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Abstract 

District cooling supply is vital for service, commercial and industrial sectors like hospitals, data 

centers, supermarkets and sensitive laboratory facilities. The main cooling demand in the case of 

Sweden also originates from these sectors. The cooling demand in Stockholm is expanding mainly 

because of demand for comfort cooling, and data centers are rising. To cover the existing cooling 

demand and rising cooling demand, different cooling strategies have to be employed for optimal 

production of cold. This project concerns the optimization of such a district cooling system with 

primarily cold storage. This is achieved by choosing a case study network, namely considering the 

district cooling network of Norrenergi AB, in Sweden.     

Norrenergi AB is a company involved in supplying district cooling for cold consumers situated 

around Solna and Sundbyberg regions. The company provides around 70 GWh district cooling per 

year. The sources for the district cooling supply are free cooling, electrically driven chillers, and 

cold recovery from heat pumps. Besides these cold sources, currently, the parts of the peak cold 

demand are shaved using cold storage that is more cost-effectively charged during night-time, 

adopting the concept of power-to-cold. In running the district cooling system operation, Norrenergi 

AB’s current electricity mix is 100% renewable.  

In this thesis work, the existing district cooling network of Norrenergi AB is modeled using BoFiT 

optimization software (which is the base scenario), and then four future scenarios are developed, 

considering new, additional cold storages. The scenarios developed were meant to further optimize 

the existing district cooling grid to cater to the same existing total demand. This is assessed by 

integrating respective cold storages having larger (i.e., 15 MW capacity) or smaller (i.e., two cold 

storages each with 3 MW capacity) into the existing district cooling grid. The 15 MW capacity 

cold storage is integrated into Sundbybergsverket (Scenario 1) and in Frösundaverket (Scenario 

2). While, from the smaller cold storages, the first one is integrated into the system in a manner 

that it supplies cooling for selected cooling customers, that is Scenario 3. The second small cold 

storage integrated in a way that supplies cooling to the entire grid, which is Scenario 4.   Similar 

to the existing cold storage, in developed scenarios as well, the power-to-cold concept is utilized 

by charging the cold storage during the time in which the electricity price is lower (i.e., at night).   

The key outcome of this thesis work reveals that all the developed scenarios lead to cost savings 

in terms of the consumed electricity for producing DC. The achieved cost saving from each of the 

four scenarios developed are 23%, 4%, 13%, and 14%, respectively.  Among all these scenarios, 

the first scenario has led to the largest cutback of DC production cost and implies that incorporating 

larger cold storages in cooling production plants results in higher savings. A performed sensitivity 

analysis also implies that increasing the supply capacity of free cooling results in production cost 

savings. Besides, an increased cooling capacity by 30% with respect to the base scenario results in 

a 10.6% cost saving. This saving infers that it is good to utilize free cooling as far as there is an 

opportunity to increase the use of free cooling.  

Key words: cold storage, cooling machines, district cooling, free cooling, heat pumps, power-to-

cold  
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 Sammanfattning  

Tillgången på kyla är i dag avgörande för service, kommersiella och industriella sektorer som 

sjukhus, serverhallar, kontor, stormarknader och känsliga laboratorieanläggningar. Den 

huvudsakliga efterfrågan på kyla i Sverige härstammar också från dessa sektorer. Kylbehovet i 

Stockholm expanderar främst på grund av efterfrågan på komfortkyla och serverhallar stiger. För 

att täcka det befintliga kylbehovet och den stigande efterfrågan på kyla, kan olika strategier 

användas för att uppnå en optimal production av kyla. Detta projekt handlar om optimering av ett 

fjärrkylsystem med kyllager. Detta har genomförts genom en fallstudie baserad 

på Norrenergis fjärrkylanät i Sverige. 

 

Norrenergi AB är ett företag som bl.a levererar fjärrkyla till kunder i Solna och Sundbyberg. 

Bolaget levererar cirka 70 GWh fjärrkyla per år, med hjälp av frikyla, kylmaskiner och 

värmepumpar. Förutom ovannämnda produktion används ett fjärrkyllager för att leverera fjärrkyla 

och jämna ut lasten över dygnet, och detta laddas när behovet av fjärrkyla är lägre. Elen som 

används för att producera Norrenergis fjärrkyla är helt förnybar. 

 

I detta examensarbete har Norrenergis befintliga fjärrkylanät modellerats med hjälp 

av BoFiT optimeringsprogram och sedan har fyra framtida scenarion utvecklats, med nya, 

distribuerade kyllager. De scenarierna som utvecklades var tänkta att ytterligare optimera det 

befintliga fjärrkylanätet, för att tillgodose samma befintliga totala efterfrågan. Detta bedöms 

genom att integrera kyllager av olika kapacitet i befintligt fjärrkylanät - ett större 15 MW lager 

eller två kyllager om vadera 3 MW kapacitet. Ett 15 MW fjärrkyllager integreras i 

Sundbybergsverket (scenario 1) och i Frösundaverket (scenario 2). De 

mindre fjärrkyllagren integreras i systemet så att kylning levereras till utvalda kunder (scenario 3). 

I scenario 4 integreras de mindre lagren så att kylning levereras till hela nätet. Precis som med det 

existerande kyllagret, ska dessa nya lager i de olika scenariona laddas under natten då elpriset är 

lägre, därav namnet kraftkyla.  

 

De viktigaste resultaten ur detta examensarbete visade att alla utvecklade scenarion ledde till 

kostnadsbesparingar med hänsyn till elförbrukningen. De uppnådda kostnadsbesparingarna från 

de fyra scenariona var 23%, 4%, 13% respektive 14%. Bland alla scenarier, leder det första 

scenariot den största besparingen av produktionskostnaden och medför att integrering 

av kyllager vid produktionsanläggningarna resulterar i högre besparingar. Den känslighetsanalys 

som genomfördes innebar också att en ökning av leveranskapaciteten för frikyla leder till 

besparingar i produktionskostnaderna. En ökad frikylkapacitet med 30% med avseende på 

basscenariot resulterade i 1% kostnadsbesparing. Denna kostnadsbesparing visar också att det är 

bra att använda frikyla så länge möjligheten finns att öka användandet av frikyla. 

 

Nyckelord: kyllager, kylmaskiner, fjärrkyla, frikyla, värmepumpar, kraftkyla 
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2 Introduction  

The demand for cooling is increasing at a global level [1]. The demand for district cooling in the 

case of Sweden mainly originates from commercial buildings and industrial sectors. The largest 

share of cooling produced is utilized for comfort cooling [2], [3]. The reason behind the growth of 

cooling demand is a rise of cooling demand in the commercial sector. Some of the factors that 

escalated growth in cooling demand are an increase in ambient temperatures due to climate change, 

a rise in the urbanization rate, and incomes that necessitated to have more comfort cooling [4], [5]. 

Besides, the use of electronic devices is growing, which causes an increased indoor temperature 

due to released free heat. Although Sweden is situated in the Northern hemisphere, where the 

outdoor temperature is low for most of the year, the cooling demand is rising [5]. It is due to the 

Swedish summer times, which are becoming warmer than before [5]. Besides these, the way 

Swedish buildings are built that is they are constructed in a way to have lower heat loss to resist 

the cold winter period, which prevents heat flows during warm summer periods, is another factor 

[6].  

District cooling was established for the first time in the 1930s in the U.S in Rockefeller Centre in 

New York and U.S capital buildings in Washington [5]. In the Swedish case, district cooling was 

established in 1992 in Västerås [6] and as of 2016, 36 cities are using district cooling [7]. Between 

the years 2004 and 2015, the district cooling demand increased by 63 % at the Swedish level, and 

about 1 TWh of cooling is supplied for customers in 2015 [5]. Stockholm has the largest district 

cooling network in the world, having 250 km length, as of 2015 [8] .   

In the northern region of Stockholm, namely, to Solna and Sundbyberg municipalities, the district 

cooling is supplied by the Norrenergi AB. Norrenergi AB was established in 1993, and it started 

engaging in the district cooling market since 1994 [9]. The production of cooling began using heat 

pumps and then later production via free cooling (further explained in section 3.2) was combined 

when the cooling demand reached market penetration [10]. There are about 100 buildings 

obtaining a district cooling supply from Norrenergi AB as of 2011 [9]. There are three district 

cooling plants under Norrenergi AB [9]. These are Solnaverket, Sundbybergsverket and 

Frösundaverket.  
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2.1 Problem Statement and Research Outline  

The cooling demand in Sweden is expanding, mainly concerning the demand from commercial 

buildings for the purpose of comfort cooling. Currently, the cooling supplied for customers in 

Sweden is about 1 TWh, which is far lower than the total cooling demand that is around 3-5 TWh 

[11]. To fulfill the existing cooling demand, and as well as the upcoming increments in the cooling 

demand, different means of cooling should be added in the existing district cooling (DC) grid. 

Here, expanding the cold supply while maintaining the cost at a minimum is challenging. 

Interestingly, Sweden has significant potential for DC systems, and increasing the DC capacity of 

Sweden by two-fold in the short-term is often believed to be realistic [5]. This potential lies in e.g. 

distributed cold storages, power-to-cold adaptations and the integration of renewable energy 

opportunities. Even though there is a significant potential of DC, there is a challenge of utilizing 

this potential due to the high costs necessitated in extending the pipe network. The higher cost 

requirement for further extension of the DC grid is because larger pipe diameters are required, that 

is because of a lower temperature difference (i.e., 10 ℃) between DC supply and return, to provide 

the same capacity in comparison with DH grids [6].  

Cooling opportunities such as cold storages can be effectively incorporated into the existing DC 

grid. They will help in covering the peak cooling demands and result in a lowering of the required 

installed capacity of the DC system. Furthermore, they will help to avoid the undesired higher 

temperatures occurring when reaching the cooling customers located further away from the supply, 

because of cold losses, and pressure losses.  The utilization of power-to-cold opportunities lessens 

the cost of consumed electricity. Therefore, this thesis work investigates, to a certain extent, the 

effect of using power-to-cold opportunities in the existing DC system. Besides, the effect of 

integrating cold storages having different capacities and stationed at various locations is also 

investigated. 

To exemplify the potential in these alternatives beyond the traditional DC supply approach, there 

still is not much open literature available for Sweden. Within this context, this thesis work attempts 

to address this gap in literature. Therefore, herein, Norrenergi AB’s DC network is used to conduct 

a DC system, the optimization work, as a case study. 
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2.2 Aim and objectives  

The main aim of this thesis work is to identify the optimal ways of cold production, which can be 

integrated into the existing distributed cooling network of Norrenergi AB to cater to the existing 

cold demand. The alternatives which are thus investigated are cold storages and power-to-cold 

opportunities.  

The objectives of this thesis work are: 

 To develop a BoFiT model that represents the existing DC grid of Norrenergi AB and 
compare the results with respect to real cooling output from the cooling plants  

 To evaluate the effect of integrating new cold storages into the existing DC grid by 
varying the capacity of these cold storages incorporated, and varying the location of cold 
storages through developed scenarios  

 To evaluate the effect of utilizing power-to-cold opportunities 

 To analyze the effect of varying cold storage capacities and capacity of free cooling 
supplied from cooling supplied as a cooling source through sensitivity analysis    

2.3 Scope  

The scope of this thesis work focuses on determining the optimal ways of producing distributed 

cooling in the case of Norrenergi AB’s DC network.  The results obtained for the case of 

Norrenergi AB are used as a reference case to have general conclusions for the case of Sweden. 

