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Abstract 
The combination of Biomass Energy with Carbon Capture and Storage (BECCS) can reduce the level of 
CO2 in the atmosphere. It is, therefore, seen as an interesting tool in the CO2 abatement portfolio. In a 
Swedish context, BECCS could contribute to the goal of CO2 neutrality by 2045. This thesis aims to 
investigate the application of BECCS in the district heating system of Stockholm region with a case study 
at the energy utility Fortum Värme. The focus of the study is the technical and economic feasibility of 
such an application. The applicability of Fortum Värme´s plants to implement carbon capture is 
investigated together with costs and technical implications on each applicable plant and the district heating 
system as a whole. Three plants are deemed feasible for carbon capture with a cost of about 45€/tonne of 
captured CO2 (not including transport or storage). A model for transport of CO2 to promising storage 
sites in Sweden, Norway, and Denmark is constructed for transport by pipeline and ship. Ship transport is 
estimated to be the most cost-efficient option in all scenarios. The total cost for BECCS is calculated at 
70-100€/tonne depending on size of emissions and distance to storage locations. Furthermore, the total 
cost is calculated to decrease by 10-25% if some current promising technologies for carbon capture reach 
maturity, a market for transport services of CO2 evolves, and a number of actors are sharing the costs for 
storage.  

Calculated costs are on a similar price level as other CO2 abatement strategies such as CCS in industries, 
biogas, and biodiesel in the vehicle fleet. If the cost is applied directly to the heat price, without any 
subsidies, it would increase the price of heat by 14-21%. 

The major challenge of BECCS in combined heat and power production, compared to other studies based 
on power production, is the seasonality of heat demand. The capacity of the carbon capture system will be 
oversized during the summer, or undersized during the winter. This is an optimization challenge which 
has to be further studied.  

Keywords: CCS, BECCS, carbon capture, district heating, CHP, techno-economic feasibility, Sweden, Stockholm, Fortum 
Värme, biomass, climate change abatement 

  



ii 
 

Table of contents 
Abstract ............................................................................................................................................................................ i 

Table of contents ........................................................................................................................................................... ii 

List of Figures ............................................................................................................................................................... iii 

List of Tables ................................................................................................................................................................. iv 

List of Abbreviations .................................................................................................................................................... v 

List of Unit Conversions .............................................................................................................................................. v 

Summary ........................................................................................................................................................................ vi 

Foreword ...................................................................................................................................................................... vii 

1 Why negative emissions and BECCS? .............................................................................................................. 1 

2 What technologies can be used for carbon capture? ...................................................................................... 6 

3 Which plants in the district heating network are applicable for carbon capture? ....................................23 

4 What are the costs for carbon capture technologies in applicable plants? ................................................33 

5 Where and how can CO2 be stored in the Stockholm region? ...................................................................39 

6 How can CO2 be transported to the storage sites? .......................................................................................47 

7 How robust is the analysis? ...............................................................................................................................54 

8 Total costs and implications for three scenarios of BECCS in the Stockholm region ...........................55 

9 Conclusion ...........................................................................................................................................................60 

10 Recommendations for the actor in the case of BECCS in the Stockholm region ...................................61 

11 References ...........................................................................................................................................................62 

Appendix .......................................................................................................................................................................71 

  



iii 
 

List of Figures 
Figure 1. Schematic process of negative CO2 emissions using BECCS .............................................................. 1 
Figure 2. Duration curve of today’s units in the Stockholm district heating system (Levihn, 2016b). .......... 3 
Figure 3. major plants owned by Fortum Värme in Stockholm district heating system (Levihn, 2016b)..... 4 
Figure 4. Timeline for development of post-combustion carbon capture technologies based on 
technological readiness level (TRL). Based on graph from (Bhown, 2014) ......................................................... 6 
Figure 5. A schematic overview of the three main technological routes for  carbon capture technologies . 7 
Figure 6. Process flow diagram of carbon capture using sorbents/solvents (IPCC, 2005) ............................. 8 
Figure 7. Process flow diagram for carbon capture using cryogenic distillation (IPCC, 2005).....................11 
Figure 8. Process flow chart for post-combustion carbon capture using membranes (GCCSI, 2012) .......11 
Figure 9. Process flow chart of chemical looping combustion (CLC) (IPCC, 2005) .....................................13 
Figure 10. Time-to-market for post-combustion capture (Base-year: 2014). The extent of the bars shows 
an interval of time-to-market. Based on (IEAGHG, 2014a; Bhown, 2014) ......................................................21 
Figure 11. Time-to-market for oxyfuel capture technologies and/or materials (Base-year: 2013). The 
extent of the bars shows an interval of time-to-market.  Based on (De Costa, et al., 2013; Bhown, 2014) .21 
Figure 12. A schematic process diagram where costs included in the carbon capture-part are encircled ...33 
Figure 13. NPV of fixed costs per captured tonne of CO2 depending on size of emissions for KVV-8 
(Scenario 1) ...................................................................................................................................................................35 
Figure 14. CO2 emissions from the district heating system with and without carbon capture at KVV-8 
(Scenario 1) for CO2 prices of 22€ and 54 €/tonne ..............................................................................................35 
Figure 15. Costs for capture at KVV-8 per tonne of captured CO2 for different price levels of CO2 ........36 
Figure 16. CO2 emissions from the district heating system with and without carbon capture at B1 for CO2 
prices of 22 and 54 €/tonne ......................................................................................................................................36 
Figure 17. Costs for carbon capture at B1 per tonne of captured CO2 for different levels of CO2 prices .37 
Figure 18. CO2 emissions from the district heating system with and without carbon capture in Scenario 2 
(at KVV-8, B1, and a Greenfield (200 MW)) for CO2 prices of 22 and 54 €/tonne .......................................37 
Figure 19. Costs for carbon capture at KVV-8, B1 and the Greenfield per tonne of captured CO2 for 
different levels of CO2 prices ....................................................................................................................................38 
Figure 20. Cost and energy penalty reductions of 30% (Future 1) and 50% (Future 2) are shown for 
carbon capture at KVV-8 ...........................................................................................................................................38 
Figure 21. Alternatives for storing CO2 in deep underground geological formations (IPCC, 2005) ...........39 
Figure 22. CO2 storage pyramid (Pickup, 2013) ...................................................................................................42 
Figure 23. Cost for storage of CO2 (€/tonne). DOGF=Depleted oil and gas fields, SA=Saline aquifers, 
Leg=Re-usable legacy wells. (ZEP, 2011a) .............................................................................................................42 
Figure 24. Approximate locations of the storage sites Utsira, Gassum, and Faludden. The size and shape 
of the circles are not representative of the real storage sites. (Map from ArcGis 10.5) ...................................44 
Figure 25. A schematic process diagram where costs included in the storage-part are encircled. ...............44 
Figure 26. Marginal cost for transport by pipelines using point-to-point networks (IEAGHG, 2010) ......49 
Figure 27. A schematic process diagram where costs included in the transport by ship-part is encircled..51 
Figure 28. A schematic process diagram where costs included in the transport by pipelines is encircled ..52 
Figure 29. The sensitivity of the total cost is tested by varying a number of parameters by ±30% for 
Scenario 1 with transport to Faludden (CC=Carbon capture). Numbers of the Questions from the 
method section are in parenthesizes. ........................................................................................................................54 
Figure 30. Boundaries of land belonging to Fortum Värme. The white box(25*45m) represents the 
required size for a post-combustion CC. (hitta.se, 2016) ......................................................................................71 
Figure 31. Boundaries of land belonging to Söderenergi. The white box (30*45m) to the east represents 
the land required for post-combustion CC for the bio plant, and the white box (30*48m) to the east 
represent the land required for the oil plant. (hitta.se, 2016) ...............................................................................71 
Figure 32. Boundaries of land belonging to Fortum Värme. The white box (30*55m) represents the area 
required for a post-combustion CC plant for P1-P3. (hitta.se, 2016) .................................................................71 



iv 
 

Figure 33. Boundaries of land belonging to Fortum Värme at the site in Högdalen. The small white 
square (20*35 m) represents a post-combustion CC plant for P1-P3, and the big square (40*70m) 
represents post-combustion CC for P1-P6. (hitta.se, 2016) .................................................................................71 
Figure 34. Boundaries of land belonging to Söderenergi. The white box to the west (35*50m) represents 
the area of the CHP plant (KVV) and the white box (40*62m) to the east represents the area of post-
combustion CC for the three heating plants (P1-P3). (hitta.se, 2016) ................................................................72 
Figure 35. Boundaries of land belonging to Fortum Värme at the site Värtaverket (Fortum Värme also 
owns the estate to the east in the harbor). The white square (40*60m) to the west represents a post-
combustion CC plant for KVV-8, and the white square to the east (35*62m) represents a post-combustion 
CC plant for KVV-6. (hitta.se, 2016) .......................................................................................................................72 
 

List of Tables 
Table 1. Overview of carbon capture technologies included in this report. ....................................................... 8 
Table 2. Modeled energy balance of a CHP plant using oxyfuel combustion and fueled by 100% peat 
from (Kärki, et al., 2013) ............................................................................................................................................13 
Table 3. Modeled energy balance for a CHP plant using oxyfuel combustion from (Arasto, et al., 2014b)
 ........................................................................................................................................................................................14 
Table 4. Results from a simulation in (Kärki, et al., 2013) for a 1020fuel MW CHP plant with and without 
post-combustion carbon capture ..............................................................................................................................15 
Table 5. Results of a simulation in (Liszka, et al., 2013) for a 110 MWth CFB CHP plant with and without 
post-combustion carbon capture ..............................................................................................................................16 
Table 6. Total project cost (TPC) for various coal-based power plants with and without carbon capture, 
compiled in (Al-Juaied & Whitmore, 2009) ............................................................................................................17 
Table 7. TPC for a PC plant for two different steam cycle technologies (NETL, 2015) ...............................17 
Table 8. TPC for retrofitting various power plants with carbon capture (Dillon, et al., 2013) .....................18 
Table 9. Total CAPEX of retrofitting an existing coal-based power plant with carbon capture. From 
(IEAGHG, 2011) ........................................................................................................................................................18 
Table 10. LCOE for various retrofit options. From (IEAGHG, 2011) ............................................................19 
Table 11. Non-energy and non-financial related OPEX from (IEAGHG, 2011) regarding OPEX............19 
Table 12. Summarized results for energy penalty, costs, and possible future decrease of costs and energy 
penalty. The results most relevant to this study are included ...............................................................................22 
Table 13. Summarized values for land requirements per type of power plant .................................................23 
Table 14. Properties for post-combustion and oxyfuel combustion flexibility (Domenichini, et al., 2013)25 
Table 15. Summary of results for implementation of carbon capture technologies at chosen plants in the 
Stockholm district heating system. Red=Not feasible, Yellow=Maybe feasible, Green=Feasible, Blue=Not 
enough data to make a decision. ...............................................................................................................................30 
Table 16. Estimated Load factor for the CHP plants in 2022 without carbon capture ..................................31 
Table 17. NOX and SO2 emissions from the plants between for a year starting 2015-09-05 ........................32 
Table 18. input values for CAPEX, OPEX, and energy penalties for carbon capture technologies ...........34 
Table 19. Fixed OPEX and CAPEX for implementation of carbon capture at chosen locations belonging 
to Fortum Värme .........................................................................................................................................................34 
Table 20. Large scale operating CCS projects in terms of storage (GCCSI, 2016a) .......................................40 
Table 21. Estimated CO2 potential in the Nordic countries (Anthonsen, et al., 2013) ..................................41 
Table 22. Costs for storage. Scenario 1=Transport of 0.7 MTPA, Scenario 2=Transport of 1.3 MTPA, 
Scenario 3=Transport of 2.3 MTPA ........................................................................................................................46 
Table 23. Transport of CO2 in large CCS/CCU projects today: (GCCSI, 2016a) ..........................................48 
Table 24. Costs for transport by pipeline and ship to storage sites. Dimensioned after an average of the 
top 1000 production h. Scenario 1=Transport of 0.7 MTPA, Scenario 2=Transport of 1.3 MTPA, 
Scenario 3=Transport of 2.3 MTPA ........................................................................................................................53 
Table 25. Costs for transport by ship where market based conditions are assumed. Scenario 1=Transport 
of 0.7 MTPA, Scenario 2=Transport of 1.27 MTPA, Scenario 3=Transport of 2.3 MTPA ..........................53 



v 
 

Table 26. Total cost for CCS in the district heating system in €/tonne. Total cost in €/MWh is also 
shown (Levelized Additional Cost Of Energy) ......................................................................................................55 
Table 27. Improved scenario. Total cost for CCS in the district heating system in €/tonne. Total cost in 
€/MWheat is also shown (Levelized Additional Cost Of Energy) ........................................................................56 
Table 28. Emission factors for fuels (Swedish Environmental Protection Agency, 2016; SMED, 2010) ..75 
Table 29.Overview of Fortum Värme's CHP plants and heat plants ................................................................76 

 

List of Abbreviations 
BECCS – Biomass Energy with Carbon Capture and Storage 

CAPEX – Capital Expenditure 

CCS – Carbon Capture and Storage 

CFB – Circulating Fluidized Bed 

CHP – Combined Heat and Power 

IPCC – Intergovernmental Panel on Climate Change 

LACOE – Levelized Additional Cost of Energy 

LCOE – Levelized Cost of Energy 

MTPA – Megatonne Per Annum  

NPV – Net Present Value 

OPEX – Operational Expenditure 

PF – Pulverized Fuel 

TPC – Total Plant Cost 

TRL – Technological Readiness Level  

List of Unit Conversions 
1€=9.3SEK (Average during the 1st quarter of 2016 (XE, 2016)) 

$1=8.2SEK (Average during the 1st quarter of 2016 (XE, 2016)) 

  



vi 
 

Summary 
The combination of Biomass Energy with Carbon Capture and Storage (BECCS) can reduce the level of 
CO2 in the atmosphere. It is, therefore, seen as an interesting tool in the CO2 abatement portfolio. In a 
Swedish context, BECCS could contribute to the goal of CO2 neutrality by 2045. This thesis aims to 
investigate the application of BECCS in the district heating system of Stockholm region with a case study 
at the energy utility Fortum Värme. The focus of the study is the technical and economic feasibility of 
such an application. 

The applicability of Fortum Värme´s plants to implement carbon capture is investigated together with 
costs and technical implications on each plant and the district heating system as a whole. First of all, the 
Technological Readiness Level (TRL), the energy penalty (loss in energy output), and costs of different 
carbon capture technologies are assessed. This serves two purposes: (i) it gives a background to costs and 
energy penalty (used when calculating costs for carbon capture); (ii) it introduces a time-perspective in the 
thesis (some promising technologies can reduce the energy penalty and costs in the future). There are 
many promising carbon capture technologies, which could become mature in a long-term perspective 
(post-2030), but for short- and medium-term technologies the only viable option is post-combustion 
carbon capture based on a solution of amines. In a mid-term perspective, oxyfuel combustion could also 
be an alternative, but highly unlikely as a retrofit option. 

The applicability of implementing carbon capture, at the plants owned by Fortum Värme, is based on a 
parameter analysis where land requirement, load factor, flexibility needs, energy conversion process, and 
flue gases of each unit are analyzed. Three of the assessed plants are deemed feasible for carbon capture. 
These are KVV-8 in Värtaverket, Bristaverket, and a planned Greenfield plant. 

The costs and energy penalty for each applicable plant is calculated based on the review of carbon capture 
technologies. Variable costs are assessed at a system level using the Fortum Värme software Minerva. The 
cost for carbon capture is calculated to be about 45€/tonne. With future cost reductions, this is estimated 
to drop to 41€/tonne, and in the most optimistic future scenario with technology development 35€/tonne 
is possible.  

A model for transport of CO2 to promising storage sites in Sweden (Faludden), Denmark (Gassum), and 
Norway (Utsira) is constructed for transport by pipeline and ship. Ship transport is estimated to be the 
most cost-efficient option in all scenarios. The cost decreases significantly with larger amounts of captured 
CO2 (about 10€/tonne difference between the transport of 0.7 MTPA and 2.3 MTPA). Moreover, the 
cost increases significantly with a longer distance (about 10€/tonne in difference between transport to 
Faludden and Utsira). The total cost for ship transport is about 17-39€/tonne depending on size of 
emissions and distance to storage. Including assumptions regarding a market based transport system in 
which the transport is part of a trading web, cost reductions of about 30% are obtained. However, the 
uncertainty of this scenario is regarded as high. 

