considered to be invested in if the NPV and IRR are both positive, see chapter 8. 
Additionally, the IRR must be larger than the discount rate. If one factor is negative, other factors can be 
considered. If both are negative, the alternative should be rejected. The normal year is what can be 
considered to be the year where the profitability of the investment should be investigated, since it probably 
will be closest to the average over a time period. The cold and warm years gives an indication of the risks 
and variations of the profitability depending on the weather, which will be further discussed in section 9.3.  
 
For the normal year, the NPV and the IRR were negative for alternative 1A and 1B and the Pay Back time 
was very large (>150 years). For alternative 2, the NPV was small but positive and the IRR was larger than 
the discount rate. The payback time was larger than 100 years, which can be considered very high. 
Conclusively, none of the investments can currently be considered profitable for Norrenergi to invest in on 
their own before Bromma sewage plant shuts down. On the other hand, the alternatives can potentially be 
profitable to compensate for the capacity from Bromma sewage treatment plant, this is further discussed in 
section 9.4. 
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Alternative 1A and 1B both had positive NPV for all climate data and 1B had higher IRR than the discount 
rate for the normal year. Thus, if the market will increase in the same way as assumed in this study and the 
storage in Sundbyberg will be used in the same way as expected, alternative 1B can be recommended to 
invest in.  
 
The mutual system gain was also investigated, answering the last research question: What is the mutual system 
gain when heat is imported, as opposed to produced from heat pumps in the summer?  The additional gain was defined as 
the heat that was produced from the heat pumps in the baseline scenario but imported for the refrigerating 
machine solutions. Alternative 1A and 1B have the same additional gain and alternative 2 does not have any 
additional gain. If the additional gains was considered into the system, the result was positive NPV values 
and IRR values for alternative 1A and 1B, see section 8.4. Alternative 1B has slightly higher NPV and IRR, 
which is higher than the discount rate. Thereby, alternative 1A and 1B can be recommended from a whole 
system perspective.  

9.2 Risk of implementation of the alternatives  

The alternatives are not equal in terms of risks undertaking the project of rebuilding the heat pumps. From 

Stockholm Exergi’s experience from the reconstruction in Hammarby, there is a risk of changing the 

condenser material like alternative 1A proposes. Firstly, changing the condenser material to Duplex is a large 

investment and a large part of the investment cost. As mentioned in section 6.2, one option to reduce the 

risk of corrosion in the material is to not replace the gables to the condenser (saving part of the investment 

cost). A consequence is that the gables needs to be epoxy-painted each season. This takes a few weeks with 

no heat pump operation, which adds additional stand-still costs and labor costs. The heat pumps are 

important for both the heating and the cooling load and weeks without operation is not an option. From 

Stockholm Exergi’s experience, it can be complicated to fit the condenser material in the gables tight enough 

to avoid corrosion in the edges between the parts of material. This implies a corrosion risk and the risk of 

the work being more complicated than expected which results in additional costs. The condenser material 

does not have to be changed in alternative 1B and thereby this proposal is not subject to this specific risk. 

Changing the material is not the only risk for additional costs and standstill costs. The space for rebuilding 

the heat pumps is limited, which potentially could cause problems for some of the installations of pipes, 

pumps or valves for instance. This risk is, however, similar for all design alternatives and is a risk associated 

with most building projects.    

In conclusion, there are significantly higher risks for additional costs associated to the construction of 

alternative 1A than for alternative 1B. Therefore, if the profitability of the alternatives is similar, alternative 

1B should be considered for investment. The profitability of alternative 1A should be significantly higher 

than alternative 1A to be considered.   

A general risk of undertaking alternative 1A and 1B is the annual cost of changing the compressor. Investing 

in one of these alternatives can lead to negative annual savings for cold summers. The difficulty to predict 

these summers implies an additional risk. On the other hand, this risk is also applicable to the current 

situation (the baseline scenario), where the cost for cooling production also varies as much depending on 

the outside temperature and can be expensive during hot summer. The cost per produced MWh cooling 

during cold summers is lower than for hot summers, because cheaper production sources are available. 

Therefore, a slightly more expensive cold summer, which will be the case for alternative 1A and 1B, is not 

a risk in itself, but rather a risk of not getting pay back for the made investments. In conclusion, if the 

profitability of the normal summer over time is high enough, an investment can be considered.    