Therefore, the scope of this thesis is bound at the Swedish level, and more specifically on the 

Norrenergi AB’S DC network is considered.     
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3 Literature Review   

This section elaborates on the different ways of cooling production and cold storage mechanisms.  

3.1 Cooling technologies and storage   

District cooling is a type of cooling where cooling is produced in centrally located cooling plants 

and then distributed to customers through pipe networks. Cooling is produced utilizing locally 

available resources that allow efficient use of resources. A district cooling system has mainly three 

components; central chiller plant where chilled water produced, distribution network that is used 

to distribute produced chilled water to customers, and energy transfer station. The energy transfer 

station is utilized to transfer cooling from the primary (i.e., distribution) network to the secondary 

network (e.g., an air conditioning system of a building) [12].     

Cold can be produced in various ways. In the case of free cooling, it is produced utilizing nearby 

water bodies like a lake or sea. Whereas, in the case of absorption cooling, cold is produced by 

using thermal energy generated from heat source or waste heat generated from industries. Another 

source is from heat pumps, which are capable of producing both heating and cooling 

simultaneously [13]. These cooling techniques are further detailed in section 3.1.1.  

Some of the profits gained by utilizing DC are reduced CO2 emission up to 80% [14], reduced 

electricity consumption, the possibility to integrate renewable energy, noise reduction, and 

diminishing the space required for installing air-conditioning equipment [12]. When the cooling 

modes like cold storages are utilized, they will consume lower electric power (to produce the same 

amount of cold) if charged with e.g. free cooling, compared with cooling machines, thus with a 

lower environmental impact even when non-renewable means of electricity production is utilized. 

This helps in CO2 emission reduction besides the decrease in consumed electricity.        

3.1.1 Cooling technologies  

In Sweden, primarily, four types of cooling mechanisms are used for the purpose of cooling. They 

are heat pumps, compressor cooling, absorption cooling and free cooling  [3].   

3.1.1.1 Free cooling  

In the concept of free cooling (FC), cold from natural cold sources (such as cool air, bodies of 

water, snow, geothermal sources, etc.) is used to produce a cooling effect. The main components 

needed in the case of free cooling are heat exchangers and pumps.  Free cooling is the cheapest 

way of cold production in comparison with other modes of cooling since the operational cost is 

minimal due to the lower power requirement of components. Free cooling is not always reliable 

because it is dependent on the temperature of cold sources, which depends on outdoor temperature 

[3].  

The working principle of free cooling is shown in Figure 3.1. Coldwater or air from the cooling 

source is passed through the heat exchanger, where the heat is transferred to water, which becomes 

chilled water. Then, the chilled water delivers the cooling effect to cooling loads.  
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Figure 3.1 Components of a free cooling system [15] 

3.1.1.2 Compressor cooling  

In this technology, electricity is used to drive the compressor, which is one main component in the 

system. The main components of this system are compressor, condenser, evaporator and expansion 

valve.  

The working principle of compressor cooling is depicted in Figure 3.2. The desired cooling effect 

is produced in the evaporator, where the refrigerant evaporates by taking heat from the refrigerated 

space. After the evaporator, the refrigerant goes to the compressor and gets pressurized, which 

makes it easy for it to circulate in the circuit. Then, the refrigerant enters the condenser and 

transfers the heat in the system to the cooling medium. Lastly, the refrigerant passes through the 

expansion valve, where expansion from high pressure to low pressure occurs. This drop in pressure 

makes the refrigerant to evaporate easily in the evaporator [3].   

 

Figure 3.2 Components of compressor cooling system [15] 
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3.1.1.3 Heat pumps  

The main components of heat pumps and operating principles can be seen in Figure 3.3. Heat 

pumps are capable of providing both heating and cooling. The main components of heat pumps 

are the same as that of compressor cooling, except for a reversing valve that is available in heat 

pumps. It has a compressor, condenser, evaporator and expansion valve. The reversing valve 

controls the direction of the flow of refrigerant, which allows the heat pumps to operate either in 

cooling or heating mode [3].  The dashed lines show the operation in the heating mode, whereas 

the solid lines show the system in cooling mode. In order to utilize in the cooling mode, the 

reversing valve is actuated, and the refrigerant follows the solid line path.  

 

Figure 3.3 Components of heat pumps [15] 

 

3.1.1.4 Absorption cooling  

Absorption cooling is mainly driven by heat and slightly by electricity with the aim of producing 

cold. An absorption cooling system uses a pump and heat instead of a compressor (which is used 

in compressor cooling), to do the compression of the refrigerant [3]. In Figure 3.4, the components 

of a typical absorption cooling system are shown. 
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 Figure 3.4 Components of absorption cooling [15] 

3.1.2 Cold storage  

Cold storages are used to fulfill cold peak demands, secure DC supply, and minimize costs 

expended for peak production, while these also enable better efficiency since they allow waste 

heat recovery and renewable energy utilization [16]. The fact that cold loads are highly varying 

during warm summer days gives an incentive to integrate cold storage in the district cooling 

network. This integration causes a substantial reduction in the capacity of chillers required to fulfill 

this cold demand [17].  

There are different ways of cold storage mechanisms, such as chilled water, static ice, phase change 

materials, and sorption cold storage.  

3.1.2.1 Chilled water storage  

The chilled water storage systems are widely used since they have a suitable cold storage 

temperature (4-6℃) that makes them easily integrate into the DC system without additional 

equipment.  In a chilled water storage system, the chilled water produced in the cooling machine 

or heat pumps is stored in the storage tanks. Compared with other means of storing cold (e.g., ice 

storage), chilled water storage requires a large storage tank because it uses sensible heat, which 

has a lower mass specific and volume specific cold storage capacity [16].  

The cold from/to district cooling systems to/from cold storage requires two cycles; that is charging 

and discharging. Charging is a process of transferring cold water from a cold-water source such as 

lake (sea), chillers, heat pumps, etc. into the storage tank. Charging is performed during the times 

where the cold demand is low, usually during night-time. Whereas, discharging is transporting 
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cold water from cold storage tanks towards the district cooling network when the cooling demand 

is at its peak.   

3.2 Norrenergi AB  

In this thesis work, Norrenergi AB’s district cooling grid used, as an example case of the Swedish 

district cooling systems, to analyze the opportunities of cold storages to optimize the district 

cooling production, while also connecting to, e.g. power-to-cold concept. Thereby, it is expected 

to identify and suggest economically feasible ways of cooling and also the ones which are 

environmentally friendly.  

Norrenergi AB [18] supplies DHC for Solna and Sundbyberg regions, situated in the north of 

Stockholm. The company is producing cooling using renewable energy resources at 100%. There 

are three district cooling plants in the Norrenergi AB DC network, Solnaverket, Frösundaverket 

and Sundbybergsverket [9].   The DC cooling network of Norrenergi AB is depicted in Figure 3.5.  

 

Figure 3.5 Norrenergi AB’s district cooling network layout [19]  

Solnaverket consists of cooling machines, heat pumps and cold storage. There are two cooling 

machines that produce cooling and supply to cooling loads. They are also used to charge the cold 

storage tank when the cooling demand becomes lower, usually during evenings and nights.  

Besides, these cooling production units, Norrenergi AB also has one cold water storage in a tall 

tower. It works with the principle of stratification, where the warm water is on the top and cold 
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water at the bottom because of the density difference of the water at different temperatures [20].  

This cold storage is charged during night-time when the cooling demand goes down.  The capacity 

of each of these units in Solnaverket is listed in Table 3.1.  

Table 3.1 Capacity of DC production units in Solnaverket   

Parameters  Heat Pump (Using 
waste heat) 

Cooling Machine 1 Cooling Machine 2 Coldwater storage 

Cool Output 
[MW] 

16 (10 Actual 
output) [21] 
  

5 (3 Actual output)  
[21] 

5 (3 Actual output)   
[21] 

10 and  
capacity - 6500 m3 
[21] 

Plant Type - Compressor cooling Compressor cooling Chilled water storage 

Fuel Type Electricity  Electricity  Electricity Electricity  

COP  3 [21] 5 [21] 5 [21] 30 [21] 

 

There are also four heat pumps in Solnaverket. They operate by utilizing waste heat that comes 

from the treated sewage water in the Bromma sewage treatment plant. They provide both heating 

and cooling at the same time. Their operation is limited during the summertime because the heating 

demand during the summer season is minor, and producing only cooling is not a cost-effective 

way [22]. Figure 3.6 shows the operation principle of a heat pump in Solnaverket.   

 

Figure 3.6 Cooling and heating production principle of a heat pump in Solnaverket (Re-drawn based on 

[9]) 
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Frösundaverket has access to free cooling, and in-addition comprises two cooling machines. 

Frösundaverket supplies cooling for modern commercial buildings situated in the region. The 

source of cold for free cooling is lake Lilla Värtan. The chilled water returning from the DC grid 

is passed through a heat exchanger to be cooled by the cold water coming from the lake. This 

chilled water is used for cooling as far as it is cold enough to offer to cool. If it gets warmer, it is 

mixed with the chilled water produced in cooling machines to reach the desired supply temperature 

of 5-7 ℃ and supplied to customers. The operating principle of free cooling is shown in Figure 

3.7.   

 

Figure 3.7 The working principle of the free cooling unit in Frösundaverket 

The capacity of each cooling unit in Frösundaverket is listed in Table 3.2.  

Table 3.2 Capacity of DC production units in Frösundaverket    

Parameters  Free cooling  Cooling machine 1 Cooling machine 2 

Cool Output [MW] 13 (10 Actual output) 
[21] 
 

6.3  [21]  6.3 [21] 

Plant Type - Compressor cooling  Compressor cooling 

Fuel Type Electricity  Electricity  Electricity  

COP 30 [21] 5 [21] 5 [21] 

 

Sundbybergsverket has four cold production units. This plant is used as a backup to provide 

cooling for regions obtaining cooling supply from Solnaverket and Frösundaverket. The capacity 

of each cooling units in Sundbybergsverket is listed in Table 3.3.  

 

 



11 

 

 

Table 3.3 Capacity of DC production units in Sundbybergsverket    

Parameters  Cooling machine 1 Cooling machine 2 Cooling machine 3 Cooling machine 4 

Cool Output [MW] 3 [21] 3 [21] 3 [21] 
 

3 [21]  

Plant Type Compressor cooling Compressor 
cooling 

Compressor 
cooling 

Compressor cooling 

Fuel Type Electricity Electricity Electricity Electricity 

COP  5 [21] 5 [21] 5 [21] 5 [21] 

 

The free cooling from lake Lilla Värtan is also utilized to provide cooling for charging the cold 

storage in Solnaverket, besides directly providing the free cooling to Frösundaverket (designated 

as the free cooling unit in Table 3.2),. In the real DC system of Norrenergi AB, there is no direct 

flow from the lake towards cold storage in Solnaverket, but it is an assumption employed in this 

work by observing from an energy perspective.   
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4 Methodology   

The methodology part of this report has two parts; the first part explains how the report is prepared. 