The cost for storage is based on a report from Zero Emission Platform (2010), and the costs are adapted to 
case specifications in terms of storage depths and size of emissions. The cost is highly dependent on size 
of emissions (about 10€/tonne difference between 0.7 MTPA and 2.3 MTPA). The cost for storage is at 
9-23€/tonne depending, mainly, on size of emissions, and to a lesser extent on depth of storage.  

The total cost for BECCS is calculated at 70-100€/tonne depending, mainly, on size of emissions and 
distance to storage locations. However, the largest impact in terms of uncertainty refers to CAPEX for 
carbon capture, which is the single largest cost. The total cost is calculated to decrease by 10-25% if some 
current promising technologies for carbon capture reach maturity, a market for transport services of CO2 
evolves, and a number of actors are sharing the costs for storage.  

Calculated costs are on a similar price level as other CO2 abatement strategies such as CCS in industries, 
biogas, and biodiesel in the vehicle fleet. If the cost is applied directly to the heat price (on all heat 
produced in the system), without any subsidies, it would increase the price of heat by 14-21%.  



vii 
 

The major challenge of BECCS in heat production, compared to other studies based on power 
production, is the seasonality of heat demand. The capacity of the carbon capture system will be oversized 
during the summer, or undersized during the winter. This is an optimization challenge, which has to be 
further studied. In addition, the possibilities of obtaining incentives for BECCS or sharing the costs in the 
district heating system has to be studied to determine whether there is a business case for it.  
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1 Why negative emissions and BECCS? 
Climate change is regarded as a momentous disrupting force, and a global key issue of our time. To decrease the use of energy, 
install more low-carbon energy technologies and change industrial processes will most likely not be enough to limit global 
warming to 2°C. This is where “negative emissions” comes in. The term refers to measures which removes CO2 from the 
atmosphere. This chapter will explain the context of negative emissions in climate change abatement, and present an 
opportunity for negative emissions in the district heating network of Stockholm region.  

1.1 Introduction 
In 2015, during the climate convention in Paris, 195 nations approved an agreement aimed at keeping 
global temperature rise to well below 2°C, preferably 1.5°C (European Comission, 2016). However, this 
most likely requires the use of negative emissions after the year 2050 (IEA, 2015). One of few 
technologies that can remove CO2 from the atmosphere is Bioenergy with Carbon Capture and Storage 
(BECCS). When biomass grows it captures CO2, and when the biomass is burnt to produce electricity and 
heat, it emits captured CO2, but over the lifecycle of energy from biomass the emissions of CO2 are close 
to zero. Furthermore, when connecting CCS to a power plant, the CO2 can be captured, which results in 
“negative emissions” (See Figure 1). 

 

FIGURE 1. SCHEMATIC PROCESS OF NEGATIVE CO2 EMISSIONS USING BECCS 

Creating negative emissions using BECCS is seen as an important tool in the CO2 abatement portfolio in 
energy outlooks by the International Energy Agency (IEA, 2015; IEA, 2016), and in the fifth assessment 
report by the Intergovernmental Panel on Climate Change (IPCC, 2014). In a report by the IEA, BECCS is 
considered crucial for limiting global warming to well below 2°C (IEA, 2016), and in the fifth assessment 
report it is stated that “Many models could not limit likely warming to below 2°C if bioenergy, CCS and 
their combination (BECCS) are limited” (IPCC, 2014). Moreover, the economic potential for BECCS is 
considered to be about 2-10 GTPA CO2 (Gigatonne per annum) globally until 2050 (IPCC, 2014).  

In the context of Sweden, it is stated in a report from the Swedish Environmental Protection Agency that CCS 
and BECCS is needed to reach zero emissions by 2050 within the borders of Sweden (Swedish 
Environmental Protection Agency, 2012). Continuing on the case of Sweden, the All Party Committee on 
Environmental Objectives has recently proposed a political framework on climate change with the goal for 
Sweden to emit a net zero amount of greenhouse gases in 2045. To be able to reach this, BECCS is 
described as an option (Miljömålsberedningen, 2016). 

The political environment regarding BECCS could make it interesting for energy utilities to evaluate their 
options for implementing BECCS. However, there is a gap in the literature regarding the actor perspective 
of firms in the field of BECCS and CCS, especially in a Nordic context. The research is mainly focusing 
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on separate parts of the CCS chain such as carbon capture (Arasto, et al., 2014a) and transport (Kjärstad, 
et al., 2016), or the entire CCS chain (IPCC, 2005; IEAGHG, 2016), or are in one way or another focusing 
on how geographical areas can adopt CCS strategies (Energimyndigheten, 2010; Elforsk, 2014; IEAGHG, 
2016). 

However, the core business of energy utilities is the transformation of energy to fit with the need of 
customers, and to get paid for it. Investing in BECCS does not only require knowledge of costs for each 
individual unit, but also the implications for the energy system as a whole, the costs for transport, and for 
storage. The firm has to understand the impact on variable costs for its plants, which decide the merit 
order in the energy system. It also has to understand the impact BECCS will have on overall abilities to 
comply with the needs of the customers. This perspective is lacking in today´s literature.  

Furthermore, the current focus of research is on CCS in power plants and not in combined heat and 
power (CHP) plants. Sweden has large biogenic CO2 emissions from CHP plants. The contribution of 
negative emissions from CHP plants could, therefore, be significant in the Swedish abatement context. 
This report will use the energy utility Fortum Värme and the Stockholm district heating system as a case 
study. This will capture the system costs and implications for an energy utility, and add to the knowledge 
in implementing BECCS in a district heating system. 

1.2 Aims and objectives 
The aim of the report is to answer the questions “How could BECCS be used in the Stockholm region? 
Would it be technically and economically feasible?”. In order to achieve this aim, a techno-economic 
feasibility study will be performed using the case of Fortum Värme and the district heating system in the 
Stockholm region. The following objectives are set to reach the aim: 

a) Analyze carbon capture technologies including both current status and possible future development.  

b) Analyze in which of Fortum Värme’s units in the district heating system CCS is applicable.  

b) Simulate the impact of carbon capture on the district heating system in terms of system costs and 
implications.   

c) Analyze literature on possible storage sites in the relative proximity to Stockholm and adapt costs for 
storage to case specifications.  

d) Model and simulate scenarios for transport of CO2 by ship and pipeline from the generation sites to 
storage sites.  

1.3 Case study: Polygeneration at Fortum Värme  
The district heating system in the Stockholm region consists of two larger networks (The south/central 
network and the north network). Both systems are connected to a number of units in the range from a 
few MWfuel to about 600 MWfuel. Poly-generation of heat and power in combined heat and power plants (CHP 
plants) results in a high overall efficiency with some of the units reaching an efficiency of more than 92%. 
The total installed heat capacity is about 4.8 GW with a production of 12 TWh heat annually.  

Four larger energy utilities cooperate in running the system, which is based on market mechanisms where 
the merit order and duration curve of the units is decided from the variable OPEX (available units with 
the lowest marginal cost will run). The baseload is mainly covered by CHP plants fueled by biomass, waste 
incineration, and coal. Middle load production consists of CHP, heat only boilers (HOB), and electric heat 
pumps (HP) fueled by biomass, waste incineration and electricity. The peak load production is mainly based 
on heating oil and bio oil. The duration curve can be seen in Figure 2.  
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The largest energy utility in the Stockholm district heating system is AB Fortum Värme samägt med 
Stockholms stad (Fortum Värme). This is a subsidiary co-owned by the municipality of Stockholm and the 
Fortum group. The Fortum group is a multinational company and majority owned by the Finnish state 
(Fortum, 2016). Apart from heat, Fortum Värme also creates value by providing district cooling, electric 
power, waste disposal, and other energy related services. Fortum Värme has a market share of around 
80% of heat delivery in the Stockholm region. Some plants in the system are omitted from analysis early 
on in this report due to reasons such as no CO2 emissions (heat production by HP fueled by electricity), 
or too few hours of annual production (discussed more in Chapter 3). However, the major plants for this 
report are briefly described here and can be seen in Figure 3 (See Appendix D for a more detailed 
description). 

FIGURE 2. DURATION CURVE OF TODAY’S UNITS IN THE STOCKHOLM DISTRICT HEATING SYSTEM 
(LEVIHN, 2016B). 
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FIGURE 3. MAJOR PLANTS OWNED BY FORTUM VÄRME IN STOCKHOLM DISTRICT HEATING SYSTEM (LEVIHN, 
2016B) 

• Bristaverket is a CHP plant constructed in 1997 with two boilers. Boiler 1 is a CFB boiler fueled 
by woodchips with a capacity of 76 MWheat and 41 MWel. Boiler 2 is a BFB boiler fueled by waste 
incineration with a capacity of 50.5 MWheat and 20.5 MWel. 

• Hässelbyverket was the first CHP plant in Stockholm built in 1959. It consists of three PF 
burners, each of which are converted to be fueled by wood pellets. The boilers have a size of 60-
65 MWheat and 19-25 MWel. 

• Högdalenverket consists of four grate furnace boilers fueled by municipal incineration, and one 
CFB boiler fueled by industrial waste, in terms of base load. Boiler 1 and 2 were built in 1969, 
boiler 3 in 1986, boiler 5 in 2004 and boiler 6 in 2000. The size ranges from about 20-90 MWheat 
per boiler with an additional 10-16 MWheat due to flue gas condensation.  

• Värtaverket consists of a number of heat, electricity, and cooling production units. The two 
largest baseload units for heat are KVV-6, which is fueled by coal and a share of up to 17% olive 
stones, and KVV-8, which is a new plant fueled by woodchips. KVV-8 will start commercial 
production in January 2017. It has a CFB boiler and a capacity of 545 MWfuel (330 MWheat, 83 
MW flue gas condensation, and 132 MWel). KVV-6 was built in 1993, has a PFBC boiler, and a 
capacity of 454 MW (250 MWheat and 145 MWel). 

Two sites in the southernmost part of the system will be included in some scenarios to increase the scale 
of the emissions. However, they will not be analyzed in detail due to them not being owned by Fortum 
Värme (Belonging to Söderenergi): 

• Fittjaverket has a total capacity of 380 MW. It is mainly fueled by pellets and to some extent bio 
oil (Söderenergi, 2016).  

• Igelstaverket consists of one heating and one CHP plant. The CHP plant was finished in 2009 
and is fueled mainly by woodchips and industrial waste. It has a CFB boiler and a capacity of 200 
MWheat and 75 MWel. The heating plant consists of three boilers fueled by woodchips, pellets, 
and/or bio oil, and the capacity is in the range of 20-120 MW (Söderenergi, 2016). 
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1.4 Organization of study  
Chapter 1 of this study puts the topic in context, introduces the scope, and describes the specific issues 
addressed. 

Chapter 2 presents carbon capture technologies, their maturity, energy penalty (loss of energy efficiency), 
and costs.  

Chapter 3 discusses important parameters when analyzing the applicability of carbon capture at a plant. 
The parameters are used to find out which of the plants in the district heating system are potential sites 
for the implementation of carbon capture. The method and results from this analysis are presented.  

Chapter 4 adapts the result from Chapter 2 to the applicable plants in Chapter 3. This is followed by a 
system analysis of carbon capture at applicable plants in the district heating system. Method and results for 
total costs of carbon capture are presented.  

Chapter 5 presents a background on storage of CO2, and method and results for costs associated with 
storage and their adaptation to this case study.   

Chapter 6 discusses the transport of CO2, and presents a model to evaluate the transport from applicable 
plants to storage sites. 

Chapter 7 presents a sensitivity analysis on the results. 

Chapter 8 contains a summary of the results, an analysis of the data, and recommendations for further 
research in the field. It boils down to a conclusion and recommendations for Fortum Värme in the field of 
BECCS.  
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2 What technologies can be used for carbon capture? 
There is a multitude of different technologies for carbon capture at power plants and CHP plants. This chapter will cover 
current status of carbon capture technologies, possible future development, costs of each technology, and impact on the plant in 
terms of energy losses. It will lay a foundation for the understanding of carbon capture technologies and their impact on a plant 
for following chapters in this report.  

2.1 Methodology  
This chapter will start with a brief technical description of various mature and/or promising carbon 
capture technologies together with an assessment of their Technological Readiness Level (TRL). The TRL 
is mainly based on the following articles: 

• Assessment of emerging CO2 capture technologies and their potential to reduce costs (IEAGHG, 2014a)   
A report published by the International Energy Agency under the IEAGHG programme 
focusing on CCS.   

• Status and analysis of next generation post-combustion CO2 capture technologies (Bhown, 2014)  
A journal article published in Energy Procedia, based on 125 post-combustion capturing 
technologies, as a part of a research program at Electric Power Research Institute (EPRI), USA.  

• State of art (SOTA) report on dense ceramic membranes for oxygen separation from air (De Costa, et al., 
2013) 
A report prepared by The University of Queensland, Australia, on oxyfuel combustion carbon 
capture under a national CCS programme. The report is having an important place in the 
subchapter on oxyfuel combustion in (IEAGHG, 2014a). 

The three papers have similar definitions of TRL, which makes it suitable for comparison. However, other 
articles will be referred to as well, to enhance the picture of the technologies. Furthermore, the TRL will 
be converted into a time-to-market perspective using the time perspective introduced in (Bhown, 2014), 
which can be seen in Figure 4, to include a time-scale for possible development of the technologies.  

 

FIGURE 4. TIMELINE FOR DEVELOPMENT OF POST-COMBUSTION CARBON CAPTURE TECHNOLOGIES BASED 
ON TECHNOLOGICAL READINESS LEVEL (TRL). BASED ON GRAPH FROM (BHOWN, 2014) 

Energy penalties (losses in energy efficiency) and cost for aforementioned carbon capture technologies 
will, hereafter, be assessed. The assessment will be based on a literature review. 
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2.2 Overview of carbon capture technologies 
There are mainly three technological routes for carbon capture today: Post-combustion processes, 
Oxyfuel processes, and Pre-combustion processes. Pre-combustion is not included in the report and will 
therefore be omitted (Reasons for this explained towards the end of Chapter 2.2). 

 

Figure 5 gives an overview of the routes.  

 

FIGURE 5. A SCHEMATIC OVERVIEW OF THE THREE MAIN TECHNOLOGICAL ROUTES FOR  CARBON CAPTURE 
TECHNOLOGIES 

All technologies regarding carbon capture in the flue gas are included in the post-combustion concept. 
Post-combustion capture is connected to the flue gas stream, which means that it only has a small impact 
on the plant it is connected to. This makes it easy to implement on, basically, any process generating a 
stream of flue gases with CO2. On the other hand, the flue gas stream often consists of a high 
concentration of N2 due to air being used as oxidizer, which requires an immense amount of energy for 
separation as well as sizeable equipment (Abu-Zahra, et al., 2013). The CO2 concentration in flue gases is 
3-4% in natural gas-based power plants, 13-15% in coal-based power plants, and 14-17% in biomass-
based power plants  (Grönkvist, et al., 2006). This means that the amount of N2 is significant. 