9.3 Uncertainty of results 

This section will discuss the uncertainties of the results. The discussion will be divided by environmental 

and economical results, thereafter a summary of the factors with the largest impact is provided.  
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9.3.1 Economic results 

The impact of the electricity price, COP of the heat pumps and refrigerating machine and the impact of the 

alternative heating price of imported heat on the annual savings was analyzed in the sensitivity analysis. The 

COP of the heat pump is not likely to vary more than ∓ 10 % and according to the sensitivity analysis, the 

impact of this on the result will be low. The impact of the COP for the refrigerating machine on the results 

were even lower. The COP of the refrigerating machine is also a value that is provided by the compressor 

manufacturer and should therefore not vary significantly.  

The electricity price can vary in the future and in general, long-term prognoses are uncertain. Therefore, it 

is important to know the impact of the electricity price on the results. The sensitivity analysis showed that 

the impact on the annual savings is more than double proportionate, i.e. a 10 % increase in the electricity 

price will give a 25 % increase in annual savings and vice versa. Thus, even small changes in the electricity 

price will make a noticeable impact on the annual savings.  

Solna refrigerating machine is planned to extend its capacity to 9 MW, but if the capacity will be increased 

by less than the planned capacity, it can be important to know how much additional savings it will lead to 

for these investments. The sensitivity analysis showed that each MW decrease in the capacity of Solna 

refrigerating machine corresponded to approximately 30 % increase in annual savings.  

Changes in the heating price for the imported heating impacts the annual savings by more than double, i.e. 

an increase in the heating price by 10 % decreases the savings by 25 % and vice versa. The actual savings 

from the investments will be the same regardless of the heating price, but it is a matter of which company 

that will profit from the savings.  

All mentioned factors in this section affect the annual savings. In turn, its effect on the profitability of the 

investments is as follows: the NPV is direct proportionate to the annual savings, the IRR is double 

proportionate to the annual savings and the Pay Back time is inversely proportional by a third to the annual 

savings. The investment cost impact on the profitability of the investments is as follows: the Pay Back time 

is proportionate to the investment cost, the IRR is inversely proportionate to the investment cost and the 

NPV is double increased by inversed by half to the investment cost. It is highly probable that the estimated 

prices in this study will differ from the real (future) offers from companies, which is also an uncertainty of 

the results.  

The climatic data impacts the annual savings by approximately +500 % and -100 %, depending on whether 

it is a hot or a cold summer. For alternative 1A this means that the savings compared to the baseline scenario 

varied from -4,7 % to 8,3 %. The whole system profit was also estimated, there is an uncertainty to the 

estimated alternative production price for heating.  

Other assumptions in the model have been described in section 7.1.3. These simplifications will also add 

some uncertainty to the results.  

9.3.2 Environmental results 

The COP of the heat pumps in the baseline scenario was considered in the sensitivity analysis. The COP of 

the heat pumps in the baseline scenario have natural variations depending on the waste water temperature 

and temperature, but not more than a few percent, which from the information gained from the sensitivity 

analysis, will not impact the result considerably.   

The emission factor can vary depending on the selected method for evaluation. The potential range for the 

emission factor is 150– 750 kg CO2
 eq./MWh, whereas 600 kg CO2

 eq./MWh was selected, according to 

the motivation in section 7.2.2. The effect of parameter variation of the result was the same as the variation 

of the factor, i.e. changing the emission factor to 90 % results in 90 % emissions. Therefore, the potential 

variation of the results can be + 75% and - 25 % for the most extreme values.  
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The emission value is a parameter that is simplified from complicated relationships and prognosis with 

uncertainties, therefore the selected value cannot be considered as stable. More realistically, it could vary 

from between 400-700 kg CO2
 eq./MWh by increasing or lowering the expected climate ambitions, resulting 

in a variation of +33 % and -17 %.  

The variation of the results showed that the climate data was the most influencing factor, with a variation 

for hot and cold summers of more than approximately + 100 % and – 400 %. For alternative 1A it resulted 

in that the savings from the baseline scenario varied from 4,4 % to 21,3 %.  

9.3.3 Summary 

The largest source of uncertainty in the results is the variation in the climate data. The variation is larger 

than for all other factors and is also hardest to predict. The electricity price is the second most affecting 

external variation. 

9.4 Recommendations 

The recommendations can be divided into two cases, whether it can be recommended invest before 

Bromma sewage plant shuts down or after.  