Then the following section describes how BoFiT modeling of the existing DC system and new 

scenarios developed. Then the later details dwell on how energy balance and sensitivity analysis 

are performed.  

4.1 Thesis project methodology  

This thesis project begins by conducting a literature review to have a theoretical understanding of 

distributed cooling and cold storage. A literature review carried out to have a grasp of Sweden and 

a more detailed view of Norrenergi AB. Literature studies are conducted by surfing different 

websites, accessing previous projects works on KTH Diva [23] and utilizing data found from 

Norrenergi AB’s personnel.    

The numerical modeling work is performed by utilizing the software tool BoFiT [24] and is 

explained in detail in section 4.2. Therein, the current DC and cold energy storage system of 

Norrenergi AB is modeled. Various data that are needed to be used as inputs for the model of 

Norrenergi AB’s DC system are collected mainly from Norrenergi AB’s personnel. Whereas, for 

certain data that were unavailable from Norrenergi AB, these were collected from web searches, 

considered as reasonable approximates. These various data and the approximations and 

assumptions that were made when certain data were unavailable are detailed in section 2.3. The 

collected data are analyzed and integrated into a model, and then an optimization task is performed.  

The key assumptions made in this thesis work are:  

 The optimization work performed, and results presented here are for the summertime of 

the year 2018 that is 1st of June up to 31st of August because the data for 2018 are found 

from Norrenergi AB’s personnel 

 In the BoFiT model developed for the base case and future scenarios, certain 

simplifications are considered for the cooling distribution network representation, as 

described in section 4.2.2.3, because the software does not have a way to consider the 

distribution grid in real detail 

 Each cooling plant is supplying cooling to specific customers/cooling loads 

 Constant COP is utilized for each cooling units   

 The cold storage is charged and discharged within a limited period of the day. It is charged 

between 00:00 - 07:00, every night. It is discharged between 08:00-22:00, whenever there 

is cooling demand 

 A cooling loss of 1.6 MW (based on historical data in the case of Norrenergi AB) is 

considered to determine cooling loads 

 The CO2 emissions are not taken into consideration because the electricity supplied to all 

DC units in case of Norrenergi AB originates from renewable energy resources 

 The BoFiT components utilized in this modeling work are mainly designed for modeling 

of the DH grid. In this thesis work, they are adapted to be used for modeling of DC grid.  
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 The density of water = 1000
��

��
  and specific heat capacity of water = 4.18

��

��.℃
  

4.2 Norrenergi AB’s district cooling system model formulation in BoFiT 

BoFiT software is employed for this work, owned by the ProCom GmbH, a company based in 

Germany. BoFiT is optimization software designed for applications in the energy sector, mainly 

used for production planning [25].  

The optimization work begins by compiling data in Ms. Excel, and it is in comma-separated values 

(CSV) format. The data prepared are local data that are directly linked with Norrenergi AB, like 

cooling demand and global data such as the electricity price. These data are prepared on an hourly 

basis and the results obtained from the optimization work are also on an hourly basis. Then time 

series, which is a data list whose elements comprise at a minimum of the data pairs (timestamp; 

value) [26], are prepared in BoFiT and all the local and global data prepared in Ms. excel are 

transferred into it. Besides, the transferred local and global data into time series, the plant data 

(such as cold production capacity, electricity consumption) are also prepared, which are integrated 

into the model later on. Next, the DC grid of Norrenergi AB is modeled, and the prepared times 

series is linked to the model. Finally, the optimization is performed over the chosen period. The 

results (such as the cold production from cold storage, cooling machines, etc. as well as electricity 

costs) from the optimization work are saved in corresponding times series prepared for collecting 

results.   These results saved in the assigned time series are then exported into Ms. Excel. The 

general structure of BoFiT is shown in Figure 4.1.  

 

Figure 4.1. The general structure of a typical BoFiT system  

4.2.1 Data collection  

The data used as inputs in the model have a significant effect on its final optimization. Therefore, 

to obtain more reliable results from the optimization work, an effort is made to use data from 

reliable sources.  The price of electricity is collected from the Nordpool [27] website for the region 

of SE 3 (as shown in Figure 4.2) [28], in which the Solna-Sundbyberg area is also located. Since 

the optimization task is performed for the summer period of 2018, the historical electricity price 
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for the year 2018 is extracted from Nordpool. The electricity price used as an input for the model 

is shown in the following Figure 4.3 (as an example, for August 1, 2018), and the electricity price 

for the whole year (of 2018) [29] is shown in the Appendix section, Figure 8.1.   

 

Figure 4.2 The electricity price areas in Sweden [28] 

 

Figure 4.3.Electricity price for 01-08-2018  
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In the built model, six cooling customers (loads) are receiving the cooling supply from Norrenergi 

AB’s cooling production units, further explained in section 4.2.2.4. The cooling demand for each 

cooling customer is estimated utilizing the maximum total cold production and forecasted 

maximum cooling demand data (for every cooling load) for the year 2018. According to the data 

gathered from Norrenergi AB [30], the maximum hourly cold production in 2018 was 58.97 MW 

(among the hours in the modeling period), which occurred on the 02nd of August 2018 at 13:00. 

The total maximum forecasted cooling demand, which was used for production planning purposes, 

for each region in Norrenergi AB’s DC grid is shown in Table 4.1.  

Table 4.1 Total maximum forecasted cooling demand for cooling customers for 2018 [30]  

Networks and Market 
Areas 

Forecasted demand 
(MW, 2018) 

Solna Sundbyberg 13.9 

Solna Business Park 3.0 

Solna strand 6.9 

Centrala Sundbyberg 4.0 

Huvudsta 2.4 

Huvudsta V 0.7 

Huvudsta Ö 1.7 

Centrala Solna 3.9 

Skytteholm 1.7 

Solna Centrum 1.6 

Råsunda 0.6 

Frösunda 28.4 

Frösunda 4.1 

Nya Ulriksdal 1.1 

Hagalund Ö 1.1 

Hagalund V 0.1 

Hagastaden 5.0 

Arenastaden 15.8 

Bergshamra 1.1 

Sundbyberg 1.4 

Hallonbergen 1.4 

Total 50.1 

 

To convert these historical data into model inputs, first, the proportion of cooling demand for each 

region relative to the total forecasted cooling demand is determined. As an example, concerning 

the Arenastaden region, this employed calculation is explained in Equation 4.1. The computed 

values, in this manner, for the ratio of forecasted cooling demand for each cooling customer to that 

of the total cooling demand are summarized in Table 4.2. The cooling demand is usually the 

difference between the total cooling produced and cooling losses in the DC network. Therefore, 

cooling losses must be considered to determine the estimated cooling demand. Cold loss of 1.6 

MW (per the total cold production per hour of Norrenergi AB’S grid) is utilized, according to the 

historical data from 2018. Then, this value is subtracted from the maximum cooling produced in 
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2018, resulting in an estimated total cooling demand of the whole cooling customers, as explained 

in Equation 4.2.  

13.9/50.1= 28 % Equation 4.1 
 
 

58.97 - 1.6 = 57.37 MW  Equation 4.2 
  

Then, the cooling demand for each region is determined by multiplying the estimated total cooling 

demand by the ratio between the cooling load for each region and total cooling load determined 

through Equation 4.1. This calculation resulted in the estimated hourly cooling demand of the 

region, as exemplified in  Equation 4.3. For example, the maximum cooling produced in 2018 was 

58.97 MW, and the estimated total cooling demand is 57.37 MW when the cooling loss is 

considered, as exemplified in Equation 4.2. Likewise, the estimated hourly cooling demand for 

each region is determined. The forecasted cooling demand forecasted in this manner, e.g., for the 

Arenastaden cooling customers, is shown in Figure 4.4 for the whole year of 2018.   

  

57.37*28 %= 16 MW  Equation 4.3 
 
 

  
Table 4.2. Percentage load for a different region in comparison with total forecasted load  

Load  Load/Total load (%) 
Solna Sundbyberg 28 
Solna Business Park 6 
Solna strand 14 

Centrala Sundbyberg 8 

Huvudsta 5 

Huvudsta V 1.5 

Huvudsta Ö 3 

Centrala Solna 8 

Skytteholm 3 

Solna Centrum 3 

Råsunda 1 

Frösunda 57 

Frösunda 8 

Nya Ulriksdal 2 

Hagalund Ö 2 

Hagalund V 0.2 

Hagastaden 10 

Arenastaden 32 

Bergshamra 2 

Sundbyberg 3 

Hallonbergen 3 

Total  
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Figure 4.4. Forecasted cooling demand for Arenastaden region,  ℃ 

The forecasted cooling demands for each cooling loads are then used as a constraint in the BoFiT 

model. They are put as a constraint in such a way that the cooling units must produce a constrained 

amount of cooling every time. These constraints are maintained the same for future scenarios 

developed too.  

Another input considered for the modeling work is a free cooling constraint. There is a limitation 

posed by authorities on the amount of water to be used from the lake. It is a maximum flow rate 

of 360 l/s [31].  The free cooling capacity relies on seawater flow, seawater temperatures, and 

district cooling temperatures. In this thesis work, to determine the free cooling capacity delivered, 

through Equation 4.4, from the lake, this maximum flow rate is utilized while the return 

temperature from the heat exchanger is assumed as 14 ℃, and also constant. Whereas, the different 

average seawater temperature is utilized for different times of the modeling period, as shown in 

Table 4.3. Besides, constant values for the specific heat capacity of water �, � (i.e., 4.18
��

��.℃
) and 

density of water, � (1000
��

��
) are utilized, as used in Equation 4.5. There, the temperature 

difference ∆� is considered between 14 and 4 ℃, which is thus 10 ℃. The free cooling capacity 

�  determined through Equation 4.6, that is 15 MW, displays the maximum free cooling supplied 

from a free cooling source in the time period from June 28 to Aug 07, 2018. The free cooling 

capacity for other time periods was determined in the same manner as shown in Table 4.3. 

 

  
� = �, ��� ∗ �, � ∗ � ∗ ∆� 

 
Equation 4.4 
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Equation 4.5 
 
 

  
� = �� �� 

 
Equation 4.6 
 
 

Table 4.3 Free cooling limitation from lake Lilla Värtan   

Date Seawater temperature, ℃ FC Supply Capacity (MW) 

June 1-11 3 16 

June 12-27 4 15 

June 28-Aug 07 5 14 

Aug 08-Aug 31 6 12 
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4.2.2 Modeling of the DC grid  

Efforts were made to design the expected model as close to the real DC grid of Norrenergi AB as 

possible (within the approximations and assumptions explained in section 4.1). The resultant 

model prepared by using BoFiT software is shown in Figure 4.5. 