Oxyfuel processes, on the other hand, are processes where primary fuels are burned in pure oxygen 
instead of air. This reduces the N2-content of the flue gas stream, and increases the concentration of CO2 
significantly. The flue gas stream therefore mainly contains water vapor and CO2, and the water vapor can 
be condensed (Surampalli, et al., 2015). This results in a flue gas stream with a concentration of CO2 
above 80%, which means that no post-combustion capture equipment is needed (IPCC, 2005). However, 
combustion in pure oxygen leads to very high flame temperatures exceeding the limits of metals in 
common boilers. This is countered by recirculating flue gases back into the boiler, which is called 
“synthetic air” due to the aim of mirroring the combustion and heat transfer properties of air (Surampalli, 
et al., 2015). Having synthetic air makes it somewhat easier to retrofit plants, because major components 
of the plant do not have to be altered (GCCSI, 2012). To produce required oxygen, an air separation unit 
(ASU) is needed. The separation of N2 from air requires around 65% or more of the total energy need for 
the oxyfuel carbon capture process (IEAGHG, 2014a).  
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The key feature of pre-combustion processes is to remove carbon from the fuel before combustion. The 
primary fuel is processed to a gas mixture of essentially H2, CO2, and CO. This gas mixture is usually 
referred to as synthesis gas or, in short, syngas. The syngas can be used in an Integrated Gasification 
Combined Cycle (IGCC) technology (without carbon capture) or further processed. For carbon capture, 
more H2 and CO2 is produced through the reaction of CO with steam in a second reactor (CO shift). The 
gas mixture consisting mainly of H2 and CO2 is separated by, usually, physical absorption. The resulting 
H2 is used as fuel in a IGCT, while the CO2 stream is captured. (IPCC, 2005; Kuckshinrichs, 2014) 

However, pre-combustion is only possible in plants using IGCC, which is used in only six power plants in 
the world today (Kuckshinrichs, 2014). Even though the IGCC technology is considered mature, it has 
only been used for power production and never in a CHP plant (Ziębik, et al., 2015). 

Due to the fact that pre-combustion cannot be used to retrofit Fortum Värme’s current CHP plants or the 
planned CHP plant, as they are not IGCC plants, pre-combustion is not considered a technically feasible 
option in our case. Pre-combustion will therefore not be included further in this report. 

In Table 1, there is an overview of all carbon capture technologies included in this report. In the following 
paragraphs these technologies will be further explained.  

TABLE 1. OVERVIEW OF CARBON CAPTURE TECHNOLOGIES INCLUDED IN THIS REPORT. 

Post-combustion Oxyfuel-combustion 
 

Pre-combustion 

 Absorption 
 Adsorption 
 Cryogenics 
 Membranes 

 Chemical Looping 
Combustion (CLC) 

 Cryogenics 
 Membranes 

 
 
 

 Not included in this 
report 

 
 
 

 

Absorption (Post-combustion) 
Chemical absorption 
CO2 in the flue gas is absorbed by a chemical solvent due to a reversible neutralization reaction taking 
place when CO2 (slightly acidic) reacts with a chemical solvent (slightly basic). This takes place in the 
absorber at a temperature of 40-65 °C. In the stripper the CO2 enriched solvent is heated to about 90-
120°C and/or pressurized and the CO2 separates from the solvent, which is called regeneration. The 
solvent is cooled and recycled. (Markewitz & Bongartz, 2014; Abu-Zahra, et al., 2013) 

 

FIGURE 6. PROCESS FLOW DIAGRAM OF CARBON CAPTURE USING SORBENTS/SOLVENTS (IPCC, 2005) 

Regeneration of the solvent requires lots of energy, and finding improved solvents is regarded as a key 
research area. The most mature processes involve aqueous amines such as monoethanolamine (MEA), 
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methyldiethanolamine (MDEA), and AMP (2-amino-2-methyl-1-propanol). Blends of amines are also 
researched heavily. (IEAGHG, 2014a) 

Chemical absorption has been used for a long time in chemical, petrochemical, and other industries, and 
the technology is therefore considered mature (GCCSI, 2012; IEAGHG, 2014a). Today, the only full-scale 
power plant with CCS is using a chemical absorption process based on amines (GCCSI, 2016a), and 
amine-based processes occupies a market share larger than 90% of the CCS market (Zhaoa, et al., 2016). 
The most common amine is MEA, which as of 2012 had been used commercially capturing up to 1000 
ton per day of CO2 (GCCSI, 2012). Moreover, post-combustion using amine-based absorption is also used 
in a majority of notable (=about 3 MW to 50 MW) power plant pilot projects using CCS, both historically 
and active today (GCCSI, 2016a). The technology is the most proven and mature of all carbon capture 
technologies (IEAGHG, 2014a). 

However, absorption still leads to a high energy penalty mainly due to the high energy needed for 
regeneration of the solvent. The need for new development of solvents focusing on heat for regeneration, 
absorption rate, and absorption capacity is stressed in (IEAGHG, 2014a). In  (Bhown, 2014) it is 
concluded that for post-combustion using absorption only incremental advances will be made, “unless 
radically different capture chemistries are investigated”. In the long-term other technologies might, 
therefore, be able to compete. The same conclusion is drawn in (IEAGHG, 2014a): MEA has a TRL of 9, 
while improved conventional solvents have a TRL of 6-8, where only incremental reductions of costs and 
energy penalty is regarded as possible. 

Other interesting options for solvents are encapsulated solvents, different phase separation materials, 
precipitating solvents, biphasic solvents, and electrochemically-mediated amine systems. However, these 
separation techniques have a low TRL and/or rather low potential (or not able to tell the potential yet).   

Physical absorption 
In physical absorption physical solvents absorb CO2 without chemical interactions. The two most 
important parameters for physical absorption are temperature and partial pressure of CO2. A more 
efficient absorption is attained by using a solvent with higher CO2 partial pressures. Moreover, lower 
process temperatures also increase the efficiency. Physical absorption requires less energy compared to 
chemical absorption due to physical absorption being weak compared to chemical absorption, which 
makes the process of absorbing and regenerating easier. On the other hand, physical absorption demands 
a low temperature and high pressure to sustain the absorption efficiency and capacity (Surampalli, et al., 
2015). In (White, et al., 2012) physical absorption is recommended for IGCC (Integrated Gasification 
Combined Cycle) due to the need for high-pressure CO2-rich streams. The only notable project so far on 
physical absorption is, thus, in using it in a IGCC plant with pre-combustion carbon capture, and not 
post-combustion (GCCSI, 2016b). As such it has a high TRL (IEAGHG, 2014a), but for post-
combustion carbon capture it is not regarded as an interesting option. 

Some physical sorbents are: Zeolites, activated carbons, selexol (a mixture of dimethyl ethers of 
plyethylense glycol) rectisol (chilled methanol), and propylene carbonate (used in the Flour process) 
(Surampalli, et al., 2015). Ionic Liquids is a novel physical absorption process deemed promising in 
(IEAGHG, 2014a) and (Yu, et al., 2012), but having a TRL of 1.  

Adsorption (Post-combustion) 
In post-combustion adsorption, the flue gas is flowing through a solid material, the sorbent, which 
selectively binds CO2. As the sorbent is saturated by CO2 the CO2 is released in the stripper by reducing 
the pressure or increasing the temperature, both of which requires energy (Zhao, et al., 2007). 
Regenerating the sorbent by decreasing the temperature is called the temperature swing adsorption (TSA), 
while the most common used regeneration method is by reducing the pressure, which is called the pressure 
swing adsorption (PSA). TSA requires longer time cycles, and is therefore not seen as an attractive option 
(IPCC, 2005).  
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Focus in research is on developing adsorbents with a high adsorption capacity, high adsorption rate, and 
high selectivity (adsorbing the CO2 and nothing else). Adsorbents in different research projects today are 
activated carbon, metallic oxides, zeolites, carbon nanotubes, silicon-based adsorbents and alumina. 
(Wang, et al., 2011; Gao & Creamer, 2015)  

As for adsorption the special issue IPCC report on CCS in 2005 states that adsorption technology for 
post-combustion “might be feasible” (IPCC, 2005).  (Wang, et al., 2011) explains some doubts about 
adsorption due to the low adsorption capacity and selectivity of available adsorbents, which necessitates 
treating the flue gas stream before the process. Adsorption is not as widely used in chemical processes as 
absorption and is therefore lacking in research and scale. This is underlined in (Bhown, 2014), which 
further concludes that for adsorption to become feasible it is necessary with both new adsorbent materials 
as well as improved/new processes.  

As of mid-2014 only one project has reached the phase of being tested in a relevant environment with a 
size around 1 MW, and there are major concerns regarding full-scale applications (Bhown, 2014). On the 
other hand, adsorption is getting attention from research projects such as the HIPERCAP project by the 
European Union (EU, 2016). Furthermore, adsorption had most journal articles published in 2009, 2010 
and 2012 from a survey made in 2013 for all 2nd and 3rd generation post-combustion technologies. The 
number of patents filed for adsorption technologies has also increased since 2010 (IEAGHG, 2013a). 
However, the immaturity is still making the future of the technology uncertain, and not a viable option in 
the short- or mid-term. In (Bhown, 2014) it is stated that at the level of technological maturity adsorption 
is today it will most likely take at least 10-20 years before reaching full-scale. 

In (IEAGHG, 2014a) TSA with thermal regeneration, TSA with electrical regeneration, and enzyme 
catalyzed adsorption receive a TRL of 1, with uncertain or higher LCOE compared to MEA for the first 
two and a possible reduction of about 7% for enzyme catalyzed adsorption. Vacuum pressure swing adsorption 
(VPSA) receives a TRL of 3, with a notion of moderate reductions being possible.  

However, a lot of research is done to find better options for adsorbents, and adsorption has the potential 
of leading to a lower energy penalty compared to absorption (Zhao, et al., 2007). This could therefore be a 
viable option in the long-term, but the uncertainty is high due to a lack of research as well as pilot 
projects. (Davidson, 2010) underlines that the future of adsorption as a promising adsorption technology 
requires that the development of chemical absorption based on amines will slow down significantly, and 
major developments of adsorbents will take place. 

Cryogenics (Post-combustion) 
Cryogenic separation is mostly used in oxyfuel processes due to the requirement of low temperatures. It 
separates CO2 by condensation (see Figure 7), and the condensation temperature at atmospheric pressure 
is -56.6°C. This could be feasible for flue gas streams with a very high concentration of CO2, which not is 
the case for flue gas streams from power generation or CHP plants (Wang, et al., 2011). Moreover, the 
state of research in cryogenics separation is at an early stage (TRL 3) and yet not close to being adapted to 
power or CHP plants for post-combustion capture (Bhown, 2014; IEAGHG, 2014a). Cryogenics as a 
post-combustion technology is therefore not regarded as a topic of interest in this report. Cryogenics will 
be further explained for oxyfuel processes.  
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FIGURE 7. PROCESS FLOW DIAGRAM FOR CARBON CAPTURE USING CRYOGENIC DISTILLATION (IPCC, 2005) 

Cryogenic oxygen production (Oxyfuel combustion) 
Cryogenic oxygen production is the most mature and commonly used process for oxyfuel carbon capture, 
and has been practiced in different industries for over 100 years (IPCC, 2005). The process is based on 
distillation where oxygen is condensed out of air at a temperature of -182°C (Kuckshinrichs, 2014). 

Cryogenics has been tested in a number of pilot demonstration projects in coal power up to 40 MWth. Air 
separation units of this size are commercial at full-scale today and only an incremental increase of 
efficiency and economics of scale is expected (IEAGHG, 2012). On the other hand, new advanced ASU 
cycles could improve the efficiency by 5-35% (IEAGHG, 2014a). 

Cryogenics is the first generation of oxyfuel technologies and the most mature. There is a planned project 
to 2020 of a new 350 MW coal power plant with oxyfuel cryogenics in China. But the project is in the 
early stages of planning (GCCSI, 2016a). Cryogenics is considered to be the only viable option for oxyfuel 
combustion in the short- and mid-term according to (Al-Fattah, 2012), (De Costa, et al., 2013), and 
(IEAGHG, 2012). 

In (IEAGHG, 2014a) it is stated that oxyfuel combustion using cryogenic distillation for PF and CFB has 
reached a maturity ready for large scale demonstrations of about 100-400 MW, which is seen as an 
important step to be commercialized between 2020-2030.   

Membranes (Post-combustion) 
Separation with membranes is performed by allowing the permeation of desired gas through, in this case 
CO2. The selectivity of membranes to different gases depends on the materials of the membranes, and the 
capacity of the membranes by volume is usually related to the pressure difference across the membranes 
(Surampalli, et al., 2015). High-pressure streams are therefore preferred (IPCC, 2005). A schematic 
overview of a gas separation membrane can be seen in Figure 8. 

 

 

FIGURE 8. PROCESS FLOW CHART FOR POST-COMBUSTION CARBON CAPTURE USING MEMBRANES (GCCSI, 
2012) 
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Another membrane technique is to use gas absorption membranes. In these membranes CO2 diffuses 
through them and is then absorbed and removed by a solvent. Gas absorption membranes can lead to a 
higher flow of CO2 and smaller equipment compared to gas separation membranes. (Surampalli, et al., 
2015) 

Membranes can be used in post-combustion, oxyfuel, and pre-combustion. There are a number of 
different membrane types based on the materials the membranes are made of. Examples are polymeric 
membranes, inorganic membranes, mixed-matrix membranes, and hybrid membranes.  

In (IEAGHG, 2014a) are polymeric membranes, and polymeric membrane/cryogenic separation hybrid 
regarded as having a TRL of 6 and having a possible LCOE increase reduction of at least 30% compared 
to the baseline MEA. RTIL membranes are regarded as having the same reduction potential as polymeric 
membranes, but with a TRL of 2.  

On the other hand, only small pilot plants have been tested so far (Bhown, 2014). Membranes also require 
a high pressure difference over the membrane, which requires a high-pressure stream (Kuckshinrichs, 
2014), or pressurization before the membrane and/or a vacuum pump after the membrane. This makes it 
hard to implement in a CHP plant due to the low pressure of the flue gases.  

Membranes (Oxyfuel combustion) 
Using membranes to separate O2 from air is another option for oxygen production. This is mainly done 
by ceramic membranes such as perovskites characterized by a high conductivity for oxygen ions. 
Polymeric membranes could also be used, with a lower price and higher flexibility, but the selectivity is 
usually limited so pure oxygen is hard to obtain. Dense ceramic membranes, on the other hand, are only 
selective for O2  (Kuckshinrichs, 2014; Chen, et al., 2015). Perovskites are regarded to have a low TRL in 
(De Costa, et al., 2013) (in the research phase), while polymeric membranes are in the development phase 
(still with a rather low TRL). 

The interest for oxygen-conducting membranes as an oxyfuel technology is increasing, and (Al-Fattah, 
2012) regards it as a more mature technology compared to Chemical Looping Combustion (CLC). 
However, the technology has mostly been developed as a stand-alone technology and not integrated into 
power plants. The research on a system level is therefore lacking (Chen, et al., 2015). Regarding the lack of 
demonstration projects as of 2016, it seems like CLC has surpassed membranes as the most promising 
option for the second generation of oxyfuel combustion.  

Ion Transport Membrane (ITM) is another type of membrane technique where O2 is separated from 
ionized gas by a conducting dense ceramic or polymeric membrane in wafers configuration. The wafers 
configuration makes the equipment more compact and results in a high O2 fluxes per unit volume. This 
technique could lead to a LCOE decrease of 24%. However, it does not replace cryogenics directly due to 
the need of a hot O2 containing gas. In (De Costa, et al., 2013) ITM is regarded to have a low TRL (just 
have reached the development phase).  

Chemical looping combustion (CLC) (Oxyfuel combustion) 
In CLC O2 is separated from N2 by a reversible reaction with an oxygen carrier, which is a suitable 
chemical in the form of a metal/metal oxide. The reaction of solid-O2 is then reversed in the combustor. 
The oxygen carrier is circulated between the tank where the oxidization of the oxygen carrier takes place 
and the combustor (Nandy, et al., 2016). See Figure 9.   
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FIGURE 9. PROCESS FLOW CHART OF CHEMICAL LOOPING COMBUSTION (CLC) (IPCC, 2005) 

CLC is regarded as one of the most energy efficient carbon capture technologies, and a very promising 
option for carbon capture (IEAGHG, 2014a; Mukherjee, et al., 2015; GCCSI, 2012).  

The scale of demonstration projects has reached a size of 3 MW (IEAGHG, 2014a). There has been some 
computational modelling of CLC plants around a few MWth, and some concept designs of full-scale 
projects up to 1000 MWth (Nandy, et al., 2016; Leckner & Lyngfelt, 2015). However, CLC technology is 
regarded as relatively immature. In (De Costa, et al., 2013) chemical looping materials are considered to 
have a low TRL (early research-phase), but due to, amongst other, the 3 MW pilot plant it would most 
likely be regarded as having a TRL of late development-phase in.  