The profitability was low for alternative 1A and 1B for a normal year, acceptable for a warm year and 

negative for a cold year. Thus, none of these alternatives can be recommended to be invested in before 

2027. However, if the additional whole system gain is considered, the profitability is higher. An investment 

can be recommended if this would be the case, with the reservation that the annual savings can be negative 

for cold summers. In this case, alternative 1B is recommended, as it implies the least risk and has the highest 

profitability.  

After 2027, the costs for redesign should be compared to the costs of building additional refrigerating 

capacity or not be able to provide a peak cooling load. The second alternative is not an option for the 

company, therefore the cost should be compared to building a refrigerating machine with 20 MW capacity, 

which costs between 90-150 million SEK, according to the price estimation from section 8.1.  

Compared to this investment cost, an investment converting the heat pumps to a refrigerating machine is 

recommended. A conversion will result in the same annual savings as building a new refrigerating machine. 

For this case, alternative 1B is also recommended since it implies the smallest risk.  

Alternative 2 still requires a heating load to produce a cooling load, which does not solve the initial problems 

of the cooling production in the summer. The benefit of this alternative is that is, as the other alternatives, 

can provide a cooling load and a small heating load after Bromma sewage plant shuts down. The results 

showed that the investment in alternative 2 is relatively profitable for a normal year, the NPV was relatively 

low but positive, the IRR higher than the discount rate, but the Pay Back time was relatively high (27 years). 

This alternative performs the change in connection for the evaporator from the waste water canal to the 

DC network, which also must be performed if investing in alternative 1A or 1B.  

Therefore, this change could be made before investing in alternative 1A or 1B, for instance before 2027 if 

the investment would be considered practically or economically advantageable to divide. Dividing the work 

of reconstruction can increase additional stand still and starting costs. Additionally, this connection can only 

be used in the summer season, as the heating provided from the waste water is necessary the rest of the year 

and switching the connection also is a risk for additional costs.  

In conclusion, this alternative is recommended to replace the cooling capacity from the waste water after 

2027, if the current situation of the cooling production is considered enough and if Norrenergi wants to 

make as small investment as possible. It could also be important to be taken into consideration as a pre-

investment to alternative 1A and 1B.  

 



 
   

- 51 - 

This study only considers the profitability of the cooling load. However, the heating also needs to be 

replaced after 2027. All alternatives enable a heating load in the winter (smaller than before). This fact will 

be an additional advantage and economical gain to the investment, which have not been considered in this 

study.  

All alternatives will also increase the cooling capacity from 16 MW to 20-21 MW, which also has a certain 

value to the investments that have not been considered in the economical evaluation.  

9.5 Further work 

This study showed that the key alternatives for redesign are not profitable to invest in before 2027 for 

Norrenergi alone. However, if an expanding DC market is considered the investment could become 

profitable in the very near future. The plausible expansion of the market therefore needs to be further 

investigated and estimated to make as correct evaluation as possible. If it is decided that one of the 

alternatives will be invested in, further projections needs to be performed, designing the reconstruction and 

estimating the prices more precisely.  

Furthermore, the replacement of the heating energy supply after the wastewater source Bromma sewage 

treatment plant shuts down in the future also needs to be investigated and included in the analysis.    
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Appendix A: External interviews 

External interviews were conducted in this study. The topic, interviewees, company and date of these are 

presented in Table I.  

Table I. External interviews. 

Date Interviewee Topic Duration 

[h] 

Company Location 

23/1-2019 Fredric 

Wenger 

First meeting, general 

introduction and 

background 

 

1 

Stockholm 

Exergi 

Ropstenverket 

1/2-2019 Fredric 

Wenger 

Guide tour at 

Ropstenverket 

3 Stockholm 

Exergi 

Ropstenverket 

 

26/3-2019 

Fredric 

Wenger, Per 

Hjorter, Erik 

Varn  

 

Guide tour at 

Hammarbyverket 

 

3 

 

Stockholm 

Exergi 

 

Hammarbyverket 

3/4-2019 Fredric 

Wenger 

Guide tour at Nimrod 3 Stockholm 

Exergi 

Nimrod 

 

3/4-2019 

 

Erik Skoglund 

Interview about the 

similar reconstruction at 

Hammarby and 

recommendations 

 

1 

 

Stockholm 

Exergi 

 

Stockholm 

Exergi  

 

15/4-2019 

 

Three experts 

from Siemens  

Meeting to discuss the 

possibility for 

reconstruction and the 

compressor  

 

1 

 

Siemens 

 

Norrenergi 
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Appendix B: Compressor temperature conditions  

The temperature conditions that were used as a bases for the compressor operating range is presented in 

Table I.  