 

Figure 4.5. Norrenergi AB’s DC grid model (Base or today’s case)  

In the built model, the target function is a component that helps to identify the most cost-effective 

plant; that is, the one with the lowest electricity consumption expenses. The FC source is used in 

the model to represent the capacity of free cooling available in the actual case and also to show 

cooling units that rely on it as a cold source. Besides, there is a representation of the three cooling 

production plants, namely Solnaverket, Sundbybergsverket, and Frösundaverket. The 

representation of different types of cooling modes in each plant is further explained in section 

4.2.2.1. The cold produced in the cooling plants is distributed to cooling customers, represented as 

cooling demands (CDs), see section 4.2.2.4, such as Huvudsta CD, Solna Sundbybergs CD, and 

so on. The balance nodes (BNs) such as Solnaverket BN, Centrala Solna BN, etc. distribute the 

cooling they will obtain from the cold production plants to the cooling customers. The cooling 

loss, which happens in the actual case, is represented in the model through a component called 

Cooling Loss.  
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4.2.2.1 Cooling Production plants  

The three cold production plants situated at different locations are modeled utilizing BoFiT 

software. Solnaverket has cold storage, with several heat pumps and cooling machines (assigned 

with their technical specifications detailed in section 3.2). The layout for the Solnaverket is shown 

in Figure 4.6. It can be observed from the figure that the cold storage is supplied by cooling from 

cold source and cooling machines. The cold storage is charged during periods of low electricity 

price and lower cooling demand, and it is discharged during the time where the cold demand is at 

peak. Therefore, two constraints are placed in the model so that it charges (every time in the 

constrained time) and discharges (whenever necessary but not more than charged cooling) the cold 

storage in the same manner as the real case. This constraint is set because at first trial of operation 

of cold storage, and it was observed that it is charging at any time of the day and also discharging 

at any time of the day, which deviates from the real case.  These assigned constraints in the model 

are shown in Figure 4.7, where, from 00:00 to 07:00, cold storage charging takes place, and from 

09:00 to 22:00, discharging happens whenever necessary. The maximum amount of energy that 

can be stored in the cold storage 70 MWh and the same amount of energy is later discharged from 

it. There are two compulsory components that must be connected to cold storage which are the 

chilled water in and chilled water out components. If the two components are not linked with cold 

storage, there will not be cold production from cold storage.  

 

 

Figure 4.6. Layout Solnaverket cooling production unit 

Apart from the cold storage, there are two cooling machines and four heat pumps that supply 

cooling for the DC grid in Solnaverket. In the actual case of Norrenergi AB, one or two heat pumps 

are used to provide cooling, and they will produce cold of approximately 10 MW.  Therefore, to 
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avoid the operation of all heat pumps at the same time a constraint that limits the heat pumps only 

to produce 10 MW has been put in the model.    

 

Figure 4.7. Charging and discharging constraint for cold storage   

In the case of Sundbybergsverket, there are four cooling machines, each producing cooling with a 

production capacity of 3 MW. The model segment for Sundbybergsverket is shown in Figure 4.8. 

The cold production from each cooling machine is aggregated into the Sundbyberg balance node 

and then supplied to cooling customers from there.  

 

Figure 4.8. The layout of Sundbybergsverket cooling production unit 
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Frösundaverket has two cooling machines and one free cooling unit. The cooling machines have 

the same cold production capacity. The source of cold for the free cooling unit is Lake Lilla Värtan.  

The cooling supply from the lake decreases slightly as the seawater temperature increases (e.g., in 

summer). The model segment for Frösundaverket is shown in Figure 4.9. The cold production 

from free cooling unit and cooling machines is combined in Frösunda balance node and then 

supplied to cooling customers.  

 

Figure 4.9. The layout of Frösundaverket cooling production unit 

4.2.2.2 Free Cooling source 

Free cooling is supplied for the DC grid from Lake Lilla Värtan. To represent the cooling obtained 

from a free cooling source, a component is formed in the model, that is, the free cooling source. 

The free cooling source is modeled as shown in Figure 4.10. The free cooling source supplies 

cooling to the cold storage in Solnaverket and the free cooling unit in Frösundaverket. The cooling 

supply from the free cooling source is different throughout the modeling season, as was explained 

in section 4.2.1. The cold supply capacity from the free cooling source of the free cooling unit 

utilized for the developed scenarios is similar to that of the base scenario. 

 

Figure 4.10. The layout of the free cooling source 
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4.2.2.3 Cooling Distribution Grid   

The cooling distribution network is necessary to distribute the cooling produced in the production 

plants to cooling loads/customers. BoFiT has a limitation in representing the real physical 

distribution network, meaning that it cannot consider the location of cooling loads relative to the 

cold production plants. The location, however, has a crucial role in the operation of cold production 

plants because, as the customers are situated further away from plants, the temperature of the cold 

water in the DC rises due to cold losses. In the actual case, to provide sufficient cooling (at an 

optimal temperature) for customers situated further away from the cold production units, a cooling 

unit with a higher production cost might be also utilized if the ones with lower production costs 

are not able to provide sufficient cooling. BoFiT, instead of considering the location and 

distribution distances, utilizes the cooling production plant with the lowest fuel cost without 

considering the specific temperature of the cold provided to the cooling customers. Therefore, to 

still represent the real distribution system in the BoFiT model, a simplification is made that is, the 

cooling production plants are only assigned for the cooling loads situated nearby. This grouping is 

made for the period where the cooling demand is higher, i.e., 1st of June up to 31st of August.  

This simplification resulted in the inclusion of cold production also from the plants with a higher 

production cost such as heat pumps and cooling machines, in comparison to cold storage. The cold 

production from plants with a higher production cost would have been excluded in the results, 

without the implementation of this simplification. If the cold output from each cold production 

plant was aggregated at one distribution point (balance node) and distributed to cooling customers, 

this was the case without simplification. The cold was primarily produced from the plants with the 

lower electricity consumption price, even if some cold customers were not receiving the desired 

temperature because of their location. Though this simplification resulted in the inclusion of cold 

production from cold plants with higher production cost, it also has a negative impact that is it 

creates deviation of the cold output during periods of lower cooling demand where cooling demand 

of cooling loads is covered with only one or two cooling units.  The distribution network 

(highlighted with the dotted line) for a higher cooling demand situation is depicted in Figure 4.11.  

The cold produced in the production plants is supplied to distribution points such as Solnaverket 

BN, Sundbybergsverket BN and Frösundaverket BN. These distribution points provide the cold to 

cooling customers.  
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Figure 4.11. Cooling Distribution Network of Norrenergi AB 

4.2.2.4 Cooling Loads/Customers 

Six cooling loads are considered to represent the Norrenergi AB’s DC grid. In the real case, the 

cooling customers are categorized into five regions, which is summarized in Table 4.1, this 

categorization of the cooling customers is for easing the production planning tasks, such as 

forecasting future cooling demands. The company’s categorization is made by considering the 

limits on the distribution capacity of cooling plants. Besides, the five regions in the real case, an 

additional region is established in the built model, which is the Arenastaden cooling load. This is 

because, in the actual case, the Arenastaden region is obtaining a cooling supply from 

Sundbybergsverket whenever the cooling supply from Frösundaverket is not enough. In this thesis 

work, the cooling plants are assigned for certain cooling customers considering the proximity 

between plants and customers, to counterbalance the limitation of BoFiT that is described in 

section 4.2.2.3.  

Huvudsta region is represented in the model as shown in Figure 4.12. The Solnaverket fully 

supplies the cold demand in the Huvudsta region.  
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Figure 4.12. The layout of Huvudsta cooling load 

Solna-Sundbyberg region is mainly obtaining cooling supply from Solnaverket, while 

Sundbybergsverket is utilized as a back-up. The Solna-Sundbyberg region is represented in Figure 

4.13.  

Solnaverket is mainly supplying cooling for the Centrala Solna region, whereas, 

Sundbybergsverket is used as a backup supply of cooling. Figure 4.14 depicts the Centrala Solna 

cooling load distribution.  

 

 

 

Figure 4.13. The layout of Solna-Sundbyberg cooling load 
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Figure 4.14. The layout of Centrala Solna cooling load  

Hallonbergen cooling load is fully supplied by cooling from Sundbybergsverket, and Figure 4.15 

shows the BoFiT representation of the Hallonbergen region.  

 

Figure 4.15. The layout of Hallonbergen cooling load  

Figure 4.16 shows the representation of the Arenastaden region, which is the region with the 

highest cooling demand (see Table 4.1) compared with other regions.  

 

Figure 4.16. The layout of Arenastaden cooling load  

Frösunda region is entirely supplied by cooling from Frösundaverket. BoFiT representation for the 

Frösunda cooling load can be seen from Figure 4.17. The Frösunda cooling customers are 

Bergshamra, Frösunda, Hagalund_O, Hagalund_V, Hagastaden, and Nya Ulriksdal cooling 

customers.  
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Figure 4.17. The layout of Frösunda cooling load  
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4.2.3 Scenario Development  

In this thesis work, in addition to the base case scenario, which was described in section 4.2.2, four 

scenarios are developed to examine the effect of installing additional cold storages, with different 

capacity and location, to the existing DC network.  

 The scenarios developed are: 

o Scenario 1: one 15 MW cold storage in Sundbybergsverket. This scenario is developed 

considering Norrenergi AB’s plan to build cold storage of 15 MW of capacity in 

Sundbybergsverket.  

o Scenario 2: one 15 MW cold storage in Frösundaverket. This scenario is developed with 

the intention to know the effect of the cold storage, which is planned to be built in 

Sundbybergsverket will result if it is built in Frösundaverket.  

o Scenario 3: two small cold storages, each with 3 MW capacity, supplying cold to certain 

chosen nearby cooling loads. This scenario is developed to determine the effect of smaller 

cold storage compared with the large cold storage in the first and second scenarios. Besides, 

to grasp the impact of installing it closer to cooling customers and nearby cold production 

plants. The chosen customers getting cold from small cold storages in this scenario are 

Solna-Sundbyberg and Centrala-Solna cooling customers from CS-1 and Arenastaden 

cooling customers from CS-1. These cooling customers are selected, considering that they 

have a high cold demand in comparison with other cooling customers.      

o Scenario 4: two small cold storages, each with 3 MW capacity supplying cooling for the 

whole grid. This scenario is developed to compare the cold production from small cold 

storages in comparison with scenarios 1 and 2 and with that of scenario 3. Besides, to 

evaluate the effect location of cold storage compared with the 3rd scenario.    
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4.2.3.1 Scenario 1 – Cold storage in Sundbybergsverket  

Besides the existing cooling modes in the base case, additional cold storage with a capacity of 15 

MW is integrated into Sundbybergsverket in the 1st Scenario. From Figure 4.18, it can be seen that 

a certain amount of free cooling is also supplied for Sundbybergsverket besides Solnaverket and 

Frösundaverket.  

 

 

Figure 4.18. The layout of the DC network of scenario 1 (with cold storage in Sundbybergsverket) 

 

The zoomed-in view of Sundbybergsverket with the integrated cold storage (highlighted in green) 

can be seen from Figure 4.19.  
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Figure 4.19. The layout of Sundbybergsverket with integrated cold storage 

4.2.3.2 Scenario 2 – Cold storage in Frösundaverket  

In the case of scenario 2, additional cold storage with a capacity of 15 MW is integrated into 

Frösundaverket. The representation of Frösundaverket with integrated cold storage (highlighted 

with green) is shown in Figure 4.20.  

 

Figure 4.20. The layout of Frösundaverket with integrated cold storage 
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4.2.3.3 Scenario 3 – Two small cold storages nearby cooling loads 

In the case of scenario 3, two additional cold storages, each with a capacity of 3 MW are integrated 

into the existing (i.e., the base scenario’s) DC grid. The first one (CS-1) is integrated closer to 

Solna-Sundbyberg and Centrala-Solna cooling customers, and the second one (CS-2) is positioned 

closer to the Arenastaden region. The main reason behind integrating cold storages next to these 

regions is because they have higher cooling demands compared with other cooling customers, see 

Table 4.1. The layout for Scenario 3 is shown in Figure 4.21. 