2.3 Energy penalty 
Carbon capture at power plants leads inevitably to loss of power production due to the need for heat and 
power in the carbon capture process and for compression of CO2 after the capture. This subchapter will 
give a background to energy losses, called energy penalty, when implementing carbon capture at plants.  

Oxyfuel processes 
The energy penalty in oxyfuel processes comes mainly from separation of O2 from air before the 
combustion. Usually oxyfuel combustion decreases the efficiency by 10-12% points in a power plant 
(Escudero, et al., 2016). Where 65% of the penalty is due to the ASU and 35% due to the CPU 
(IEAGHG, 2014a).  

There is a lack of oxyfuel projects in CHP plants in general, but there are two case studies performed for 
oxyfuel combustion for CHP plants in Finland (both for greenfield projects). In (Kärki, et al., 2013) a new 
576 MWfuel CHP plant is modeled using peat, biomass, and co-firing. Some results can be seen in Table 2.  

TABLE 2. MODELED ENERGY BALANCE OF A CHP PLANT USING OXYFUEL COMBUSTION AND FUELED BY 
100% PEAT FROM (KÄRKI, ET AL., 2013)  

 Without carbon capture With carbon capture 
Fuel input (MW) 576 576 
Power (MWnet) 165 125 
Total district heat production 
(MWth) 

272 352 

- From turbine  272 266 
- From capture and CPU 0 86 

Overall efficiency 76% 83% 
Alpha-value 0.61 0.36 
 

Somewhat surprisingly the overall efficiency increases with carbon capture. This is due to the high demand 
for electricity in the ASU, which can be used for district heating when recovered from the ASU and CPU. 
The electricity production therefore decreases by 24%, but produced district heat increases by 29.4%. The 
overall efficiency increases by 9% (7% points), and the alpha-value decreases by 41% (25% points). A 
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similar result can be seen when the CHP plant is fueled by 100% biomass, and a co-firing of 
biomass+peat.  

The second case study, made by (Arasto, et al., 2014b) models a 420 MWfuel CFB-based CHP plant and 
gives similar results. As can be seen in Table 3.   

TABLE 3. MODELED ENERGY BALANCE FOR A CHP PLANT USING OXYFUEL COMBUSTION FROM (ARASTO, ET 
AL., 2014B) 

 Without carbon capture With carbon capture 
Fuel input (MW) 420 430 
Power (MWnet)   
Total district heat production 
(GWh/year) 

2076 2353 

Electricity production 
(GWh/year) 

907 544 

Annual fuel use (GWh/year) 3106 3075 
 
By comparing the case without and with carbon capture it can be seen that the heat production has 
increased by 13.3% and the electricity production has decreased by 40%. However, this is based on annual 
energy and not power, as in the case of Table 2. This makes comparison with other cases more difficult.  

Cryogenic ASUs are the most mature ASUs used today due to use in other industries and only small 
improvements are likely to be seen in the future. New advanced ASU cycles using three columns or dual 
boilers are, however, showing promising results of increasing the ASU efficiency by 5-35% compared to a 
conventional ASU, which would reduce the energy penalty to about 8% points (Kuckshinrichs, 2014). 
There are studies showing an overall energy penalty of about 7% points for oxyfuel processes based on 
cryogenic distillation with better thermal integration, improved ASU and CPU (Tranier, et al., 2011; 
Escudero, et al., 2016). 

Another option for oxyfuel is to use Oxygen Transport Membranes for air separation. The membranes 
show some promising results, but the need to be combined with a gas turbine makes it more suitable for 
pre-combustion for power production, which most of the research is focused on as of now (IEAGHG, 
2014a). 

There are also a number of ways to increase the efficiency of oxyfuel combustion by pressurizing the 
process, which trades extra energy required during the oxyfuel combustion for a significantly lower 
amount of energy demanded during the compression of CO2, but how much energy will be saved is too 
early to say (IEAGHG, 2014a).  

As for Chemical Looping Combustion (CLC) there are some promising results, and in (Leckner & 
Lyngfelt, 2015) it is stated that for a 1000 MWth power plant the energy penalty could be as low as 3.9% 
points, which is a reduction by more than 50% compared to today’s cryogenic air distillation.  

Post-combustion processes 
Absorption processes based on amine solutions are the most tested and mature technologies today. They 
have in general an energy penalty of about 20-30% for capture and compression of CO2 (GCCSI, 2012). 
Compression, in turn, makes up 20-30% of the energy penalty, and capture about 70-80% (Bhown & 
Freeman, 2011).  

In (IEAGHG, 2014a) a typical absorption amine-based process is analyzed in a coal power plant of 550 
MW. The process, including compression, requires 38% more fuel compared to the same coal power plant 
without carbon capture. A majority, 24% points of the extra fuel, is needed for providing thermal energy 
to the regeneration of the solvent, while 14% points of the extra fuel is needed to generate the extra 
power for compression (5.9% points) and the absorption process (8.1% points). Even though biomass 
power plants and CHP plants in general are smaller compared to coal power plants, the higher 
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concentration of CO2 in the flue gas stream of biomass-based power plants can somewhat counterbalance 
this in terms of economies of scale (Grönkvist, et al., 2006). 

However, in a CHP plant it could be assumed that the production and re-use of thermal energy could be 
more efficient compared to that of a regular power plant. In (Kärki, et al., 2013) a retrofit of a natural gas-
fired 1020 MWFuel combined cycle CHP plant is simulated using a MEA-based post-combustion system. 
The results from the simulation can be seen in Table 4. 

TABLE 4. RESULTS FROM A SIMULATION IN (KÄRKI, ET AL., 2013) FOR A 1020FUEL MW CHP PLANT WITH AND 
WITHOUT POST-COMBUSTION CARBON CAPTURE 

 Without carbon capture With carbon capture 
Fuel input (MW) 1020 1020 
Power (MWnet) 412 367 
Total district heat production 
(MWth) 

443 325 

- From turbine  443 302 
- From capture and CPU 0 23 

Overall efficiency 84% 68% 
Alpha-value 0.93 1.12 
 

The overall efficiency decreases by about 16% points, which is a decrease by about 19%.  It can also be 
seen that about 7% of the heat is recovered heat from the carbon capture process. The decrease for the 
overall efficiency, in terms of percent, is significantly lower compared to that of a reference power plant 
used in the article (19% against 24%). This is mainly due to the heat recovery of 23 MW from the capture 
and CPU.  

In (Liszka, et al., 2013) a hard coal-fired 110 MWth greenfield CFB CHP plant with a MEA-based post-
combustion system is simulated and compared with a reference case without carbon capture. The result 
can be seen in Table 5.   
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TABLE 5. RESULTS OF A SIMULATION IN (LISZKA, ET AL., 2013) FOR A 110 MWTH CFB CHP PLANT WITH AND 
WITHOUT POST-COMBUSTION CARBON CAPTURE 

 Without carbon capture With carbon capture 
Fuel input (MW) 188.29 209.66 
Power (MWnet) 60.10 50.8 
Total district heat production 
(MWth) 

110.22 110.26 

- From turbine  110.22 57.02 
- From capture and CPU 0 53.24 

Overall efficiency 90% 77% 
Alpha-value 0.55 0.46 
 

In Table 5, it can be seen that the fixed point between the two scenarios has been the heat production 
(input fuel and power output has changed), while in (Kärki, et al., 2013) the fuel input has been constant 
(heat and power output has changed). As for overall efficiency it decreases by 13% points, which is a 
decrease of about 15.4%. The alpha decreases by about 16%.   

On the other hand, is it not possible for the energy penalty to decrease in the future with new 
developments in the carbon capture processes? E.g. Improved plant integration and solvents have reduced 
the energy penalty by 50% (compression not included) since 1990 (IEAGHG, 2016).  

A similar development in the future is, on the contrary, unlikely. The energy penalty created in an MEA-
based process is already close to the chemical limits. There are other novel solvents with a higher potential 
for energy reduction, but no radical energy reductions are likely for the absorption process of post-
combustion (IEAGHG, 2014a). Possible new solvents have been evaluated in (IEAGHG, 2014a): 
Improved processes and solvents could lead to a reduction of the energy penalty from 9.8% to 6.91% for 
a coal power plant. This is a reduction by about 30%. Some novel technologies such as precipitating 
solvents (precipitate to solid phase) used for example in Alstom´s Chilled Ammonia Process, by Shell 
Global Solutions, and a couple of other companies, promise a higher reduction of the energy penalty. 
However, so far this has only lead to a documented decrease by 21% compared to a standard MEA-based 
process (IEAGHG, 2014a). 

Another option is the case of using some kind of membranes for separation of CO2. Using polymeric and 
hybrid membranes could lead to a 20% increase of fuel, which is substantially lower compared to 38% for 
the case of MEA used in a coal power plant (as discussed in the second paragraph in this section). The 
technique has been tested on a lab-scale. (IEAGHG, 2014a) 

Other options for post-combustion such as improved PSA and TSA adsorption, and cryogenic distillation 
is not considered in (IEAGHG, 2014a) to be able to surpass amine-based absorption processes in terms 
of a decreased energy penalty and costs. 
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2.4 Cost of carbon capture technologies 
Three important points will be explained before the more specific background on costs for carbon capture 
technologies begin: 

• Estimating costs for the implementation of carbon capture, both in retrofits and Greenfields, is 
complex and site specific. The CAPEX can differ by a factor of 2-3, and the OPEX by more than 
30%, which is shown in (Dillon, et al., 2013), (IEAGHG, 2016), and (Arasto, et al., 2014b).  

• Economies of scale, experience, and standardization will most likely decrease the costs 
substantially until 2030. However, in (IEAGHG, 2016) it is stated that cost reductions the coming 
decade cannot “be reliably foreseen” and no cost reductions are included in the report, which is a 
feasibility study of implementing post-combustion carbon capture on a large-scale in China by 
2030.  

• In (IEAGHG, 2011) and (IEAGHG, 2013b) it is stated that comparisons of main carbon capture 
technologies show small differences in costs  

Post-combustion processes 
In (Al-Juaied & Whitmore, 2009) a list of studies is compiled to show costs using the same basis. Parts of 
the list can be seen in Table 6. The capture rate is 90%, and the power plants are in a range of 500-550 
MWnet. Total Plant Cost (TPC) is based on the first quarter of 2008, and calculated as an “overnight” cost. 
The TPC increases by about 54%-87% for a plant with carbon capture compared to one without carbon 
capture. 

TABLE 6. TOTAL PROJECT COST (TPC) FOR VARIOUS COAL-BASED POWER PLANTS WITH AND WITHOUT 
CARBON CAPTURE, COMPILED IN (AL-JUAIED & WHITMORE, 2009) 

Source: (MIT, 
2007) 

(MIT, 
2007) 

(MIT, 2007) (MIT, 
2007) 

(Rubin, et 
al., 2007) 

(NETL, 
2007b) 

(NETL, 
2007b) 

Steam cycle 
technology: 

SubC* SC* USC* CFB* SC* SubC* SC* 

TPC ($/kWe) 
w/o capture: 

1280 1330 1360 1330 1442 1549 1575 

TPC ($/kWe) w 
capture: 

2230 2140 2090 2270 2345 2895 2870 

Difference in 
TPC ($/kWe) 

950 810 730 940 930 1346 1295 

*SubC=Subcritical, SC=Supercritical, USC=Ultra-supercritical, CFB=Circulating Fluidized Bed 

In (NETL, 2015) an update of cost estimates is made for a 550 MWnet subcritical and a supercritical 
pulverized coal plant. The TPC can be seen in Table 7, with a base year of 2011. The TPC increases by 
about 74%-77% for a plant with carbon capture compared to one without carbon capture.  

TABLE 7. TPC FOR A PC PLANT FOR TWO DIFFERENT STEAM CYCLE TECHNOLOGIES (NETL, 2015) 

Steam cycle technology SubC* SC* 
TPC ($/kWe) w/o capture 1960 2026 
TPC ($/kWe) w capture 3467 3524 
Difference in TPC ($/kWe) 1507 1498 
*SubC=Subcritical, SC=Supercritical 

Furthermore, in (IEAGHG, 2014b) a 550MWnet coal power plant is analyzed. CAPEX is calculated to 
increase by 76% (overnight cost), and OPEX by 52%. Providing necessary thermal energy for the 
regeneration process results in an increase of the fuel receiving and handling facilities, feedwater system, 
boiler, clean-up of the flue gas, and solvent handling system. In total this stands for 67% of the CAPEX, 
about equal shares each. Cooling water systems makes up 4% of the increase in CAPEX, increase of 
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turbine represents 13% of CAPEX, and remaining 16% is due to buildings, electrical distribution, and 
instrumentation and some smaller posts.  

The increase in OPEX is to a share of 40% due to fuel increase, 24% variable increase, and 36% fixed 
increase. Regarding the contributions from the energy penalty on the increase of LCOE CO2 compression 
stands for 19.8%, increase of electrical power 21.7%, and increase of thermal energy 58.5%.   

The analysis in (IEAGHG, 2014a) on possible new solvents gives only small decreases of the LCOE, or 
sometimes even increases, due to the increased CAPEX outweighing the reduced OPEX. 

One promising option for cost reductions is polymeric and hybride membranes leading to a reduction of 
LCOE by 30%. Other novel techniques show similar or lower cost reduction potentials (IEAGHG, 
2014a). It should be noted that the estimated reductions in LCOE has decreased as the technological 
readiness level has increased for the novel technologies (comparing older and newer articles in (IEAGHG, 
2014a)), which could imply that the estimates are too positive in the beginning, and more conservative 
estimates for novel technologies might be in place.  

However, the aforementioned articles and reports consider greenfield power plants, and not the costs for 
retrofitting a power plant. In (Dillon, et al., 2013) a comparison is made comparing feasibility studies for 
five coal power plants in the US in implementing post-combustion capture as a retrofit. The comparison 
shows that site specific conditions are crucial: the increase in CAPEX differs by a factor of 2.5 per kW 
and the increase of LCOE by about 30%. The base-year is 2009, and the capture rate 90%. Results can be 
seen in Table 8.  

TABLE 8. TPC FOR RETROFITTING VARIOUS POWER PLANTS WITH CARBON CAPTURE (DILLON, ET AL., 2013) 

Steam cycle 
technology (Size, 
MWnet) 

CFB (129)* SubC (4x155)* SubC (2x750)* SubC (2x550)* SubC (2x900)* 

TPC ($/kWe) w 
capture 

4000** 1800 1500 1400 900 

*SubC=Subcritical, SC=Supercritical, USC=Ultra-supercritical, CFB=Circulating Fluidized Bed 
** The high $/kWe for the CFB-based plant is due to a commitment to export steam to a refinery 

In (IEAGHG, 2016) an assessment is made for retrofitting up to 240 GW of installed coal power in China 
by the year of 2030. Levelized additional cost of electricity for implementing amine-based post-
combustion is in the range of about 30-40 USD/MWh. For some plants that is doubled, but a great 
majority is within that range.  

In (IEAGHG, 2011) the costs of retrofit and new build coal- and natural gas-fired power plants with 
carbon capture are evaluated. In Table 9 three different retrofit options for a coal power plant from 
(IEAGHG, 2011) can be seen. The power plant has a capacity of 800 MWnet before the retrofit.  

TABLE 9. TOTAL CAPEX OF RETROFITTING AN EXISTING COAL-BASED POWER PLANT WITH CARBON 
CAPTURE. FROM (IEAGHG, 2011)   

Steam cycle technology 
(Size, MWnet) 

Integrated 
retrofit 

Power matched 
retrofit* 

Heat and power 
matched retrofit* 

Total CAPEX ($/kWe) w 
capture 

1316 1742 2275 

*Power matched retrofit= power output will be the same before and after the retrofit, but only delivers a part of the steam 
needed, Heat and power matched retrofit=power output will be the same after the retrofit and circumvents the need for steam 
extraction from the plant (external steam producer) 

  



19 
 

LCOE for the different configurations in (IEAGHG, 2011) can be seen in Table 10.   