Table I. The temperature conditions used by the compressor manufacturer. 

 Lake water 
Average 
Temp. 

DC return 

Average 

Temp. 

Lake water 

Max. 

Temp. 

DC return 

Max. 

Temp. 

Lake water 

Min. 

Temp. 

DC return 

Min. 

Temp. 

Max. 

Diff. 

Temp. 

Min 

Diff. 

Temp. 

Jan 0,8 10,8 1,5 11,7 0,4 9,6 11,3 8,1 

Feb 0,8 11,2 1,8 11,9 0,4 9,8 11,5 8,0 

Mars 1,1 10,9 2,8 12,4 0,3 9,7 12,1 6,9 

April 4,9 11,5 6,3 13,7 2,0 9,3 11,7 3,0 

May 7,2 12,2 11,3 14,7 4,3 8,8 10,4 -2,5 

June 13,5 13,1 17,5 15,4 9,2 9,7 6,2 -7,8 

July 16,7 12,8 21,4 14,8 11,1 9,7 3,7 -11,7 

Aug 18,5 12,4 20,8 15,3 15,6 9,6 -0,3 -11,2 

Sep 16,1 12,2 18,6 14,2 11,3 10,1 2,9 -8,5 

Oct 11,2 12,2 15,0 13,4 7,6 8,6 5,8 -6,4 

Nov 5,2 11,2 7,4 11,9 3,6 8,4 8,3 1,0 

Dec 4,1 11 7,5 11,4 1,7 6,9 9,7 -0,6 

 



 

 
 

I 

Appendix C: Further operational model specifications 

This attachment will present the input data in the operational model that have not been described in the 

report. Table I shows the COP for the whole year that was used in the model. COP of the middle cycle describes 

how the COP of the middle cycle have been calculated to be used in the operational model.  

Table I. The COP of the Frösunda plant, used in the model. 

Month 1 2 3 4 5 6 7 8 9 10 11 12 

COP 18,5 18,5 18,5 18,5 15,4 11,3 9,1 8,0 6,5 6,0 7,7 16,0 

 

COP alternative 1B 

Swedblom M. have made a summary of heat exchangers and their performance, from which is has been 

assumed that the loss of COP is 3 % per loss of degree. It has been assumed that a middle cycle for 

alternative 1B will result in a loss of 3 ℃, resulting in a heating COP of 5,05. 

COP alternative 2 

It is assumed that the temperature on the cold side will decrease by two degrees and counting with the same 

loss in per degree as for alternative 1B, which resulted in a heating COP of 3. 

 

 

Appendix D: Flowcharts 

Flowcharts were created when the alternatives were designed. The flowchart for alternative 1A and 1B can 

be seen in Figure I and Figure II. The number of valves for the scenarios were used for the price estimations.  

 

 

 

Figure I. Flow chart for alternative 1A. 



 
   

II 

 

Figure II. Flow chart for alternative 1B.
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Appendix E: Price estimations 

The prices were estimated for each alternative. The price components for each alternative and the method 

for estimating the price is provided for alternative 1A, alternative 1B and alternative 1 in Table I, Table II 

and Table III, respectively. Further specifications of methods that needs deeper explaining is provided 

below.  

Table I. Price components and their deduction, alternative 1A. 

 

Component or one time 

investment 

 

 

 

Items 

 

Price 

including 

labor  

[Million 

SEK] 

 

 

Description/comment 

 

 

Price deduction 

 

Siemens compressor 

1 10  One stage compresser, 

20 MW 

Preliminary offer 

by Siemens 

Change of condenser tubes + 

gables 

1 5 Duplex material Preliminary 

company offer 

 

 

Ball cleaning system 

condenser 

 

1 

 

5 

 

Necessary to clean the 

condenser if connected 

to sea water  

 

Estimation from 

Stockholm 

Exergi based on 

a recent 

purchase 

 

 

Reprogramming of the 

regulation system 

1 0,25 A one time investment 

to install new settings 

for the refrigeration 

machine 

Company offer 

(Hågestam L.) 

 

 

DC connection (pipes and 

labor) 

1 2,5 The material costs and 

the costs for digging for 

pipes from the heat 

pump to the 

pumphouse (DC 

connection) 

Internal 

estimation   

(Bonnevier P.) 

 

Material cost pipes (seawater 

connection) 

1 0,4 20 m (x2) with pipe 

dimension 600 mm to 

connect the waste water 

canal to the condenser 

Internal 

estimation  

(Swedblom M.) 