 

Figure 4.21. The layout of DC network of scenario 3 (with cold storages nearby Solna Sundbyberg and 

Centrala Solna cooling customers and also closer to Arenastaden) 

The first cold storage (i.e., CS-1) is obtaining a cooling supply from the free cooling source and 

Sundbybergsverket. The BoFiT layout for the new cold storage integrated into the DC grid is 

shown in Figure 4.22.  
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Figure 4.22. The layout of cold storage 1 

The second cold storage (i.e., CS-2) is also obtaining the cooling from the free cooling source and 

Frösundaverket. The layout for this cold storage is shown in Figure 4.23.  

 

Figure 4.23. The layout of cold storage 2 
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4.2.3.4 Scenario 4– Two small cold storages supplying cooling for the whole grid  

In the case of scenario 4 there are two additional cold storages with a capacity of 3 MW, each of 

which is integrated into the existing DC grid and is supplying cooling for the whole network.  The 

layout for Scenario 4 is shown in Figure 4.24.  

 

Figure 4.24. The layout of scenario 4  

The first cold storage (i.e., CS-1) is charged by cooling from the free cooling source and 

Sundbybergsverket. The cold supply for this cold storage is the same as that of CS-1 in scenario 3 

with the only difference in that it is providing cooling for the whole grid in this scenario and 

whereas, in scenario 3 it is supplying cold to chosen customers. The layout for cold storage is 

shown in Figure 4.25.  
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Figure 4.25. The layout of cold storage 1 

The second cold storage (i.e., CS-2) is also obtaining cooling from the free cooling source and 

Frösundaverket. The cold supply for this cold storage is the same as that of CS-2 in scenario 3 with 

the only difference it is providing cooling for the whole grid in this scenario, and whereas, in 

scenario 3 it is supplying cold to chosen customers.  The layout for cold storage is shown in Figure 

4.26.  

 

Figure 4.26. The layout of cold storage 2 
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4.2.4 Energy Balance  

The cold production from cooling units must fulfill the cooling demand of customers, while it 

should also be sufficiently large to cover all the cold losses. In order to check whether the cold 

produced is sufficient to cover the customers’ cooling demand, energy balance calculations are 

performed for the base case as well as for each scenario for the entire modeling period. This, 

therefore, can verify if the performed calculations are correct in each case/scenario.  

The energy balance for the base case is performed on the balance nodes situated in the demarcated 

region through the dashed lines, see, e.g., Figure 4.27.    

 

Figure 4.27 Energy balance system boundaries for the base case  

The energy balance for scenario 1 is performed on the Solnaverket BN, Sundbybergsverket BN 

and Frösundaverket BN, considering the boundaries (in dashed-lines) demarcated in Figure 4.28. 

The cold produced from Solnaverket is supplied to Solnaverket BN. There are three outputs from 

this balance node, and their sum must be equal to the cold provided to them from Solnaverket, to 

say that the energy flows are in balance. Likewise, the cold provided to Sundbybergsverket BN 

and Frösundaverket BN must be equal to the sum of cold outputs, which are distributed to cooling 

customers from these balance nodes.  
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Figure 4.28 Energy balance system boundaries for scenario 1  

The energy balance in the case of scenario 2, as seen in Figure 4.29, was respectively performed 

at Solnaverket, Sundbybergsverket and Frösundaverket BNs. The inputs to these balance nodes 

are compared with outputs from these balance nodes, similar to the approach explained for scenario 

1.  
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Figure 4.29 Energy balance system boundaries for scenario 2 

The energy balance for scenario 3 is performed by comparing the cold produced from each cold 

production units with the cold supply to each cooling demand, including cooling losses, with 

employed system boundaries shown in Figure 4.30 in dashed-lines. 

  

Figure 4.30 Energy balance system boundaries for Scenario 3 
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The energy balance for scenario 4 is performed by comparing the cold produced from each cold 

production units with the cold supply to each cooling demand and cooling loss for the system 

boundaries, as shown in Figure 4.31 in dashed-lines.  

 

Figure 4.31 Energy balance system boundaries for Scenario 4 

The energy balance for the cold storage is mainly conducted by considering the cold accumulator 

or cold storage, along the system boundaries, as shown in Figure 4.32 with dashed lines. The 

energy content of the cold supplied to the cold storage must be equal to the cold output from the 

cold storage. The cold storage is provided with cold from free cooling sources supplemented by 

cooling machines. These cold supplies from free cooling source and cooling machines primarily 

combine at Cold-Stor-Balance node and then are distributed to the cold accumulator through two 

distribution lines (i.e., connections 1 and 2). The connection to cold storage through connection 1 

is, in fact, a heat supply for temperature modification, whereas, in the DC systems, it is not 

necessary to provide heat for temperature modification. Therefore, there is no cooling supply to 

the cold storage through this connection. This is merely a technical requirement from BoFiT to 

maintain such a connection. Thus, in the energy balance on the cold storage, the summation of 

cold from free cooling source and cold from cooling machines’ cold inputs was compared against 

cold from cold accumulator’s cold output.  
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Figure 4.32 Energy balance system boundaries for cold storage  
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4.2.5 Sensitivity Analysis  

The sensitivity analysis is chosen to be performed on the BoFiT model for the scenario that will 

be found to indicate the optimal way of cold production, from all the analyzed scenarios. The 

scenario that was ultimately chosen is discussed later in section 5.7.  

The first parameter varied to do the sensitivity analysis is the capacity of cold storage, which was 

initially (i.e., base case) 15 MW. The cold storage capacity is varied within random values of 6, 9, 

12, 18, 21 and 24 MW.   

The second parameter, which was varied to perform sensitivity analysis is the free cooling capacity 

that is supplied from lake Lilla Värtan. It was varied by 10, 20, and 30 % decrease, and then 10, 

20 and 30 % increase. As described in section 4.2.1, the cold supplied from the free cooling source 

is different for different times of the modeling period. Therefore, the free cooling capacity 

increment and decrement to perform sensitivity analysis are made using those values, see Table 

4.3. The free cooling capacity values utilized for the sensitivity analysis are shown in Table 4.4. 

Table 4.4 Range of values used for free cooling capacity   

 

 

 

 

 

  

Date June 1-11 June 12-27 June 28-Aug 07 Aug 08-Aug 31 

FC supply capacity (MW) 16 15 14 12 

10 % decrease (MW) 14.4 13.5 12.6 10.8 

20 % decrease (MW) 12.8 12 11.2 9.6 

30 % decrease (MW) 11.2 10.5 9.8 8.4 

10 % increase (MW) 17.6 16.5 15.4 13.2 

20 % increase (MW) 19.2 18 16.8 14.4 

30 % increase (MW) 20.8 19.5 18.2 15.6 
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5 Results and Discussion  

In this section, the results obtained from the optimization work are presented and discussed. 

Besides, the energy balance calculation results for each scenario are presented and discussed. To 

show both the results from the optimization work and energy balance, a day on which the cooling 

demand was highest, among the days in the modeling period (i.e., August 1, 2018), is utilized in 

the following discussions. The reasoning in limiting the discussion to such a day with a higher 

cooling demand is that thus, the obtained results will be valid also for other less-warm days in the 

year (which therefore have lower cooling demands).     

5.1 Base Case Scenario 

In the following section, the results for the base case are presented and discussed. The total cold 

produced in the case of the model and real case is identical, see Figure 5.1. These are also the same 

for all future scenarios too. This is because the estimation of cooling demand for each customer is 

made based on the real cooling production in 2018, see section 4.2.1.  

 

Figure 5.1 Comparison of cooling produced in real and model case from all plants, on August 1, 2018 

5.1.1  Solna Cooling Production  

The cooling provided by all production units in Solnaverket from the developed BoFiT model is 

summarized in Figure 5.2. In this case, the cold storage produces the largest share of cooling during 

the daytime. The cooling machines supply cooling needed during the night-time (cold for process 

cooling and data centers), and whenever the supply from the cold storage is not enough (i.e., when 
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the cold demand is at peak) to provide the cooling required during the daytime. The use of heat 

pumps is limited because of a higher production cost compared with cold storage and chillers. Heat 

pumps are also supplying cooling during the daytime when the cooling demand reaches its peak.    

 

 

Figure 5.2. Cooling produced in Solnaverket on August 1, 2018 – Base case scenario  

The share of cold production from each production unit for the whole modeling period (June 1 – 

August 31) can be visualized more clearly from Figure 5.3. The cooling machines are covering the 

largest share of cold (57 %) produced because they are providing cooling to customers also at the 

times where the cold storage is not able to supply, that is, during the charging time of cold storage. 

Besides, the heat pumps are also supplying a certain amount of cooling (i.e., 4 %) at times the cold 

storage alone is unable to provide for the total cooling demand of the customers, e.g., when the 

cooling demand is at peak.   

 

Figure 5.3. Share of cooling produced from Solnaverket time June 1- August 31, 2018 – Base case  

Solna 
CM, 57%

Solna CS, 
39%

Solna 
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Figure 5.4 compares the cooling production from Solnaverket, concerning the real cold production 

in 2018 and that obtained from the model. As can be seen, most of the time, the actual cooling 

production in Solnaverket is higher than the output from the model. The most possible reason for 

this deviation is that the customers who receive cooling supply from Solnaverket in the real case 

are also getting cooling supply from Sundbybergsverket. This can be justified by the noticeable 

surplus of cold supply in the actual case in Sundbyberg in contrast to the modeled results, as in  

Figure 5.7.  

 

Figure 5.4.  Real vs. model cooling production of Solnaverket for August 1, 2018 (Base case) 

5.1.2 Sundbyberg Cooling Production 

The cold produced from each cooling unit in Sundbybergsverket can be observed in Figure 5.5 for 

the 1st of August 2018.  There are four cooling machines in Sundbybergsverket, and they are 

providing an almost equal amount of cooling.  The main reason for this is all the cold production 

units in Sundbybergsverket are of the same type (i.e., cooling machines), and they have the same 

production capacity.  
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Figure 5.5. Cooling produced in Sundbybergsverket on August 1, 2018 (Base case) 

The share of cold produced from each cooling unit for the modeling period (June 1- August 31, 

2018) can be observed from Figure 5.6. The cooling provided by each respective cooling machine 

has a difference, although the electricity consumption of all cooling units is identical. The 

difference is due to BoFiT’s arbitrary prioritization; however, there is no concrete reason for this 

variation.  

 

Figure 5.6. The share of cooling production from Sundbybergsverket time June 1- August 31, 2018 - Base 

case 

As shown in Figure 5.7, in comparison to the real case, the cooling produced from the model is 

higher. Even during the hours where the cold demand is not at peak, the cooling machines are 

producing cold in their full capacity that is the model’s set operational limit. This is because 

Sundbybergsverket is being used as a backup to supply cooling for some customers who, in the 

real case, mainly rely on the Solnaverket. The heat pumps in Solnaverket are producing cooling 

rarely, and this can be observed from Figure 5.2 because BoFiT prioritizes cooling supply from 

Sundbyberg 
CS, 31%

Sundbyberg 
CM-1, 26%

Sundbyberg 
CM-2, 23%
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Sundbybergsverket instead of covering the cooling supply from heat pumps due to their higher 

cooling production costs. 