TABLE 10. LCOE FOR VARIOUS RETROFIT OPTIONS. FROM (IEAGHG, 2011)   

 Existing 
power plant 
w/o CC 

Greenfield 
plant w CC 

Integrated 
retrofit w 
CC 

Power 
matched 
retrofit w 
CC 

Heat and 
power 
matched 
retrofit w 
CC 

LCOE 
($/MWh) 

78.4 105.2 88.3 93.1 111.4 

 

OPEX parameters not related to the energy penalty, interest rate, and other fees can be seen Table 11. 
The other OPEX related parameters vary significantly depending on fuel prices, country specific fees and 
so forth, but these parameters are assumed to be more general. 

TABLE 11. NON-ENERGY AND NON-FINANCIAL RELATED OPEX FROM (IEAGHG, 2011) REGARDING OPEX 

 Greenfield Integrated retrofit Comment 
Annual fixed cost for 
new capture plant 

2% of 
CAPEX 

2% of CAPEX For maintenance, labor 
etc. In the range of 1% to 
3% in the US 
 

OPEX for capture 
plant ($/tCO2)  

3 3 Cost for replacement of 
solvent and other solvent 
related costs (could differ 
significantly depending on 
solvent) 

 

This gives an idea of the costs associated with carbon capture for coal power plants. The detailed 
information of coal power plants is used here to shed light on costs, and the uncertainty of costs, due to 
the lack of similar studies for CHP plants. In (Kärki, et al., 2013) and (Arasto, et al., 2014a) there are cost 
estimations for CHP plants, which will be studied in the following paragraph. However, these cost 
estimations are not described in much detail.  

In the case of a design for retrofit of a 1020 MWcfuel MEA-based post-combustion CHP plant, as studied 
in (Laine, 2011) and (Kärki, et al., 2013), the capital cost increases by about 64%. Moreover, in (Arasto, et 
al., 2014a) it is stated that the capture cost from a greenfield 500 MWth CHP plant with post-combustion 
carbon capture would be about 40 €/MtCO2. 

Oxyfuel processes 
In (IEAGHG, 2011) it is stated that cost estimates for oxyfuel combustion is scarce, this still holds to a 
certain degree.  

In (IEAGHG, 2014a) the cost increase for oxyfuel combustion in implementation on a new power plant 
is 70%. About 40% is attributed to the ASU, 20% for the dehumidification and compression, and the 
remaining 40% for capacity increases due to the increased parasitic load.  

In (Arasto, et al., 2014b)  a 430 MWfuel   CFB CHP plant co-firing 43% biomass and 57% coal is analyzed. 
The capture rate is 99%. The annualized CAPEX is estimated to be about 15 M€ with an economic 
timeframe of 25 years and a weighted average cost of capital (WACC) of 5%. Apart from this the article 
does not say what is included in the CAPEX.  

In (Kärki, et al., 2013) the cost for a peat-fired 500 MWfuel CHP plant with carbon capture compared to 
without carbon capture is estimated to be 18 M€/year (increase of 72%). Non-fuel operating costs 
increases by 4 M€/year (increase of 18%).  
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In (IEAGHG, 2014a), the cost reduction potential for oxyfuel processes based on membranes is about 
30%. The potential for cost reduction for CLC is the most significant and reaches 50-60% if the results in 
(Leckner & Lyngfelt, 2015) and (IEAGHG, 2014a) are compared.  
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2.5 Summary of carbon capture technologies 
The maturity of post-combustion carbon capture technologies is summarized in Figure 10, and the 
maturity of oxyfuel carbon capture technologies is summarized in Figure 11. The orange bars shows an 
interval of possible time-to-market. E.g. “TSA with electric regeneration” (At the top of Figure 10) has 20-
25 years to market (commercialization), which is considered to be a long-term technology.   

 

FIGURE 10. TIME-TO-MARKET FOR POST-COMBUSTION CAPTURE (BASE-YEAR: 2014). THE EXTENT OF THE 
BARS SHOWS AN INTERVAL OF TIME-TO-MARKET. BASED ON (IEAGHG, 2014A; BHOWN, 2014) 

 
**Fluorites and polymeric membranes can be used for the ITM technique 
*PSA in oxyfuel is in (De Costa, et al., 2013) considered to only be of use in small- or medium-applications, even though mature it 
is therefore not considered an option in this report. 

FIGURE 11. TIME-TO-MARKET FOR OXYFUEL CAPTURE TECHNOLOGIES AND/OR MATERIALS (BASE-YEAR: 
2013). THE EXTENT OF THE BARS SHOWS AN INTERVAL OF TIME-TO-MARKET.  BASED ON (DE COSTA, ET AL., 
2013; BHOWN, 2014)  
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For post-combustion, in the short-term period, the only viable option is chemical absorption with MEA 
or other improved conventional solvents. In the mid-term some unconventional solvents and some more 
membrane technologies could be feasible, and in the long-term perspective there are a range of interesting 
alternatives being possible to enter the market. For oxyfuel combustion, cryogenic air separation is the 
only viable option in the short-, and mid-term for large-scale application. Polymeric membranes are also 
expected to reach the market in the mid-term period, but the application in for example ITM is not as 
mature. However, it should be noted that CLC already has had pilot plants on up to 3 MWth, which means 
that the TRL by (De Costa, et al., 2013) could be questioned here.  

The results most relevant to this study in terms of energy penalty, costs, and their reduction potential are 
summarized in Table 12. The costs are escalated to the 1st quarter of 2016, translated into €, and adapted 
to CHP plants (€/kWheat instead of €/kWel) in Chapter 4.  

TABLE 12. SUMMARIZED RESULTS FOR ENERGY PENALTY, COSTS, AND POSSIBLE FUTURE DECREASE OF COSTS 
AND ENERGY PENALTY. THE RESULTS MOST RELEVANT TO THIS STUDY ARE INCLUDED 

Plant Value: Comment: 
Energy penalty   

- Efficiency -15.4% From (Liszka, et al., 2013) 
- Alpha-value -16% From (Liszka, et al., 2013) 

Cost   
- CAPEX 1316 $/kWel From (IEAGHG, 2011) 
- Fixed OPEX 2% of CAPEX From (IEAGHG, 2011) 
- Variable OPEX 3 $/tCO2 From (IEAGHG, 2011) 

Future decrease of costs and energy 
penalty 

  

- Improved scenario 1 30% Due to: Breakthrough for new 
solvents, membrane separating 
technologies, Chilled Ammonia 
Process 
 

- Improved scenario 2 50% Due to: CLC 
 

Pre-combustion will not be included in this report as it is unfit to use with the CHP plants in this case 
study. 

It should be noted that there is an abundance of different technologies for carbon capture, and their 
progress is difficult to quantify in terms of years. Funding for some technologies could make them 
progress faster on the cost of some of the other technologies. What place CCS is given in the CO2 
abatement portfolio nationally and internationally will also impact heavily on the development of carbon 
capture technologies.  
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3 Which plants in the district heating network are 
applicable for carbon capture? 

The district heating network in the Stockholm region is diverse and consists of hundreds of units with e.g. different fuels, heat 
and power output, duration curves, and ramping abilities. Implementing carbon capture on a plant requires certain site and 
plant specific conditions, which will be analyzed in this chapter. First of all, there will be a background to certain important 
parameters when analyzing the suitability of the sites, followed by a description of the methodology of this chapter, and then 
results of the analysis. 

3.1 Factors to consider  
Land requirement 
Land requirements is essential for the implementation of carbon capture at a site. Carbon capture can 
need up to twice the size of the original plant, and available land is mostly scarce, which makes it a 
reversed salient of retrofitting power plants with carbon capture. Land requirement has received relatively 
little attention in the literature lately. Most articles are from 2007-2010 (IEAGHG, 2016). Furthermore, 
available literature such as (Felin & Fennel, 2010), (GCCSI, 2010), and (NETL, 2007a) do not 
problematize the land use: land required is stated as square meters per MW, and there are no notions on 
more compact solutions.  

In (IEAGHG, 2016) the land requirement for a retrofitted carbon capture unit is stated to be 300-800 m2 
per MW for units of 300-600 MW. This is based on (Felin & Fennel, 2010), (GCCSI, 2010), and (NETL, 
2007a). It is also referred to two engineering studies, (E.ON, 2011) and (ScottishPower, 2011), showing a 
bit less space requirement (around 150-200 m2 per MW, as calculated by (IEAGHG, 2016) from plant 
layout drawings). To be noticed here is that the IEA is mixing up the units, and the result should be 
divided by a factor of ten, which is confirmed in an e-mail conversation with Professor Paul Fennell 
(Fennell, 2016). However, in (IEAGHG, 2016), the land requirement is not used as a criterion due to lack 
of data for studied sites, and not elaborated further. Results regarding land requirements from the five 
aforementioned studies are summarized in Table 13, also including units outside of the MW range used in 
(IEAGHG, 2016). The capture rate is 90% in all of the reports.  

TABLE 13. SUMMARIZED VALUES FOR LAND REQUIREMENTS PER TYPE OF POWER PLANT 

 Land requirement in 
total (m2) 

Land requirement per 
MW (m2/MW) 

 From (Felin & Fennel, 
2010): 

  

CCGT, post-
combustion, 785 MWe 
(w/o capture)  

37500 47.8* 

CCGT, oxy-
combustion, 500 MWe 
(w/o capture) 

9600 19.2* 

USCPF, post-
combustion, 500 MWe 

(w/o capture) 

9525 19.1* 

USCPF, oxy-
combustion, 500 MWe 

(w/o capture) 

9600 19.2* 

From: (NETL, 2007a)   
Pulverized coal-fired 
boiler, Post-
combustion, 433.8 
MWe (w/o capture) 

16187 37.3* 

From: (GCCSI, 2010)   
SCPC, post- 15625 26* 
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combustion, 600 MWe 
(w/o capture) 
SCPC, oxy-combustion, 
600 MWe (w/o capture) 

23600 39.3* 

From: (E.ON, 2011)   
SCPF, post-
combustion, 300 MWe 
(w/o capture) 

45000* 15* 

From: (ScottishPower, 
2011) 

  

Pulverized coal-fired 
boiler, post-
combustion, 300 MWe 

(w/o capture) 

60000* 20* 

*Calculated from power and total land requirement or land requirement per MW 

Most likely the size of the equipment has developed during the last six years, even though it is difficult to 
get new data from producers. In (Felin & Fennel, 2010) it is concluded that via layout optimization and 
technological progress the land requirement could decrease by around 50%. 

Load factor 
Implementing a carbon capture system on a plant is capital intense. A general rule for investment is that if 
there is a high CAPEX and low OPEX the plant should have many production hours to be profitable 
(Levihn, 2016a). Implementing carbon capture at plants with low operation hours annually is therefore not 
considered economic. Peak power units are therefore not interesting in the context of CCS.  

Flexibility needs 
Flexibility of power production is becoming more important since the share of intermediate power 
production is increasing. Being able to ramp up and down power production fast is, consequently, 
becoming more imperative. Heat production also needs to be ramped up and down depending on 
parameters such as changing outside air temperature and moisture content.  

The research in the field of carbon capture has, due to its novelty, focused on implementation in base-load 
power plants, and not focused to a greater extent on flexibility. However, there are a few ideas and 
concepts on how to increase the level of flexibility in plants as indicated below. 

Switch off carbon capture  

The post-combustion process is in general easy to switch off from carbon capture mode. However, 
starting up the regenerator takes about 1-2 hours in a hot-start, and 3-4 hours in a warm-start. This could 
be compared to oxyfuel combustion where it takes about 36 hours to start the ASU. Both post-
combustion and oxyfuel combustion have the same part load efficiency as without carbon capture (in 
relative terms). The flexibility properties are summarized in Table 14. (Domenichini, et al., 2013)  

Implement storage in the process  

For post-combustion, it could be an option to implement a storage for the CO2-loaded solvent, and when 
the power price is decreasing the regeneration process and compression can take place again. This leads to 
increased costs for amines, and storage, but on the other hand it does not increase the CO2 emissions. 
(Kuckshinrichs, 2014) 

A similar approach can be used in oxyfuel combustion, but the other way around: an excess of O2 is 
produced during hours of low demand and stored to be used for peak hours, which reduces the energy 
penalty during peak hours significantly (Tranier, et al., 2011). 
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Ramp-up and -down 

The compressors of CO2 are usually limited to a part-load of no less than 70%, which means a significant 
energy penalty if operation is under 70%. This could somewhat be countered by using series of CO2 
compressors, which on the other hand increases the land use (Felin & Fennel, 2010). In oxyfuel 
combustion the ASU sets the constraints for ramping-up and down: The ASU cannot be operated at 
lower load than 50%, and has a maximum ramping of 3%/min. Post-combustion on the other hand does 
not change the ramping ability of the power plant (usually around 4-5%/minute). (Domenichini, et al., 
2013) 

TABLE 14. PROPERTIES FOR POST-COMBUSTION AND OXYFUEL COMBUSTION FLEXIBILITY (DOMENICHINI, 
ET AL., 2013) 

 Start-up to full 
load (Time) 

Ramp rates Part load 
efficiency 

Minimum load 

Post-combustion -Hot start-up: 1-2 
hours  
-Warm start-up: 3-
4 hours 

Same as plant 
without carbon 
capture 

Same as plant 
without carbon 
capture 

-Min load of 
capture unit: 30%  
-CO2 compressor 
min efficient load: 
70% 

Oxyfuel 
combustion 

ASU start-up in 
about 36 hours 

ASU ramp rate: 
3% 

Same as plant 
without carbon 
capture (air-firing) 

- Cold box min 
load: 40- 50% 
-ASU compressor 
min efficient load: 
70%  
-CO2 compressor 
min efficient load: 
70% 

 

Depending on the load curve for a specific power or CHP plant implementations of storage and/or over- 
or undersized ASUs and CPUs might be of interest.  

In conclusion, post-combustion is the most flexible option in terms of start-up time and ramp rate based 
on the findings in (Domenichini, et al., 2013). Part load efficiencies and minimum load is similar. The 
minimum load is constrained in both cases by the minimum efficiency of the CO2 compressor. However, 
if that can be changed by example series of compressors, oxyfuel combustion still is constrained by the 
ASU compressor (70%), and the cold box in the ASU (40-50%).   

Adaptability with various energy conversion processes  
This section will cover the suitability and research of different combustion processes with carbon capture. 
The combustion processes are based on the once included in studied district heating system. 

Circulating Fluidized Bed (CFB) 

Combining post-combustion carbon capture with CFB seems to offer few difficulties compared to post-
combustion with other cycles, even though most notable demonstration plants are on PF plants (GCCSI, 
2016b). In (Dillon, et al., 2013) one CFB plant (129 MWe) and four PF plants are assessed for 
implementing post-combustion as a retrofit. All of them were considered technically feasible to implement 
post-combustion capture on, it was emphasized that CFB did not impose any obstacles for 
implementation. CFB post-combustion is also used for testing different commercial absorbents in a 1 kW 
slipstream pilot plant in (Sjöström, et al., 2011), and simulated in a 110 MWth CFB CHP plant in (Liszka, 
et al., 2013). 

Most research in oxyfuel combustion is focusing on PF combustion. On the other hand, the research in 
oxyfuel CFB is growing. There are a number of small lab-scale and pilot plants, which can be seen in the 
review by (Mathekga, et al., 2016), such as in (Seddighi, et al., 2013) where a mathematical model is 
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developed and validated against experimental data from a 4 MWth oxyfuel CFB, and in (Li, et al., 2014) 
where different oxygen concentrations are tested for a 1 MWth oxyfuel.  

Furthermore, there is one demonstration plant of CFB with oxyfuel combustion in Spain in a project 
called CIUDEN using a 30 MWth boiler. The demonstration plant has proven the technology under 
different conditions and using four different fuels and fuel blends (anthracite coal, petcoke, sub-
bituminous coal and biomass) (Lupion, et al., 2013). There are also plans of using results from CIUDEN 
to scale-up to a 330MWe supercritical CFB oxy-combustion power station, and plans for a 445MWe 
oxyfuel CFB coal fired power generation plant within the EU research project ENCAP (Mathekga, et al., 
2016). A feasibility study for the 445 MWe plant is conducted in ( Béal, et al., u.d.), but the ENCAP 
program was terminated in 2009. In (IEAGHG, 2014a) CFB with oxyfuel combustion is considered to 
have reached a level of maturity which makes it suitable for a large scale demonstration plant, but 
biomass-based plants have to be investigated further. 