 

Valves DN 500 

2 0,1 To 500 mm pipes to 

DC conncection near 

the evaporator 

Internal 

estimation  

(Swedblom M.) 

 

Valves DN 600 

4 0,3 Valves to connect the 

waste water canal to the 

condenser with pipe 

dimension 600 mm 

Internal 

estimation  

(Swedblom M.) 

 

Valves DN 600 

2 0,15 For the DH connection 

to the condenser, with 

pipe diameter 600 mm 

Internal 

estimation  

(Swedblom M.) 

TOT 15 23,7          

 

 

 

 



 
   

II 

 

 

Table II.  Price components and their deduction, alternative 1B. 

 

Component or one time 

investment 

 

 

 

Items 

 

Price 

including 

labor  

[Million 

SEK] 

 

 

Description/comment 

 

 

Price 

deduction 

 

Siemens compressor 

1  

10  

One stage compresser, 

20 MW 

Preliminary 

offer by 

Siemens 

 

Reprogramming of the 

regulation system 

1  

 

0,25 

A one time investment 

to install new settings 

for the refrigeration 

machine 

Company offer  

(Hågrstam L.) 

 

 

DC connection (pipes and 

labor) 

1  

 

2,5 

The material costs and 

the costs for digging for 

pipes from the heat 

pump to the 

pumphouse (DC 

connection) 

Internal 

estimation  

(Bonnevier P.) 

 

 

Material cost for pipes 

1  

 

0,6 

20 m (x2) with pipe 

dimension 600 mm to 

connect the waste water 

canal to the condenser 

and 10 m (x2) to the 

middle cycle 

Internal 

estimation  

(Swedblom M.) 

Valves DN 500 2  

0,1 

For 500 mm pipes to 

DC connection near the 

evaporator 

Internal 

estimation  

(Swedblom M.) 

 

 

Valves DN 600 

6  

 

0,45 

4 valves to connect the 

waste water canal to the 

condenser with pipe 

dimension 600 mm (4) 

and 2 valves to the 

middle cycle  

Internal 

estimation  

(Swedblom M.) 

Valves DN 600 2 0,15 For the DH connection 

to the condenser, with 

pipe diameter 600 mm 

Internal 

estimation  

(Swedblom M.) 

 

Pump for the middle cycle 

1 0,6 Pump to 240 kW Internal 

estimation  

(Swedblom M.) 

 

Heat exchanger 

 

1 

 

2 

 

Plate heat exchanger 

Internal 

estimation  

(Swedblom M.) 

TOT 12 16,7 

 

 

 

 



 
   

III 

 

 

Table III.  Price components and their deduction, alternative 2. 

 

Component or one time 

investment 

 

 

 

Items 

 

Price 

including 

labor  

[Million 

SEK] 

 

 

Description/comment 

 

 

Price deduction 

 

 

DC connection (pipes and 

labor) 

 

 

1 

 

 

2,5 

The material costs and 

the costs for digging for 

pipes from the heat 

pump to the 

pumphouse (DC 

connection) 

Internal 

estimation   

(Bonnevier P.) 

 

Valves DN 500 

2 0,1 For 500 mm pipes to 

DC connection near the 

evaporator 

Internal 

estimation  

(Swedblom M.) 

TOT 3 2,6 

 

Further specifications  

This section will present specifics of the price estimations that needs further explanation. 

Pipe dimensions 

The pipe dimensions were made by using a fluid calculation tool built by Swedblom M. with the temperature 

difference between inlet and outlet and a maximum fluid velocity of 3 m/s. These estimations of the pipe 

dimensions can be seen as guidelines for future design of the alternatives. The pipe lengths were estimated 

by inspection at the site and drawings.  

Valves, pump, heat exchanger and pipe material 

The prices were estimated by Swedblom M. who made a summary and a price tool to estimate prices for 

different valves. The prices are based on offers, previous purchases and general price information found 

online. The input data was pipe dimensions, capacity of the pump and the capacity of the heat exchanger. 

The heat exchanger must be resistant to lake water, which also was accounted for.  

DC connection 

The DC connection requires digging approximately 50 m to the pump house where the water is connected 

to the DC network. It is approximated that the ground consists of rocks more than half of the distance. 

Bonnevier P. have developed key figures for digging similar projects that have been used for the price 

estimation, which have been used. The effects of the key figures usually are linear after 100 m, therefore, 

the price have been increased somewhat, to represent the higher starting costs.   

 

.  

 

  

 

 