 

Figure 5.7.  Real vs. model production of Sundbybergsverket for August 1, 2018 – Base case 

5.1.3 Frösunda Cooling Production  

The cooling output in the model, from each cold production unit in Frösundaverket, is visualized 

from Figure 5.8, for the 1st of August 2018. These cooling production units in Frösundaverket are 

producing at full capacity during the daytime, where the cooling demand is at peak. The cooling 

supply from free cooling is uniform during 07:00 to 23:00, whereas, the additional cooling 

demand, beyond the available free cooling, is covered from the cooling machines. However, during 

the period 00:00 to 07:00, there is no cooling supply from the free cooling unit, and instead, the 

cooling machines supply cooling to cooling customers. This is because free cooling is mainly 

supplied for charging the cold storage in Solnaverket during those hours, where, only the 

remaining free cooling is used in Frösundaverket.  
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Figure 5.8. Cooling produced in Frösundaverket on August 1, 2018 – Base case scenario 

When the cooling production from each cooling production unit is analyzed, see Figure 5.9, the 

free cooling gives the largest share of cooling, which is equal to 49 % since it has lower electricity 

consumption in comparison with cooling machines. The cooling machines are providing a cooling 

supply of 25 % and 26 % each. 

 

Figure 5.9. The share of cold production from Frösundaverket for time June 1- August 31, 2018 - Base case 

When comparing between the cold production in the real case and the developed model, as shown 

in Figure 5.10,  cold produced in the model is lower during some periods of night-time (00:00 to 

07:00) and higher during the daytime (07:00 to 17:00). However, here, overall, reasonable 

agreements exist between the real case vs. modeled results. The possible reasons for the observed 

deviations can be a compulsory charging constraint put for cold storage in Solnaverket redirecting 

the largest share of cold supply from the free cooling source towards cold storage.  
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Figure 5.10.  Real vs. model production of Frösundaverket for August 1, 2018 – Base case 

5.1.4 Free cooling source supply  

The maximum free cooling supplied from the free cooling source, which is lake Lilla Värtan, for 

a time period from Aug 08 to Aug 31, 2018, is 12MW, as seen in Table 4.3. This free cooling is 

distributed for the cold storage in Solnaverket, which has 10 MW capacity and a free cooling unit, 

which has 13MW capacity. During the charging time of cold storage that is during nighttime, the 

cold source is not able to provide enough cold for the free cooling unit in Frösundaverket. The 

share of free cooling supplied from the cold source is shown in Figure 8.3, in the Appendix, for 

August 1, 2018. In the chosen date, the cold supplied from the cooling machines for charging cold 

storage is null. From this, it is possible to observe that the free cooling supplied from a cold source 

is not enough to provide the cold to free cooling in Frösundaverket and also for the cold storage in 

Sundbybergsverket. The same situation happens in the case of newly integrated cold storages in 

future scenarios. Therefore, the cooling machines will aid the charging of cold storage if the free 

cooling is not able to provide cold.  

The shares of free cooling that are supplied by the free cooling source to the cold storage in 

Solnaverket and the free cooling unit in Frösundaverket are shown in Figure 5.11. Frösundaverket 

is getting the largest share of free cooling, which is 70%, from lake Lilla Värtan during the whole 

optimization period, which is from June 1 up to August 31, 2018. Whereas, Solnaverket gets about 

30% of the total free cooling supply.   
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Figure 5.11. Share of free cooling for Solnaverket and Frösundaverket for time June 1 - August 31, 2018 - 

Base case  

 

5.2 Scenario 1 - Cold storage in Sundbybergsverket 

In this section, the results for the first scenario are presented and discussed.   

5.2.1  Solna Cooling Production  

When additional cold storage is integrated into the Sundbybergsverket, the overall cold production 

profile from all cold production units has a deviation from the base case. The cooling produced 

from Solnaverket for August 1, 2018,  for scenario 1, is shown in Figure 5.12. Some of the main 

variations in the case of Solnaverket here, compared to the base case (see Figure 5.2), are the use 

of heat pumps and cooling machines that have diminished in scenario 1.  

FC_to_Solnaverk
et, 30%
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Figure 5.12. Cooling produced in Solnaverket on August 1, 2018 – Scenario 1 

When the result for the entire modeling period is observed, as seen in Figure 5.13, the cooling 

provided by the heat pumps becomes insignificant (around 0%), in contrast to the base case as in 

Figure 5.3. Furthermore, the share of the cooling supplied by the cold storage and cooling machines 

(which was higher in the base case) became nearly equal during scenario 1. The reason for this 

change is the effect of integrated cold storage (particularly during the peak demand) in 

Sundbybergsverket which is fulfilling the cooling demand that was previously supplied by the 

cooling machines and heat pumps in Solnaverket.  

 

Figure 5.13. Share of cooling production from Solnaverket for time June 1- August 31, 2018 – Scenario 1 
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5.2.2 Sundbyberg Cooling Production  

Sundbybergsverket’s cooling units are producing cooling regularly, as seen in Figure 5.14, for the 

1st of August 2018. The cold storage is delivering cooling with full capacity, which is 15 MW, for 

the cooling customers, who were previously supplied with cooling from Solnaverket and 

Frösundaverket. The cold storage is providing cooling with full capacity because of its reduced 

electricity consumption and thus lower cost of cold production. Due to this new cold storage, the 

cold production from the cold storage in Solnaverket became insignificant during the period of 

time between 10:00 to 14:00. This, due to the cold produced during this time in the base case, is 

now produced from cold storage in Sundbybergsverket.  

 

 

Figure 5.14. Cooling produced in Sundbybergsverket on August 1, 2018 – Scenario 1 

When considering the share of cold produced, as seen from Figure 5.15, the cold storage is 

accountable for the largest share of cold output, that is 26 %, this because of the lowest production 

cost of cold storages, which is due to it is charged with free cooling, and it is charged during the 

time at which electricity price is cheap.  
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Figure 5.15. The share of cold produced from Sundbybergsverket for time June 1- August 31, 2018 – 

Scenario 1 

5.2.3 Frösunda Cooling Production  

In the case of Frösundaverket, the free cooling unit provides cooling at full capacity that is 10MW 

in the daytime. Whereas, the cooling machines are engaged in the cooling production mostly 

during night-time and during the times where free cooling is not able to cover the cooling demand 

alone. The cooling produced for the case of Frösundaverket can be seen from Figure 5.16.  

 

Figure 5.16. Cold produced in Frösundaverket on August 1, 2018 – Scenario 1 

In Frösunda, the free cooling takes the largest share, which is 70%, in the production of cold and 

the output from cooling machines is reduced because the cooling supplied by cooling machines is 

instead provided by the cold storage integrated into Sundbybergsverket. This occurs because of 

Sundbybergsverket and Frösundaverket supply to certain customers together. The share of cooling 

produced for the entire modeling period is shown in Figure 5.17.  
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Figure 5.17. The share of cold produced from Frösundaverket for time June 1- August 31, 2018 - Scenario 

1 

5.3 Scenario 2 - Cold storage in Frösundaverket 

In this section, the results for the second scenario are being presented and discussed.   

5.3.1  Solna Cooling Production  

There is cooling output from all cold production units in Solnaverket, as seen in Figure 5.18. The 

cold storage is delivering cold at the full capacity, which is 10 MW, during the daytime where the 

cooling machines and also heat pumps aid the cold production.  

 

Figure 5.18. Cold produced in Solnaverket on August 1, 2018 – Scenario 2 
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The largest share of cooling is obtained from the cooling machines, see Figure 5.19. In comparison 

to the base case, the involvement of cooling machines to provide cooling increased. The reason 

for this rise is that the free cooling source started supplying cooling for the additional cold storage 

that is integrated into Frösundaverket. The free cooling source was previously utilized only to 

provide cooling for cold storage in Solnaverket and a free cooling unit in Frösundaverket (i.e., sent 

to the DC grid).  

 

Figure 5.19. The share of cold produced from Solnaverket for time June 1- August 31, 2018 – Scenario 2 

5.3.2 Sundbyberg Cooling Production  

The cooling output from Sundbybergsverket can be depicted in Figure 5.20. The four cooling 

machines are producing nearly the same amount of cooling.  

 

Figure 5.20. Cold produced in Sundbybergsverket on August 1, 2018 – Scenario 2 
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The share of cooling produced for the entire modeling period from each cooling machine is also 

nearly equal, Figure 5.21.  

 

Figure 5.21. Share of cold produced from Sundbybergsverket for time June 1- August 31, 2018-Scenario 2 

5.3.3 Frösunda Cooling Production  

In comparison to the base case, the cooling provided by the cooling machines is reduced because 

of the integrated additional cold storage. The optimization result for Frösundaverket is depicted in 

Figure 5.22.  

 

Figure 5.22. Cooling produced in Frösundaverket on August 1, 2018 – Scenario 2 
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As shown in Figure 5.23, the share of free cooling increased, and that from the cooling machines 

decreased in comparison with the base case.  

 

 

Figure 5.23. Share of cooling production from Frösundaverket for time June 1- August 31, 2018– Scenario 

2 

5.4 Scenario 3 - Two small cold storages nearby cooling loads 

In this section, the results for the third scenario are presented, and discussion is also made.  

5.4.1 Solna Cooling Production  

The production from Solnaverket is shown in Figure 5.24. The utilization of heat pumps and 

cooling machines has decreased in this case. This is because the cooling customers such as Centrala 

Solna and Solna Sundbyberg (for which in the base case Solnaverket was primarily providing 

cooling) are now supplied by this new cold storage.  

 

Figure 5.24. Cooling produced in Solnaverket on August 1, 2018 – Scenario 3 
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Figure 5.25 depicts the share of cold produced in the case of Solnaverket. Compared with the base 

case, the output from the heat pump becomes insignificant due to cooling output from the 

additional cold storage, which is cold storage 1, replacing the cooling supply from the heat pump.   

 

Figure 5.25. Share of cooling produced from Solnaverket for time June 1- August 31, 2018– Scenario 3 

 

5.4.2 Sundbyberg Cooling Production  

The cooling output from Sundbybergsverket in the case of the 3rd scenario is similar to that of the 

base case, for August 1, 2018, as in Figure 5.26. Although the new small cold storage (i.e., cold 

storage 1) integrated into the DC system is providing cooling for cooling customers who rely on 

Sundbybergsverket, the effect of this cold storage is low, on the hottest date. This is because the 

capacity of added cold storage is small, which is only capable of replacing the cold production 

from heat pumps (i.e., existing in Solnaverket). The capacity of available cold capacity from the 

new cold storage is not enough to replace cold production from cooling machines in 

Sundbybergsverket.   
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Figure 5.26. Cooling produced in Sundbybergsverket on August 1, 2018 – Scenario 3 

The cold production from all production units in Sundbybergsverket is shown in Figure 5.27, for 

the modeling period that is for the summertime of 2018. There, the cold production from each 

cooling units is almost equal.  