All aforementioned articles describe the conditions under oxy-firing as stable, and the transition between 
oxy- and air-firing as smooth. In (Leckner & Gómez-Barea, 2014) it is concluded that one advantage for 
CFB over PF is the possibility of converting from air-firing to oxy-firing and still have similar combustion 
characteristics.   

Pressurized Fluidized Circulating Bed (PFCB) 

Sargas AS has developed a pressurized post-combustion process where pressurized CO2 is absorbed 
before expansion in the gas turbine using a potassium carbonate solution. In (Fredriksson Möller, 2006) 
and (Holm, 2008) it is concluded that retrofitting the PFCB CHP power plant in Värtahamnen (KVV-6) 
this technology is the most viable.  In comparison with a MEA-based post-combustion process it has a 
lower regeneration heat steam demand, lower power loss, and lower equipment costs (can be smaller due 
to the pressurized flue gases). The retrofit would not lead to any major changes in the plant. Results from 
a pilot test at the CHP plant in Värtahamnen is described in (Bryngelsson & Westermark, 2009): A pre-
expansion pressurized steam at 10.5 bar was diverted from the gas sampling pipe of the plant. The pilot 
test is considered to have proven the technology with a high carbon capture rate (>95%), and a low 
degradation of the absorbent.  

Oxyfuel combustion utilizing a pressurized (10 bar) coal combustor is analyzed in (Hong, et al., 2009), 
(Hong, et al., 2010), (Zebian, et al., 2013), and (Gopan, et al., 2014). The gain of a pressurized oxyfuel 
combustion is explained as a lower heat demand, and a decreased power demand for compression after 
the process. However, there is no focus on PFCB in the literature in particular. In (Holm, 2008) oxyfuel 
combustion in a PFCB is seen as technically possible, but unrealistic in a retrofit due to extensive 
modifications of boilers and turbines.  

Grate Furnace 

Grate boilers with carbon capture are not covered in the literature. Possibly because of the focus on 
pulverized coal power plants for carbon capture, while grate boilers are common in applications for 
biomass and waste (IEA Bioenergy, 2016). However, post-combustion with grate furnace should not lead 
to any complications if the flue gas stream is within the required limits of SO2 and NOX as explained in 
the following subchapter.  

Pulverized Fuel Burner (PF Burner) 

Post-combustion capture on a PF burner based on coal is tested in notable projects such as Hazelwood 
Carbon Capture and Mineral Sequestration Pilot Plant (1.5 MWth), Pleasant Prairie Power Plant Field Pilot 
(5 MWth), Wilhelmshaven CO2 Capture Pilot Plant (3.5 MWth), Shanghai Shidongkou 2nd Power Plant 
Carbon Capture Demonstration Project (36 MWth), among others (GCCSI, 2016b). The first, and so far 
only, full scale power plant (120 MWth) with carbon capture is also based on pulverized coal (Manuilova, 
et al., 2014; GCCSI, 2016a). The difference between implementing post-combustion carbon capture on a 
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biomass-based PF burner compared to a coal PF burner is considered to be the content of the flue gas 
stream, which will be further developed in the following subchapter. 

Oxyfuel combustion capture based on a PF burner has been tested in the Renfrew Oxyfuel (Oxycoal 2) 
Project with a 40 MWth pulverized coal-fired burner in the UK ( Sturgeon, et al., 2011), and in Germany in 
the Schwarze Pumpe Oxyfuel Pilot Plant with a 30 MWth pulverized coal-fired burner (Anheden, et al., 
2011). Both tests were able to prove the technology under different operation conditions and at the same 
time have a capture rate of >90% of CO2. In (Yin & Yan, 2016) there is an overview of 24 modelling 
projects of sizes in a range of 100 kWth-1000 MWe. Most of the models are for pulverized coal burners, 
and models for biomass as a fuel are not as well-developed.  In (Holtmeyer, et al., 2012) it is described as 
challenging to work with biomass in oxyfuel due to the variability of the biomass. Co-firing of pulverized 
coal and biomass has been tested in the RWEn 0.5 MWth test facility of co-firing up to 60% of biomass 
(40% Shea Meal and 20% sawdust), and modelling the process of co-firing is described as “extremely 
complex” (Smart , et al., 2010). More research on a fundamental basis for oxyfuel combustion using 
biomass in a PF burner is required according to (Yin & Yan, 2016). In (IEAGHG, 2014a) PF with oxyfuel 
combustion is considered to have reached a level of maturity which makes it suitable for a large scale 
demonstration plant. 

Implications of flue gases 
The level of gases in the flue gas stream has an impact on the post-combustion process. The solvent in 
post-combustion can react with SO2 or NOx and produce salts, which degrades the solvent and leads to a 
need for replacement faster (Kuckshinrichs, 2014). The level of SO2 in the flue gas stream depends on the 
fuel and on the flue gas desulphurization (FGD) unit, for the Boundary Dam power plant a new FGD 
unit had to be installed during the retrofit (IEAGHG, 2016).  

A level of SO2 <10-100 ppm is suggested in (IEAGHG, 2016) based on (Feron & Bailey, 2005), <10 ppm 
in (Rao & Rubin, 2002), and <10 ppm for all near-term commercial amines in (GCCSI, 2012). In 
(Knudsena, et al., 2009) levels are set to <10 ppm SO2 and <65 ppm NOX to avoid unnecessary amine 
solvent (MEA and a novel solvent) degradation in a pilot plant. The level of NOX is not mentioned to the 
same degree in the literature.  

Retrofitting possibilities 
Post-combustion is the easiest carbon capture process to use for retrofitting. The plant can, to a large 
extent, be kept intact, only the flue gas stream has to be directed into the post-combustion unit 
(IEAGHG, 2016). The only full-scale power plant with carbon capture today has been retrofitted with 
post-combustion (GCCSI, 2016a), and in (IEAGHG, 2016) amine-based post-combustion is deemed the 
only feasible option until at least 2030 for retrofitting. Oxyfuel processes require more extensive 
refurbishment and upgrade of the power plant or CHP plant, most likely including a new boiler, space 
enough for recirculation of flue gases back into the boiler, and modification of process streams in general 
(IEAGHG, 2016).  

This does not make it possible to reject oxyfuel for retrofits entirely, especially not in the long-term, but in 
the short- and medium-term retrofitting commercial plants with oxyfuel technologies is deemed to not be 
feasible. 

3.2 How to evaluate the feasibility 
A set of parameters are chosen to evaluate the feasibility of implementing carbon capture in the heating 
network. The choice of the parameters is based on previous literature review.  The following parameters 
are chosen: 

Land requirement 
Land requirement is assessed by measuring available land at the sites and comparing it to required land as 
found in the literature review (based on area in m2). However, the literature is not univocal and this 



28 
 

parameter will therefore only constrain implementation of carbon capture at a site if available land is half 
of that required according to the lowest land required from the literature review.  

Available land will be assessed by analyzing sketch plans together with Johan Alsparr (Asset manager, 
Fortum Värme). For sites not owned by Fortum Värme AB (Igelstaverket and Fittjaverket) the sites will 
be assessed through www.hitta.se and their tool for boundaries of building plots.  

A similar method is used in (IEAGHG, 2011) where evaluating available land by using Google 
Earth/maps is suggested as a viable method. This is also used in (Li, 2010) and proposed in  (IEAGHG, 
2016).  

Load factor 
The load factor is assessed by using planned numbers for the year of 2022, which is seen as representative 
for the coming decade. No plants with a load factor under 50% is deemed applicable for carbon capture. 

Flexibility needs 
The need for flexibility (ramping up and down, and start-time) of each specific plant will be assessed by 
interviewing Fabian Levihn (R&D manager, Fortum Värme). The flexibility of carbon capture 
technologies will be assessed in the literature review. The literature review will be matched with studied 
plants and if a plant needs to be able to ramp up and down fast or have a short start-time it will impact the 
choice of main carbon capture technology route, and/or, possibly the implementation of carbon capture 
on the plant at all. 

Adaptability of energy conversion process with carbon capture 
The adaptability of a plant to implement carbon capture will, for this parameter, be assessed on the basis 
of energy conversion process. The energy conversion processes at Fortum Värme ABs plants will be 
examined by interviewing Eva-Katrin Lindman (Senior System Developer, Fortum Värme). The suitability 
of conversion processes with carbon capture will be assessed in the literature review. If the literature 
shows that some energy conversion processes do not fit together with carbon capture it will work as a 
definitive constraint and plants with that energy conversion process will be deemed as not applicable for 
the implementation of carbon capture. 

Flue gas 
Emissions in flue gases are examined by using Fortum Värme’s information tool Compis where SO2 and 
NOX in the unit of mg/nm3 is gathered for each plant. Levels of these gases are examined in the literature 
review. The unit is converted from mg/nm3 to ppm for comparison reasons. This is done by performing 
the following to steps: 

1. Find the density for the gas (at normal conditions) 
2. Divide the emission in mg/nm3 by the density 

This parameter is not a constraint to implement carbon capture on a plant, but will increase the cost if the 
flue gas stream has to be treated before the carbon capture due to higher level of SO2 and NOX than 
recommended in the literature. This parameter is only applicable in the case of post-combustion.  

The impact of the sizes of particle is not included in this report, due to lack of literature on the topic. The 
higher water content of flue gases from biomass energy is, furthermore, not considered for the same 
reason.  

Retrofitting possibilities 
The different carbon capture technologies are assessed in terms of application in retrofits through a 
literature review. The viability of a specific carbon capture technology for retrofit will mainly be based on 
recommendations from the International Energy Agency in (IEAGHG, 2011) and  (IEAGHG, 2016). 
This parameter will recommend viable carbon capture technology, but is not definitive due to the long 
time-perspective, which means that other technologies can be more suitable in the future. 
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3.3 Feasibility for the sites evaluated in the Stockholm region 
In Table 15 there is a summary of results for the analysis of technological feasibility of implementing 
carbon capture at the analyzed sites. Furthermore, it has to be added that age and future plans of Fortum 
Värme for the plants was not included as a factor. Both KVV-6 and Hässelbyverket are supposed to close 
in a mid-term time-perspective due to high age. Carbon capture is therefore not of interest at these two 
plants. The in depth analysis is presented in the paragraphs following the table. 

TABLE 15. SUMMARY OF RESULTS FOR IMPLEMENTATION OF CARBON CAPTURE TECHNOLOGIES AT CHOSEN 
PLANTS IN THE STOCKHOLM DISTRICT HEATING SYSTEM. RED=NOT FEASIBLE, YELLOW=MAYBE FEASIBLE, 
GREEN=FEASIBLE, BLUE=NOT ENOUGH DATA TO MAKE A DECISION. 

 Land 
requirement 

Load 
factor 

Flexibility 
needs 

Energy 
conversion 
process 

Flue 
gas 

Carbon 
capture 
(Short-/Mid-
term) 

Bristaverket       

Brista 1      Post 
Brista 2      Post 
Hässelbyverket       

P1*      Post 
P2*      Post 
P3*      Post 
Högdalenverket       

P1      Post 
P2      Post 
P3      Post 
P4      Post 
P6      Post 
Värtaverket       

KVV-6*      Post 
KVV-8      Post 
Greenfield plant       

KVV-1      Oxyfuel/post 
*NOT INTERESTING FOR IMPLEMENTATION OF CARBON CAPTURE DUE TO HIGH AGE AND NOT CONSIDERED 
PROFITABLE TO REFURBISH. 

Land requirement 
In Appendix A sketches of required land area for a post-combustion CC plant of needed size for each site 
is added. Bristaverket seems to have no problem with available land area. Hässelbyverket has available 
land, but most of the available land is located on rocks, which most certainly would add costs to the 
project. There is also a possibility of removing an old and put aside boiler (P4), which could make it 
possible to add the capture plant there. In Värtaverket there is limited space, but there seems to be some 
available space for the capture plants. One possibility could also be to move e.g. a tool house to increase 
the available land. In Högdalenverket it is not deemed possible to construct a carbon capture plant on the 
land belonging to Fortum Värme today. The area is limited, and some new projects are in the pipeline for 
the site as well. However, there is plenty of land surrounding the site belonging to the municipality. If 
BECCS is considered necessary, one possibility could be to negotiate some land from the municipality.  

The Greenfield plant is not considered to have any problems with land requirements. 

Additional costs which could arise from terrain factors (such as in Hässelbyverket) or a need for new land 
(such as in Högdalenverket or, possibly, Värtaverket) is not included in this study.  
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Load factor 
The load factor of analyzed plants is high due to their function as base plants in the district heating system 
(Levihn, 2016b). The load factor for the year of 2022 without carbon capture is shown in Table 16. 

TABLE 16. ESTIMATED LOAD FACTOR FOR THE CHP PLANTS IN 2022 WITHOUT CARBON CAPTURE 

Plant Load factor 
Bristaverket  

- B1 67% 
- B2 91% 

Hässelbyverket  
- P1-P3 54% 

Högdalenverket  
- P1-P3 89% 
- P4 90% 
- P6 87% 

Värtaverket  
- KVV-6 50% 
- KVV-8 58% 

Greenfield plant  
- KVV-G - 

 

Flexibility needs 
The analyzed plants are baseload plants and the flexibility needs are therefore considered small. The 
flexibility needs are well within the range explained in Chapter 3.1 according to (Levihn, 2016b).  

Adaptability of energy conversion 
The energy conversion processes in Bristaverket, Fittjaverket, Hässelbyverket, Igelstaverket, Värtaverket, 
and the greenfield plant seems to offer few difficulties. However, grate furnace, which is the process in 
Högdalenverket, is not covered in the literature. As far as post-combustion is concerned it should not lead 
to any enhanced risks, but the uncertainty is higher in this case.  

It is important to emphasize that there might be implications in the processes due to the fuel being 
biomass or waste instead of coal or natural gas. Biomass and waste is not as well researched as fossil fuels 
for carbon capture as can be seen in Chapter 3.1.  

Flue gas 
A general result for this parameter is that the plants emit small amounts of SO2 due to the high amount of 
biomass used as fuel (low Sulphur content), flue gas condensation, and/or FGD. Often the ppm values of 
SO2 are lower than what the measuring equipment can control, around 0.1 ppm. E.g. each of the boilers in 
Högdalenverket reaches more than 1 ppmv occasionally, but values over that (up to 30 ppm) are reached 
1-2 times a year, which depends on the starting-up time of the flue gas condensation. When the flue gas 
condensation is in place, these values are not reached. However, for Hässelbyverket and Högdalenverket 
the NOX emissions do reach the limit for NOX relatively often. The results can be seen in Table 17.  
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TABLE 17. NOX AND SO2 EMISSIONS FROM THE PLANTS BETWEEN FOR A YEAR STARTING 2015-09-05  

Plant Hours above limit (NOX): Hours above limit (SO2): 
Bristaverket   

- B1 2.7% 0% 
- B2 2.7% 0% 

Hässelbyverket   
- P1 16.2% 1.9% 
- P2 8.8% 6.3% 
- P3  10.1% 0% 

Högdalenverket   
- P1-P3 18% 0.1% 
- P4 1.8% 0.4% 
- P6 0.5% 0.3% 

Värtaverket   
- KVV-6 1.6% 3% 
- KVV-8 3.5% 1% 

Greenfield plant   
- KVV-G - - 

 

Retrofitting possibilities 
Implementing post-combustion carbon capture is the recommended option in a short- and mid-term 
perspective. In a long-term perspective innovative oxyfuel technologies such as CLC looks promising, but 
it still has to be proven at large-scale and as retrofit. 

3.4 Three scenarios for BECCS in the Stockholm district 
heating system 

The result in the previous chapter (Chapter 3.3)  shows the technological feasibility of carbon capture at 
three plants in the system. The cost for CCS in the district heating system will be calculated for three 
scenarios based on these plants. The scenarios are made to compare costs depending on the extent of 
CCS implemented in the system.  

Costs for the following scenarios are calculated in the report: 

Scenario 1 – Fortum Värme becomes CO2 negative 
Carbon capture at Värtahamnen (KVV-8). Corresponds to about 0.7 MTPA of CO2. This scenario is 
enough to make Fortum Värme CO2 negative (as can be seen in Figure 14).  

 
Scenario 2 – Maximum implementation of BECCS at Fortum Värme 
Carbon capture at Värtahamnen (KVV-8), Bristaverket, and a Greenfield plant (200 MW). Corresponds to 
1.3 MTPA. Includes all technologically feasible plants owned by Fortum Värme. 

 
Scenario 3 – Cooperation with other companies 
Carbon capture at Värtahamnen, Bristaverket, Hässelbyverket/Greenfield plant (200 MW), Igelstaverket, 
Fittjaverket, and Nynäs Refinery. Corresponds to 2.3 MTPA. This scenario is created to reach some scale 
by including other large point-sources following the transport route through Södertälje. This scenario is 
only used for calculation of transport and storage in €/tonne to see how these cost changes with increased 
emissions. 
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4 What are the costs for carbon capture technologies in 
applicable plants? 

This chapter will combine the two previous chapters and apply the costs from Chapter 2 on the applicable plants from 
Chapter 3. It will also extend the analysis to include cost implications for the entire district heat network, not only costs for 
each plant individually. It is important to understand that the district heating system in the Stockholm region is driven by 
market-based mechanisms, which means that the plant or unit with lowest variable OPEX will produce heat. For a plant 
with CCS to have a low variable OPEX the price of CO2 has to be high, which creates an income. Therefore, a system 
analysis will be performed for different levels of the CO2 price. This chapter will provide total costs for the implementation of 
carbon capture in the district heating system (as shown in Figure 12). 

4.1 Method for carbon capture cost calculations 
The costs included in this chapter are costs regarding the impact on the district heat system, the carbon 
capture unit, and the compression of CO2, which equals the total cost for carbon capture in this report 
(See Figure 12). Costs are calculated for the scenarios described in Chapter 3.4. The results are further 
discussed and compared to other studies in Chapter 8. 

 

FIGURE 12. A SCHEMATIC PROCESS DIAGRAM WHERE COSTS INCLUDED IN THE CARBON CAPTURE-PART ARE 
ENCIRCLED 

The following steps are performed to calculate the total cost: 

1. Transformation of costs from Table 12 to €/MWheat and a basis of the 1st quarter of 2016 (See Table 
18). The costs are escalated to the 1st quarter of 2016 by using the IHS North American Power Capital 
Costs Index (PCCI). The cost is based on costs for power plants due to the lack of studies on CHP plants. 
However, applying the costs of power plants to CHP plants for post-combustion is regarded as a valid 
method by (Kärki, 2016). An Alpha-value of 0.5 is assumed for the conversion from MWel to MWheat.  

2. Calculation of CAPEX and fixed OPEX for applicable CHP plants using the costs in Table 18.  

3. Simulation of the district heating system using the Minerva software (A Fortum Värme tool for 
simulations of the district heating system) with energy penalties and variable OPEX as in Table 18. 
Biogenic emissions of CO2 per fuel can be seen in Appendix C. This gives system costs, and amount of 
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captured CO2 (if a plant reaches a higher load factor it will produce more CO2, which will be captured if it 
has carbon capture). The simulation is run for a number of different CO2 prices to capture the 
implications of the CO2 price on the variable OPEX. The simulation is run for a period of 25 years (2020-
2044).  

4. All costs and CO2 emissions are calculated in present value using the Net Present Value method (NPV) 
with an interest rate of 8% and technical lifetime of 25 years.   

5. All costs are transformed to €/tonne of captured CO2 by using the net present value of costs and CO2 
emissions, which is the same method as presented in (Rubin, et al., 2013).  

6. All costs are transformed to Levelized Additional Cost of Energy by using the net present value of costs 
and of produced heat, which is the same method as presented in (IEAGHG, 2016). However, the result 
for this is shown in Chapter 8, with a total cost for CCS. 

The following assumptions are made: 

a) KVV-6 is closed in 2030 

b) The south/central system and the north system is connected (will most likely take place between 2020-
2030)  

TABLE 18. INPUT VALUES FOR CAPEX, OPEX, AND ENERGY PENALTIES FOR CARBON CAPTURE 
TECHNOLOGIES 

Plant Value: Comment: 
Energy penalty   

- Efficiency -15.4% From (Liszka, et al., 2013) 
- Alpha-value -16% From (Liszka, et al., 2013) 

Cost   
- CAPEX  0.97 M€/MWheat From (IEAGHG, 2011)* 
- Fixed OPEX 2% of CAPEX From (IEAGHG, 2011) 
- Variable OPEX 2.65 €/tCO2 From (IEAGHG, 2011)* 

Future decrease of costs and energy 
penalty 

  

- Improved scenario 1 30% Due to: Breakthrough for new 
solvents, membrane separating 
technologies, Chilled Ammonia 
Process 
 

- Improved scenario 2 50% Due to: Chemical Looping 
Combustion (CLC) 

*Escalated to prices of 1st quarter of 2016 and to MWheat  

4.2 Costs for carbon capture at applicable plants 
Fixed costs for each plant can be seen in Table 19 (CAPEX and fixed OPEX). The result for system 
related costs in terms of variable OPEX is explained in the following paragraphs. 

TABLE 19. FIXED OPEX AND CAPEX FOR IMPLEMENTATION OF CARBON CAPTURE AT CHOSEN LOCATIONS 
BELONGING TO FORTUM VÄRME 

Plant Fixed OPEX NPV (M€): CAPEX NPV (M€): 
- KVV-8 62 291 
- Brista 1 15.7 73.7 
- Brista 2 10.5 49.0 
- Greenfield 

(200 MW) 
41.4 193.9 
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The fixed cost per tonne of captured CO2 is highly dependent on the amount of captured CO2 at each 
plant. The amount of CO2 captured depends on the duration curve, which is decided by the variable 
OPEX. The dependence of fixed cost on size of emissions at KVV-8 can be seen in Figure 13. 

 

FIGURE 13. NPV OF FIXED COSTS PER CAPTURED TONNE OF CO2 DEPENDING ON SIZE OF EMISSIONS FOR 
KVV-8 (SCENARIO 1) 

Given two different prices the amount of CO2 emissions from the district heating network were analyzed 
and the result can be seen in Figure 14 for a district heating system with and without carbon capture at 
KVV-8. 

 

FIGURE 14. CO2 EMISSIONS FROM THE DISTRICT HEATING SYSTEM WITH AND WITHOUT CARBON CAPTURE AT 
KVV-8 (SCENARIO 1) FOR CO2 PRICES OF 22€ AND 54 €/TONNE 

The difference in NPV of the system costs between the reference scenario without carbon capture and a 
scenario with carbon capture at KVV-8 reaches zero if the CO2 price is 15€/tonne. A higher CO2 price 
leads to system benefits. 

The amount of captured CO2 and variable OPEX gives a total cost per tonne of CO2 as can be seen in 
Figure 13 for KVV-8. The staple for “Total cost+CO2” gives an indication of required CO2 price which 
makes the total investment of carbon capture profitable (transport and storage not included). CAPEX and 
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fixed OPEX varies between the scenarios due to different amounts of CO2 being captured. Overall it can 
be seen that the price of CO2 in total has to be between 45-50€. 

 

FIGURE 15. COSTS FOR CAPTURE AT KVV-8 PER TONNE OF CAPTURED CO2 FOR DIFFERENT PRICE LEVELS OF 
CO2  

If carbon capture is implemented at the smaller unit Bristaverket 1 (B1), the difference in NPV of system 
costs reaches zero for a CO2 price of 29 €/tonne. The system cost for carbon capture at B1 is significantly 
higher compared to carbon capture at KVV-8, which pushes the required CO2 price up to somewhere 
between 57-105 €/tonne to make the investment profitable (See Figure 17). Implementation of carbon 
capture at only this boiler is not a scenario by itself, but tested to see how the cost and total emissions 
change when carbon capture is implemented on such a small unit. 

However, the system emissions decrease and turn negative for both price levels, but at different points in 
time (See Figure 16). 

 

FIGURE 16. CO2 EMISSIONS FROM THE DISTRICT HEATING SYSTEM WITH AND WITHOUT CARBON CAPTURE AT 
B1 FOR CO2 PRICES OF 22 AND 54 €/TONNE 
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FIGURE 17. COSTS FOR CARBON CAPTURE AT B1 PER TONNE OF CAPTURED CO2 FOR DIFFERENT LEVELS OF 
CO2 PRICES 

Implementing carbon capture at KVV-8, Brista 1 and a Greenfield plant (200 MW) at the same time 
would result in a NPV of zero if the CO2 price reaches 11€/tonne. However, it should be kept in mind 
that variable OPEX for the Greenfield plant is considerably lower compared to other plants in the system 
(CAPEX for the Greenfield plant is not included here). CO2 emissions for the system are low already 
from the start and increases further after 2030 (Figure 18). 

 

FIGURE 18. CO2 EMISSIONS FROM THE DISTRICT HEATING SYSTEM WITH AND WITHOUT CARBON CAPTURE IN 
SCENARIO 2 (AT KVV-8, B1, AND A GREENFIELD (200 MW)) FOR CO2 PRICES OF 22 AND 54 €/TONNE 
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FIGURE 19. COSTS FOR CARBON CAPTURE AT KVV-8, B1 AND THE GREENFIELD PER TONNE OF CAPTURED 
CO2 FOR DIFFERENT LEVELS OF CO2 PRICES 

In Figure 20 results from two scenarios with decreased energy penalty and costs are shown. The 
reductions are based on promising technologies as described in Table 18.  

 

FIGURE 20. COST AND ENERGY PENALTY REDUCTIONS OF 30% (FUTURE 1) AND 50% (FUTURE 2) ARE SHOWN 
FOR CARBON CAPTURE AT KVV-8 
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5 Where and how can CO2 be stored in the Stockholm 
region? 

After CO2 has been captured, it has to be either stored somewhere or used in other processes. Ideally it would be stored where 
it is captured, unfortunately that is not possible in most cases due to the need for specific geological conditions. Most places just 
do not fit for storing big amounts of CO2. This chapter will investigate the potential for storage in the relative proximity of the 
Stockholm region, technical implications of storage, and costs associated with storing CO2. The usage of CO2 in other 
processes, usually abbreviated CCU, will not be covered in this report. 

5.1 Potential sites for storage 
CO2 is naturally stored underground as a solution in groundwater, in the form of gas (separate or in a 
mixture), as adsorbed CO2, as CO2 hydrates, but mainly as carbonate minerals. However, to store 
anthropogenic CO2 underground, and be sure it stays there for a long time period, it has to be injected at a 
dense supercritical state and injected at a depth of at least 800-1000m. While, at the same time, the storage 
has to be geologically stable, and there has to be a satisfactory sealing rock above the storage (Cook & 
Benson, 2005; IPCC, 2006).  

Subsurface storage can be implemented in a number of different geological formations in sedimentary 
basins. Possible storage sites within these basins are depleted gas fields, oil fields, saline formations, and 
deep coal seams (IPCC, 2005), as can be seen in Figure 21. Saline formations have the greatest potential 
globally, but are less explored and monitored compared to depleted oil and gas fields (Pickup, 2013).  

 

FIGURE 21. ALTERNATIVES FOR STORING CO2 IN DEEP UNDERGROUND GEOLOGICAL FORMATIONS (IPCC, 
2005) 

The storage efficiency of CO2 in coal beds is higher than in saline formations due to CO2 being adsorbed 
by the coal, but the potential storage in deep unmineable coal seams is low compared to that of saline 
formations (Pickup, 2013).  

There is a lack of studies regarding the stability of CO2 storage in saline formations over long time periods 
due to the fact that CCS is relatively new. However, in (Sato, et al., 2011) a saline aquifer was injected by 
10 kton of CO2 in 2008 and the initial stages of mineralization were monitored. As of 2011, ionic 
disassociation had begun for some of the CO2, which is regarded as a later stage in the mineralization 
process. The data was used as a basis for a 1000-year simulation, which showed that the CO2 would stay in 
the aquifer for at least that period of time. Most of the CO2 would be stored as ions (HCO2-), and the 
stability of the storage increases as CO2 turns into a solution.  There are a number of simulations for 
different forms of saline aquifers such as (Bacon, et al., 2009), (White, et al., 2005), and (Xu & Preuss, 
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2005), where CO2 is ionized and mineralized to a certain extent depending on properties of the different 
aquifers. There are also a number of observations and simulations for the Utsira formation in Norway, 
which has been injected with 1 MTPA CO2 since 1996 without any CO2 leakage. E.g. (Lindeberg, et al., 
2009), (Pham, et al., 2013), (Anthonsen, et al., 2013), and (Cavanagh & Nazarian, 2014). The articles assure 
the safety of the storage.  

The safety of geological storage is deemed to be high. It is underlined that oil and gas have been trapped 
for millions of years in geological formations in (IPCC, 2005). Studies of large storage projects such as the 
Utsira formation have shown no leakage of CO2, nor has the storage in the In Salah CO2 storage project 
during its operation (Ringrose, et al., 2013). The operational and scientific safety of CO2 storage is 
underlined in (Cook & Benson, 2005), but it is added that natural systems are complex and it is impossible 
to deem the risk of leakage as zero.  

Table 20 provides a summary of large operating (or having been operated in the case of In Salah CO2 
Storage) storage projects globally. Foremost, current projects are performed for EOR, the only exceptions 
are in Norway and Algeria. In Norway the storage is pushed by an offshore CO2 tax, which also makes it 
necessary to monitor development of CO2 in the storage fields, and in Algeria the CO2 storage was 
research-driven.  The feedstock is made up of a majority of CO2 from natural gas processing.   

TABLE 20. LARGE SCALE OPERATING CCS PROJECTS IN TERMS OF STORAGE (GCCSI, 2016A) 

Project name Country Start 
year Feedstock Storage 

Min 
depth 
(m) 

CO2 
capture 
capacity 
(MTPA) 

In Salah CO2 Storage Algeria 2004 Natural gas 
processing 

Depleted gas 
reservoir 1900 1 

Petrobras Santos Basin Pre-
Salt Oil Field CCS Project Brazil 2013 Natural gas 

processing EOR 5000 1 

Boundary Dam Carbon 
Capture and Storage Project Canada 2014 Power 

generation EOR 1500 1 

Sleipner CO2 Storage Project Norway 1996 Natural gas 
processing  

Dedicated 
geological 
formation 

800 0.85 

Snøhvit CO2 Storage Project Norway 2008 Natural gas 
processing  

 Dedicated 
geological 
formation 

2560 0.7 

Uthmaniyah CO2 EOR 
Demonstration Project 

Saudi 
Arabia 2015 Natural gas 

processing EOR 1800 0.8 

Air Products Steam Methane 
Reformer EOR Project USA 2013  Industrial 

separation EOR 1700 1 

Century Plant USA 2010 Natural gas 
processing EOR   8.4 

Coffeyville Gasification Plant USA 2013 Fertilizer 
production EOR 914 1 

Enid Fertilizer CO2-EOR USA 1982 Fertilizer EOR 1890 0,7 
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Project production 

Great Plains Synfuel Plant and 
Weyburn-Midale Project USA 2000 Synthetic 

natural gas EOR 1500 3 

Lost Cabin Gas Plant USA 2013 Natural gas 
processing EOR 1400 0.9 

Quest USA 2015 

Hydrogen 
Production (Oil 
sands 
upgrading) 

EOR 2000 1 

Shute Creek Gas Processing 
Facility USA 1986 Natural gas 

processing  EOR 450 7 

Val Verde Natural Gas Plants USA 1972 Natural gas 
processing EOR 1830 1.3 

 

In (EU Geocapacity, 2009) the total theoretical European storage potential is estimated to be 358 Gt (114 
Gt onshore and 244 offshore Gt). The Nordic countries involved in the EU Geocapacity project (Norway 
and Denmark) have 59% of this potential, with 86% offshore. Some early results from the NordiCCS 
project shows the storage potential in the Nordic countries, which can be seen in Table 21.  