 

Figure 5.27. Share of cold produced from Sundbybergsverket for time June 1- August 31, 2018-Scenario 3 
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5.4.3 Frösunda Cooling Production  

The cooling output, for August 1, 2018, from Frösundaverket is shown in Figure 5.28. As seen 

there, the production from cooling machines reduced. The reason for this drop is that its main 

cooling customer (i.e., Arenastaden cooling load) is now supplied with cold from the newly 

integrated cold storage, cold storage 2 instead of the cooling machines in Frösundaverket.  

 

Figure 5.28. Cooling produced in Frösundaverket on August 1, 2018 – Scenario 3 

The share of cooling production from each unit is shown in Figure 5.29. The share of cold produced 

from the free cooling unit goes up from 49% to 65%, whereas the share of cold production from 

cooling machines decreased (i.e., 25% to 15% for CM-1 and 26% to 20% for CM-2) with respect 

to the base case.  
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Figure 5.29. Share of cold produced from Frösundaverket for time June 1- August 31, 2018– Scenario 3 

5.4.4 Cold Storage 1 and 2 

The newly integrated two small cold storages are supplying cooling for selected customers during 

the daytime, whenever the cooling demand is at a peak. The production from these cold storages 

can be seen from Figure 5.30 for August 1, 2018.  

 

Figure 5.30. Cooling production from CS-1 and CS-2, Aug 1, 2018 – Scenario 3 
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5.5 Scenario 4 - Two small cold storages supplying cooling for the whole grid 

In this section, the results for the fourth scenario are being presented and discussed.   

5.5.1  Solna Cooling Production  

When the output from this scenario is compared with the base case, the cold output from the heat 

pumps reduced. In addition, there is also a slight reduction in cold output from the cooling 

machines, as seen in Figure 5.31, as compared to Figure 5.2.  

 

Figure 5.31. Cooling produced in Solnaverket on August 1, 2018 – Scenario 4 

From Figure 5.32, it can be seen that the share of cold produced from the heat pumps became 

almost null as compared to the base case. The heat pump was supplying about 4% of cold demand 

at the base case. The reason behind this is the small cold storages integrated into the system in 

scenario 4, which supply cold for the entire grid, are providing cold by replacing other cold 

production modes that have higher production costs like heat pumps.  
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Figure 5.32. The share of cold produced from Solnaverket for time June 1- August 31, 2018– Scenario 4 

5.5.2 Sundbyberg Cooling Production  

The cold produced from all the units in Sundbybergsverket is slightly decreased in comparison 

with the base case. This drop is for the hottest day in the modeling period and also for the entire 

modeling period, as seen in Figure 5.33 and Figure 5.34, as compared to Figure 5.5 and Figure 5.6.  

 

Figure 5.33. Cooling produced in Sundbybergsverket on August 1, 2018 – Scenario 4 
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Figure 5.34. The share of cold produced from Sundbybergsverket for time June -August 31, 2018- Scenario 

4 

5.5.3 Frösunda Cooling Production  

From Figure 5.35, it can be seen how the cooling is produced for the hottest day when the two 

additional small cold storages, supplying cooling for the entire grid, are integrated into the system. 

 

Figure 5.35. Cold produced in Frösundaverket on August 1, 2018 – Scenario 4 
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In this case (scenario 4), the share of free cooling increased enormously, from 49% to 65%, 

whereas the cooling production from cooling machines went down, 25% to 15% for CM-1, and 

26% to 20% for CM-2, see Figure 5.36.  

 

Figure 5.36. Share of cooling production from Frösundaverket for the whole period – Scenario 4 

5.5.4 Cold Storages 1 and 2 

The two small cold storages aiding cold production have resulted in a drop of cooling produced 

from all cooling units (which are having a higher cooling production cost) situated in Solnaverket, 

Sundbybergsverket, and also in Frösundaverket. The cold storages are delivering cooling with full 

capacity during daytime, and the output from the cooling units can be observed in Figure 5.37.    

 

Figure 5.37. Cooling production from CS-1 and CS-2, Aug 1, 2018 – Scenario 4 
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5.6 Energy balance  

The energy balance calculation is made for each scenario, for the entire modeling period, that is, 

the summertime. In this section, the energy balance results for the chosen day having the highest 

cooling demand in 2018, that is, August 1, 2018, are presented. It is possible to see from Figure 

5.38, the energy content of cooling provided to Solnaverket, Sundbybergsverket and 

Frösundaverket balance nodes is identical with the sum of cooling supplied from them ( i.e., 

Solnaverket, Sundbybergsverket and Frösundaverket balance nodes) to the cooling customers and 

the cold loss.  

 

 

Figure 5.38 Energy balance for the base case 

The energy balance calculation for scenario 1 is also shown in Figure 5.39. The total cooling 

produced by cooling units is identical with the total cooling delivered to cooling loads while also 

covering the cold losses. 
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Figure 5.39 Energy balance for scenario 1  

The energy balance for scenario 2, Figure 5.40, shows that cooling units are producing cooling 

which is identical to the covered cooling demand of cooling loads plus the cold losses.  

 

Figure 5.40 Energy balance for scenario 2 
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The energy balance for Scenario 3 is shown in Figure 5.41 and for Scenario 4 in Figure 5.42. Both 

figures show that the cooling units are delivering the exact amount of cooling required by 

customers and that stipulated by the cold losses.  

 

Figure 5.41 Energy balance for scenario 3 

 

Figure 5.42 Energy balance for scenario 4 
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The energy balance for cold storage is shown in Figure 5.43. The cold storage is supplied with 

cooling from the free cooling source and the cooling machines. During this chosen date, Aug 1, 

2018, it is charged with 70 MWh of energy from the free cooling source, and it has discharged the 

same amount of energy. The cold storage is fully charged with cold provided from free cooling 

source on the chosen date (i.e., August 1, 2018, where the cold supply through the connection 2 

from Solna CM BN to Cold-Stor-Balance node is 0 MWh, as seen in Figure 5.43. The connection 

to cold storage through connection 1 (balance node with name Cold-Stor-Balance node in Figure 

5.43) is heat supply for temperature modification, which, in the DC systems are not necessary to 

be provided (yet still is required to complete the BoFiT model). Therefore, there is no cooling 

supply to cold storage through this connection that is connection 1.   

 

 

Figure 5.43 Energy balance for cold storage on Aug 1, 2018 - base case  
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5.7 Comparing the cost of consumed electricity for scenarios  

The optimization work results for the day having the highest cooling demand (i.e.,1st of August 

2018) implies that integrating cold storage in Sundbybergsverket results in the minimum electricity 

consumption cost. Compared with the base case, scenario 1 results in a 9 % decrease, scenario 2 

results in a 2 % decrease, scenario 3 in a 12 % decrease, and scenario 4 results in a 12 % decrease 

in consumed electricity expense, for this same considered day. 

When the cost of consumed electricity is evaluated for the entire modeling period, that is June 1 

to August 31 - 2018; the first scenario results in the lowest electricity consumption, see Table 5.1. 

This is mainly because the cold produced by cooling machines in Sundbybergsverket, in the base 

case, is replaced by the cold storages. In comparison with other cold production plants, 

Sundbybergsverket has cooling units (i.e., cooling machines) with higher electricity consumption. 

However, Solnaverket and Frösundaverket have cooling modes that rely on free cooling sources 

besides the cooling machines, and this creates a lower overall electricity consumption cost at these 

two plants, as compared to Sundbybergsverket. Besides, the cold storages considered, charged 

with free cooling at night and operating to cover peak demands during the day, are the most cost-

effective cold production way, after the direct use of free cooling in DC. Therefore, the integration 

of the chosen new cold storage (of 15 MWh) in Sundbybergsverket, in the 1st scenario, caused the 

first scenario to be the most optimal cold supply approach among all the developed scenarios.   

Table 5.1. Comparison of electricity consumption cost for all scenarios, for the whole modeling period 

 Base case  Scenario 1  Scenario 2  Scenario 3  Scenario 4  
Electricity consumption 
cost [Euro] 

335343 259510 323032 290149 287123 

Cost-saving (%) in 
contrast to the base case 

 
23 % 4 % 13 % 14% 
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5.8 Sensitivity Analysis  

In this section, the results from sensitivity analysis are presented and discussed. Based on the 

optimization work on the four chosen scenarios, scenario 1 (15 MW capacity CS at 

Sundbybergsverket) was found to have the best optimization opportunities and therefore, it was 

chosen as the case to perform the sensitivity analysis. The obtained results are discussed herein. 

5.8.1 Cold Storage Capacity Variation 

Varying the cold storage capacity affects the consumed electricity cost, which is required for the 

operation of cold storage, as seen in Table 5.2, for August 1, 2018. Besides, it also influences the 

cooling produced from other cold production modes. The consumed electricity cost for 15 MW 

cold storage integrated into the case of scenario 1, which is 8477 Euro, is compared to the 

consumed electricity cost as the cold storage capacity is varied. The outcomes from the sensitivity 

analysis imply that an increase in the cold storage capacity results in a reduced cost of consumed 

electricity, except when the cold storage capacity becomes 9 and 24 MW. These results are 

discussed further here.  

Among all the considered cold storage capacities, the cold storage with a 21 MW capacity results 

in the largest reduction in consumed electricity expense, a 3.5 % reduction, as compared to the 

consumed electricity cost of integrated cold storage (i.e., 15 MW) in the 1st scenario. The rise in 

cold storage capacity results in a higher reduction of consumed electricity cost, especially when 

the cold storage capacity is more than 15 MW.  The consumed electricity cost decreases by 1.8%, 

3.5% and 2.1% for the cold storage capacity of 18 MW, 21MW and 24MW respectively.  The cost 

of consumed electricity for the case of 24MW cold storage increased with respect to 21 MW cold 

storage capacity. The reason for this rise is the charging constraint set, which makes cold storage 

to be charged with an excess cold which is even more than cold demand of the cooling customers. 

Therefore, there will be extra cold than that needed for peak shaving as the capacity of cold storage 

becomes more than 21 MW.     

Table 5.2 Effect of varying the cold storage capacity – for Aug 1, 2018  

 

 

 

 

 

When the sensitivity analysis is performed for the entire modeling period, that is, for the 

summertime, it implies that integrating cold storage e.g. with a lower capacity such as 12 or 6 MW 

results in a reduced electricity consumption cost. The comparison is made with the cold storage 

integrated into Sundbybergsverket (i.e., 15 MW) in the case of the 1st scenario, which has a 

consumed electricity cost of 259,672 Euro. This can be observed in Table 5.3. For the cold storage 

Cold Storage capacity 6 MW 9 MW 12 MW 18 MW 21 MW 24 MW 

Electricity consumption 
cost [Euro] 

8443 
 

8527 
 

8402 
 

8328 8180 8292 

Cost-saving (%) in 
contrast to 15 MW cold 
storage in 
Sundbybergsverket 

 
0.4 % 

 
-0.6 % 

 
0.9 % 

      
1.8 % 

 
3.5 % 

 
2.1 % 
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with a capacity higher than 12 MW, there is a consumed electricity cost increment. The reason 

behind this increment is that there is a charging constraint set on the BoFiT model causing the cold 

storage to charge every night even if there is no cooling demand during the daytime (i.e., at 

discharging time). The charged cold in the cold storages is discharged to provide cold instead of 

cooling supply by other modes of cold production such as heat pumps and cooling machines. If 

the cold storage is charged with the amount of cold which is far more than the cooling demand, 

that is due to the charging constraint set, of the customers, there will be extra cold, which is not 

utilized for providing cooling to cold customers. This extra cold charged results in an additional 

electricity consumption cost. This extra cold occurs during the times the cooling demand is low 

and as the capacity of cold storage increases the amount of extra cold rises.   

The consumed electricity cost of the DC system is reliant on the amount of free cooling utilized, 

as the amount of free cooling used increases the consumed electricity cost decreases and vice versa. 

The cold supplied from the cold sources for the entire modeling period indicates that the energy 

content of cold supplied is 21,972 MWh, 21,901 MWh and 22,880 MWh when the cold storages 

of 6 MW, 9MW and 12 MW are integrated into Sundbybergsverket respectively. Although, the 

capacity of the 9 MW cold storage is larger than a 6 MW cold storage, the energy content of the 

cold supplied to the DC grid is lower. Thus, the consumed electricity cost is higher in the case of 

cold storage with a 9 MW capacity.  The possible reason for the consumed electricity cost 

difference is the BoFiT arbitrary prioritization to produce more cooling from 6 MW than 9 MW 

cold storage. This fact can be clearly seen from Figure 8.4 and Figure 8.5, in the appendix section,  

for the 1st of June 2018. The total free cooling supply is higher in the case of 6 MW mainly during 

the time 00:00 to 06:00, as seen in Figure 8.4. However, the consumed electricity cost is higher 

than in the case of 9 MW cold storage.  

 
Table 5.3.  Effect of varying the cold storage capacity for the entire modeling period   

 

 

 

 

5.8.2 FC Supply Capacity Variation  

The capacity of free cooling supplied from the lake Lilla Värtan is varied, and its effect is shown 

in Table 5.4 for the day having the highest cooling demand. As the capacity of free cooling supplied 

from lake Lilla Värtan increases, the expense of consumed electricity reduces. The effect of 

decreasing the free cooling capacity is negligible, whereas increasing the free cooling capacity 

brings a decrease in the cost of consumed electricity. For instance, a 30 % increase in free cooling 

capacity resulted in an 8.4% reduction of consumed electricity cost.   

 

Cold Storage capacity 6 MW 9 MW 12 MW 18 MW 21 MW 24 MW 

Electricity consumption 
cost [Euro] 

259189 261612 254653 261174 261286 261452 

Cost-saving (%) in 
contrast to 15 MW cold 
storage in 
Sundbybergsverket 

 
0.2 % 

 
-0.8 % 

 
1.9 % 

      
-0.6 % 

 
-0.6 % 

 
-0.7 % 
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Table 5.4 The effect of varying free cooling capacity – Aug 1, 2018  

 

The sensitivity analysis for the entire summer period also indicates that an increase in the free 

cooling capacity results in savings of expended cost for electricity. This can be seen clearly in 

Table 5.5. Among all analyzed, the rise of free cooling supply capacity by 30 %, which is 18.2 

MW results in the highest decrease of 10.6 % in the cost of consumed electricity.  

Table 5.5.  The effect of varying free cooling capacity for the summer period   

 

 

 

 

 30 % 
Decrease 
(9.8 MW) 

20 % 
Decrease 
(11.2 MW) 

10 % 
Decrease 
(12.6 MW) 

10 % 
Increase 
(15.4 MW) 

20 % 
Increase 
(16.8 MW) 

30 % 
Increase 
(18.2 MW) 

Electricity 
consumption cost 
[Euro] 

8315 8315 8315 7919 7919 7761 

Cost-saving (%) in 
contrast to 15 MW 
cold storage in 
Sundbybergsverket 

 
1.9 % 

 
1.9 % 

 
1.9 % 

      
6.6 % 

 
6.6 % 

 
8.4 % 

 30 % 
Decrease 

20 % 
Decrease 

10 % 
Decrease 

10 % 
Increase 

20 % 
Increase 

30 % 
Increase 

Electricity 
consumption cost 
[Euro] 

263110 263110 263110 241490 241506 232218 

Cost-saving (%) in 
contrast to 15 MW 
cold storage in 
Sundbybergsverket 

 
-1.3 % 

 
-1.3 % 

 
-1.3 % 

      
7 % 

 
7 % 

 
10.6 % 
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5.9 Sustainability Analysis  

The integration of different types of cooling opportunities in the existing cooling system has 

positive and negative impacts from a sustainability perspective. The main advantage of having 

cold storages is that they can result in reduced CO2 emissions, e.g., when they are charged with 

cold from free cooling and other methods using non-fossil-based electricity. Besides, they will 

bring an opportunity to use resources efficiently because it is possible to charge them using free 

cooling sources such as seawater and snow. There is also an opportunity to optimally utilize storage 

resources that cannot be used for other purposes such as caves and abandoned oilfields. One of the 

negative effects from the environmental perspective is if the built cold storage is huge and is 

charged from seas or lakes, it may endanger the life of creatures residing in those places.      

The use of power-to-cold and cold storage has positive and negative impacts from an economic 

perspective also. It makes the companies engaged in DC production to have a lower production 

cost for DC and supply cooling for their customers at a reduced price. The reduction in production 

cost is because the electricity consumption of cold storage is lower than other cooling production 

modes such as cooling machines and heat pumps. Indeed, cooling machines and heat pumps could 

also be needed to charge the cold storage. However, when free cooling is also available, cold 

storage is very attractive in terms of the operational cost. Besides, the fact that cold storages are 

usually charged during night-time when the electricity price is low has a significant positive effect. 

The negative side of cold storages from an economic perspective is that they require substantial 

investment costs to build them.    

From a social perspective, when distributed cold storages are built, the customers situated further 

away from cold production units receive sufficient cooling. Since thereby the cooling losses will 

be decreased, which results in a temperature drop of chilled water, therefore reaching the desired 

supply temperature levels better. One of the negative effects is large cold storages is that these 

require considerable spaces and volumes for their construction, which may otherwise be utilized 

for other purposes like building and recreation centers.  
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5.10 Overall discussion  

There is a deviation of cold produced in the real case and the developed model (i.e., the base case).  

One of the reasons for this deviation is the fact that BoFiT does not consider the location of cooling 

customers compared to cold production units. Even though an attempt is made to lower the effect 

of the cold production plants with respect to cooling customers through simplification, as discussed 

in section 4.2.2.3, it still has an effect on the way how the cold is produced. The software only 

considers the cost aspect, meaning, if a cooling customer is connected to different cold production 

units, BoFiT prioritizes the cold production plant with the lowest production cost. In the actual 

case, however, even though the production cost is vital in the prioritization of plants, the 

distribution network also has a considerable impact on the prioritization of cold production plants. 

This is because, as the cooling customers are located further away from cold production plants, 

the temperature of cold supplied to cooling customers climbs up, and pressure drops. The rise in 

temperature is due to the cold losses, whereas the drop in pressure is due to pressure losses that 

occur in the distribution network.  Therefore, due to this limitation of the software, there is a 

deviation between the cold produced in the real case and the developed.  

Additional reasons for the deviations in the cold production when comparing the real situations to 

the results obtained in the model are the simplifications made on modeling the distribution 

network. These simplifications made on the distribution network influence the obtained results 

from the developed model concerning cold production. In the real case, the cold produced at cold 

production plants is directly injected into the distribution grid from where it is distributed to 

cooling customers. However, due to the simplification made in this model, each of the cold 

production plants was constrained respectively to provide cold for only some chosen cooling 

customers. This constraint brings the possibility of cooling customers which obtain cold supply 

from one cold production plant in the real case to obtain cold supply from the different production 

plants in the developed model and finally resulting variation between the cold produced in the real 

case and developed model. 

Furthermore, the fact that maintenance schemes such as planned maintenance are not considered 

also has a significant effect in the cold produced in the real case and developed model. Besides, 

there are also breakdown maintenances that occur in the real case and creating deviation in cold 

production.  
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6 Conclusion and Future work   

The findings found by running the four scenarios infer that including additional cold storages in 

the existing DC grid of Norrenergi AB results in a reduction of the production cost (precisely: the 

electricity cost) of cooling. This saving happens at a production cost that is expensed during the 

peak hours of cooling demand. The achieved savings from the scenarios 1-4 are 23%, 4%, 13%, 

and 14%, respectively. Among all the scenarios, scenario1 (i.e., having a 15MW cold storage in 

Sundbybergsverket) results in the largest cutback of production cost; this infers that cold storages 

with a higher capacity result in higher cost savings. Therefore, it is viable to integrate large cold 

storages in the district cooling grid, whenever there is enough space to build them, and after making 

an investment-to-operational cost comparison.   

The scenarios developed resulted in significant cost savings. The reason for these savings is the 

utilization of cold storage and charging them during times where the electricity price is lower, i.e., 

the fact that power-to-cold opportunity is used. Therefore, it is possible to conclude that whenever 

possible (e.g., provided that there is an excess of renewable electricity or favorable electricity tariff 

schemes are available), it is beneficial to use power-to-cold opportunities.  

In the sensitivity analysis, conducted on the best-performing scenario found, i.e., scenario 1, when 

the cold storage capacity is varied, there is cost-saving as the cold storage is 12 MW (results in 

1.9% consumed electricity cost reduction) instead of 15MW. The overall maximum cold which 

can be produced from Sundbybergsverket without considering the cold storage is 12MW (i.e., cold 

production from cooling machines). When the cold storage is integrated into the 

Sundbybergsverket it will primarily replace the cold production from cooling machines. From this 

observation, it is possible to conclude that adding new cold storages having comparatively equal 

cold production capacity with the existing cold production modes results in the cost savings. When 

the supply capacity of free cooling is increased, there is a cost-saving improvement as free cooling 

supply capacity is increased. Growths achieved for 10%, 20% and 30% cooling capacity increase 

are 7%, 7% and 10.6% respectively.  By observing this improvement, it is possible to conclude 

that as far as there is room for utilizing free cooling, it is optimal to use the cooling supplied from 

it.   

The following future works can improve this thesis work, resulting in better and clearer results:  

 BoFiT has a limitation in the modeling of the real distribution network of DC systems. 

Therefore, the production from the optimization work does not give the full picture of the 

real operation of DC plants. Modeling and optimizing the DC network utilizing another 

software that considers the distribution network delivers more accurate and specific 

results. Software such as Thermis and Netsim can be good options.  

 In the built model some cold production plants are providing cold for certain cold 

customers based on the proximity to the cold production plants and location being utilized 

to define the distribution network. Representing the distribution network cost-wise, that 

is, representing it in cost per length (e.g., Eur/m) may give freedom cooling loads, and it 

may result in a better output.    
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 The COP used, in this work, for determining the electricity consumption is constant for 

the entire modeling period. Performing the optimization work with different and more 

specific COP values allows for having a more precise result from the created future 

scenarios.  
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8 Appendix  

 

   

 

Figure 8.1 Electricity price for the year of 2018 
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Figure 8.2 Actual total cooling produced from Norrenergi AB for the year 2018 

 

 

Figure 8.3 The share of free cooling supplied for Solnaverket and Frösundaverket, for August 1, 2018 
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Figure 8.4 The total free cooling supply in the case of CS with a 6 MW and 9 MW capacity for June 1, 2018 

 

Figure 8.5 The total consumed electricity cost  for June 1, 2018 

 