TABLE 21. ESTIMATED CO2 POTENTIAL IN THE NORDIC COUNTRIES (ANTHONSEN, ET AL., 2013) 

Country Saline aquifers (Gt) Hydrocarbon fields (Gt) Mineral trapping (Gt) 
Denmark 16.2* 2.2  
Finland - - 2-3 
Iceland - - 60-330** 
Norway 45.4*** 27 - 
Sweden 14.9   
*Only including estimations from traps 
**Preliminary results 
***Only including estimations from the North Sea 

Another study covering Europe estimates a need for storage of 18 Gt CO2 between 2020-2050, while the 
theoretical storage capacity is about 300 Gt (EU, 2011). This means that 13-25% of the gas field capacity 
and 4-5% of the aquifer capacity will be used depending on scenario, indicating a large available storage 
capacity. Injection in oil fields is in the study only applied in the case of EOR.  

However, it should be kept in mind that capacity is hard to estimate, and before actual onsite 
measurements are done, it is impossible to be certain about the extent of a reservoir (Kjäerstadt, 2016). 
Figure 22 gives an idea of moving from a theoretical capacity to an effective, practical, and matched 
capacity. The uncertainty of models without onsite measurement is emphasized in (Bergmo, et al., 2013), 
(Anheden, et al., 2011), and (Kjäerstadt, 2016). 
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FIGURE 22. CO2 STORAGE PYRAMID (PICKUP, 2013) 

Costs for storage is extensively analyzed in (ZEP, 2011a). The cost range for offshore storage can be seen 
in Figure 23. The low cost is for 5 MTPA of CO2 emissions, the medium cost is for 2 MTPA, and the 
high cost is for 1 MTPA. The wide price range depends on factors such as depth of storage (varied 
between 1000-3000 m), number of exploration wells (varied between 2-7), number of injection wells, 
injection rate of wells, number of monitoring wells, amongst others.  

 

FIGURE 23. COST FOR STORAGE OF CO2 (€/TONNE). DOGF=DEPLETED OIL AND GAS FIELDS, SA=SALINE 
AQUIFERS, LEG=RE-USABLE LEGACY WELLS. (ZEP, 2011A)      

In the following paragraphs three specific sites relatively close to Stockholm will be studied in more detail. 

Baltic Sea: Faludden sandstone 
In (Elforsk, 2014) a geological assessment of the Baltic sea is conducted. The main study area was focused 
on the southern part of Dalders Monocline, which is in Swedish waters. The area is called Faludden 
sandstone. A dynamic modelling approach shows a maximum total injection rate of 2.5 MTPA using five 
injection wells, which leads to an injection period of 50 years. If the number of wells are increased to 
seven it would give an injection rate of 3 MTPA, but decrease the injection time to about 25 years. The 
reservoir is considered to be well-sealed resulting in little or no risk of leakage or migration of CO2.  

In (Mortensen, et al., 2016) the theoretical capacity is calculated at 745 MT CO2 (2% of the aquifer 
volume). Using a dynamic model two cases are tested with an injection rate of 250 MT and 500 MT over 
100 years, with a simulation of CO2 migration for 6000 years. In the first case 86.8% of the CO2 stays on 
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depth deeper than 800 m. In the second case about 76.2% of the CO2 stays on depth deeper than 800m. 
Depth shallower than 800m increases the risk of leakage, but it is concluded that the CO2 migrating to 
depth shallower than 800 m still will be stopped by structural traps.  

There might be other interesting options in the Baltic sea apart from Faludden, for example in offshore 
Latvia, but they are not that well evaluated yet (Elforsk, 2014). 

Skagerrak: Gassum 
In (Bergmo, et al., 2013) a simulation of the Gassum formation in Skagerrak between Denmark and 
Norway is made. Two different locations in the formation are picked and a total injection of 10 MTPA for 
25 years is simulated. In location 1 about 7.5% of the CO2 has migrated from the model boundaries while 
in location 2 all of the CO2 stays within the model boundaries.  

North Sea: Utsira and Skade 
Utsira and Skade (Skade is the formation under Utsira) are located in the North Sea. The Utsira formation 
is the aquifer where about 1 MTPA of CO2 has been injected from the Sleipner gas field since 1996 
(Pham, et al., 2013). There is therefore more extensive knowledge compared to other formations on the 
structure and the extent of the formation with benchmark studies released to be able to track the 
migration of CO2 and calibrate CO2 migration models (Cavanagh & Nazarian, 2014).  

In (Anthonsen, et al., 2013), the estimated CO2 storage potential of Utsira and Skade together is 15.8 GT. 
Other studies suggest a larger potential due to a possibility of utilizing shallower waters up to 500 m below 
mean sea level; in (Lindeberg, et al., 2009) an estimation of an economic potential in the range of 20 to 60 
Gt is concluded. In (Lindeberg, et al., 2009) two models with a different number of wells are simulated for 
a period of 300 years for the Utsira formation. One scenario uses 70 wells and an annual injection rate of 
2.258 MT per well, while the other scenario is using a number of 210 wells with an annual injection rate of 
0.752 MT per well. In both scenarios it was possible to keep the pressure within calculated limits.  

In (Ramírez, et al., 2011) a total storage capacity of 42 Gt and a maximum injection rate per year of 150 
Mt is assumed. In (Pham, et al., 2013) a number of models with different injection rates and number of 
wells are simulated. It is concluded that 145 MT CO2 can be injected over a time period of 50 years in 4 to 
5 injection wells without any CO2 migration and fulfilling the pressure requirements. However, there are 
no water production wells to decrease the pressure in these simulations.  

As can be seen there is a need for more extensive research in this field to understand optimal injection 
rates, number of injection rates, water production wells, total capacity, and CO2 migration. A number of 
aforementioned studies in this chapter also call for this.  

5.2 Method for calculation of storage costs 
Cost calculations will be performed for transport and storage to three of the aforementioned storage sites 
(Faludde, Gassum, and Utsira). The choice of these sites is based on their relative proximity to Stockholm, 
their potential for CO2 storage, and the comparably extensive research conducted on them. The sites in 
Norway and Denmark are also chosen to be representative examples of storages in their neighboring area. 
Faludden is the most promising option in Sweden, Gassum is regarded as the best option for storage in 
Kattegat/Skagerrak, and Utsira is the most proven reserve globally. The location of storage sites can be 
seen in Figure 24.  
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FIGURE 24. APPROXIMATE LOCATIONS OF THE STORAGE SITES UTSIRA, GASSUM, AND FALUDDEN. THE SIZE 
AND SHAPE OF THE CIRCLES ARE NOT REPRESENTATIVE OF THE REAL STORAGE SITES. (MAP FROM ARCGIS 
10.5) 

Costs included in this section are costs for measuring, monitoring, drilling, maintenance, decommissioning 
of wells, and liabilities to monitor the wells 30 years after closure (as can be seen in Figure 25 for the 
technical equipment). 

 

FIGURE 25. A SCHEMATIC PROCESS DIAGRAM WHERE COSTS INCLUDED IN THE STORAGE-PART ARE 
ENCIRCLED. 

 

 



45 
 

The following steps are performed to calculate the cost for storage: 

1. Costs from (ZEP, 2011a) (See Figure 23)  are used. The costs for storage are adapted to Scenario 1-
Scenario 3 in this report and chosen storage sites (Faludden, Gassum, and Utsira). This is performed by 
analyzing the “Sensitivity analysis” in (ZEP, 2011a) where the rate of injection and the depth of the fields 
are varied, which makes it possible to find numbers suitable for our cases. The following input values are 
used:  

a) The rates of injection are 0.7 MTPA for Scenario 1, 1.3 MTPA for Scenario 2, and 2.3 MTPA for 
Scenario 3.  

b) The depths of the storage sites are round off to 1000 m for Faludden, 2000 m for Gassum, and 
1000 m for Utsira. 

c) The storage sites are saline aquifers and there are no legacy wells. 

2. Rates of injection in (ZEP, 2011a) are not directly corresponding to the rates of injection required in 
Scenario 1-Scenario 3 in this thesis. Therefore, the costs are linearly extrapolated to cover the required 
rates of injection. 

3. Escalation of costs from (ZEP, 2011a) to the 1st quarter of 2016 using the Eurostat’s Consumer Price 
Index (CPI). 

Costs are calculated for the three scenarios described in Chapter 3.4.  
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5.3 Storage costs for the three scenarios 
Cost drivers for storage are field capacity, well injection rate, and depth (ZEP, 2011a). The wide range 
given in Table 22 corresponds to a large extent to the uncertainty in field capacity and injection rate. It is 
difficult to know the injection rate before onsite measurements have been conducted. The depth of the 
storage is greater at Gassum, which increases the cost.  

TABLE 22. COSTS FOR STORAGE. SCENARIO 1=TRANSPORT OF 0.7 MTPA, SCENARIO 2=TRANSPORT OF 1.3 
MTPA, SCENARIO 3=TRANSPORT OF 2.3 MTPA 

Storage location Storage cost (€/t) In the range (€/t): 
Scenario 1   

- Faludden 19 14.4-22.5 
- Gassum 22.5 14.4-22.5 
- Utsira  19 14.4-22.5 

Scenario 2   
- Faludden 15.5 14.4-20.6 
- Gassum 18.9 14.4-20.6 
- Utsira  15.5 14.4-20.6 

Scenario 3   
- Faludden 8.9 6.2-14.4 
- Gassum 11.7 6.2-14.4 
- Utsira  8.9 6.2-14.4 
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6 How can CO2 be transported to the storage sites? 
Ideally CO2 should be stored or utilized at the capture site to minimize costs. However, storage sites and plants are seldom 
located close to each other and transportation is therefore necessary. This chapter will give an overview of current CO2 
transportation projects, a background to papers and reports in the field, and results from a transportation model made for 
transport of CO2 from the district heating network in Stockholm to three storage sites. The transportation model is made for 
both a spine of ship transport and a spine of pipeline transport. 

6.1 Transport of CO2 globally and in the Nordics 
Transportation of CO2 is regarded as the most mature part of CCS (IEAGHG, 2013b; IPCC, 2005). 
There is a total of more than 6000 km of onshore CO2 pipelines in the US (IEAGHG, 2013b), there is 
some experience with offshore CO2 pipelines in the Snøhvit CO2 Storage Project in Norway (GCCSI, 
2016a), and smaller volumes of CO2 has been transported by ships for about 25 years  (ZEP, 2011b). In 
(IPCC, 2005) it is emphasized that transportation of pressurized and non-pressurized fossil fuels and 
water have been conducted in on- and offshore pipelines and on ships for a long time in harsh climates. 
There are pipelines on the depth of 2200 m, in deserts, and in the arctic region. The technical challenges 
are therefore considered small. 

Hence, transportation of CO2 is rather a logistical issue. As noted in (IPCC, 2005), ( Middleton & Bielicki, 
2009), and (Weihs & Wiley, 2012) the transport can lead to substantial costs and has to be optimized to be 
economic. In aforementioned articles the need for transportation to be optimized as a system is 
emphasized. In (Kjärstad, et al., 2016) the transportation from large point sources in the Nordic system 
are connected to regional hubs from where transportation by ship and pipeline to three potential storage 
sites is analyzed. It is shown that costs for ship transport will be lower compared to costs for pipeline in 
most of the cases both from the CO2 sources individually and as clusters. This article is especially 
interesting in the context of this report due to its specific estimations of costs for transport from CO2 
point sources in Sweden to storage sites in Sweden, Denmark, and Norway.   

Furthermore, interest for ship transport is increasing worldwide. In (IEAGHG, 2015) and (Kjärstad, et al., 
2016) it is pinpointed that transportation by ships do not have issues with underutilization, dimensioning, 
lock-in to a certain storage field, public acceptance, and high CAPEX. Transportation by ships is regarded 
as flexible, which especially is deemed important during a built-up phase of a transport system.  Ships can 
also be sold after use to recover some of the CAPEX. In the Stockholm region the point sources are 
relatively small, and the distance to storage sites is relatively large. Such conditions are generally considered 
to favor ship transport (Knoope, et al., 2015). 

Apparently, the CO2 sources have to be close to the sea for this to be feasible. Most large scale projects 
today are onshore with storage sites onshore, which makes pipelines the only viable option for large scale 
transport ( Middleton & Bielicki, 2009). Transportation by rail and road is not considered to be an 
attractive option due to the high cost per volume (IPCC, 2005). 

Experience with CO2 pipelines so far has been in low-populated areas, and problems could arise when 
applying CCS on emission sources in more highly populated areas (IPCC, 2005).  Not In My Backyard-
reactions (NIMBY) could tip a positive attitude towards CCS to negative if the infrastructure is too close 
to where people live as indicated in (Krause, et al., 2014). In the Nordic context, with little experience of 
onshore pipelines, the public acceptance for onshore CO2 pipelines is considered to be low, which could 
result in local opposition and long lead times for approval.  Continuing in the Nordic context, the onshore 
terrain is regarded as difficult, which could lead to significantly higher costs for onshore pipelines 
compared to offshore pipelines (Kjärstad, et al., 2016).  

The means of transport used in large CCS/CCU projects today is transportation by pipeline based 
onshore. As can be seen in Table 23. The storage or EOR sites are located relatively nearby, ranging from 
14-460 km. These projects are not optimized in any clusters. 
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TABLE 23. TRANSPORT OF CO2 IN LARGE CCS/CCU PROJECTS TODAY: (GCCSI, 2016A) 

Project name Country Transport Medium Length 
(Km) 

In Salah CO2 Storage Algeria Pipeline Onshore 14 
Petrobras Santos Basin Pre-Salt Oil Field 
CCS Project 

Brazil Onsite storage - 

Boundary Dam Carbon Capture and 
Storage Project 

Canada Pipeline Onshore 66 

Sleipner  CO2 Storage Project Norway Onsite storage - 
Snøhvit CO2 Storage Project Norway Pipeline Onshore-

Offshore 
153 

Uthmaniyah CO2 EOR Demonstration 
Project 

Saudi Arabia Pipeline Onshore 85 

Air Products Steam Methane Reformer 
EOR Project 

USA Pipeline Onshore 158 

Century Plant USA Pipeline Onshore 240 
Coffeyville Gasification Plant USA Pipeline Onshore 112 
Enid Fertilizer CO2-EOR Project USA Pipeline Onshore 225 
Great Plains Synfuel Plant and Weyburn-
Midale Project 

USA Pipeline Onshore 329 

Lost Cabin Gas Plant USA Pipeline Onshore 374 
Quest USA Pipeline Onshore 64 
Shute Creek Gas Processing Facility USA Pipeline Onshore 460 
Val Verde Natural Gas Plants USA Pipeline Onshore 224 
 

Few studies have focused on a cluster of CO2 point sources in the Stockholm region or similar. In 
(Kjärstad, et al., 2016), transport from a hub at the SSAB steel plant in Oxelösund to the potential storage 
site in Faludden is analyzed, but intraregional transport to the hub from other regions is not considered. 
Nor is fluctuation of production considered in articles and reports such as (ZEP, 2011b) and (Kjärstad, et 
al., 2016). CHP plants “produce” more CO2 when the heat load is higher and have lower production 
hours compared to power plants, which e.g. could make a pipeline system over-sized, call for an 
intermediate storage, or call for a less efficient CO2 capture during high loads.  

The cost for transport of CO2 depends to a great extent on route specific factors such as length of 
transport and terrain. In (Kjärstad, et al., 2016) the cost of transporting CO2 from Oxelösund to Faludden 
(280 km) is calculated to reach a break-even point when comparing transport by ship and pipeline at 3 
MTPA and a price of 10€/tonne. From Hvidovre Coal in Denmark to Gassum (420 km) the break-even 
point is at 3 MTPA and 13€/tonne, while to Utsira (880 km) it is 9 MtPA and 13€/tonne. In (IEAGHG, 
2010) the focus is on a global CO2 pipeline infrastructure with costs increasing as in Figure 26. Transport 
by offshore pipelines is coming in at around 5 $/ton and higher in the figure.  
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FIGURE 26. MARGINAL COST FOR TRANSPORT BY PIPELINES USING POINT-TO-POINT NETWORKS (IEAGHG, 
2010) 
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6.2 Method for transport models of CO2 from the Stockholm 
region 

Both transport by ship and offshore pipeline will be analyzed in this report. The transport will be 
connected to the three storage sites as shown in Figure 24. Onshore pipeline will not be included in the 
report due to aforementioned reasons. Detailed cost assumptions can be found in Appendix B.  

Scenarios will be modelled and simulated in Excel depending on sizes of CO2 emissions included, on 
transport medium (offshore pipeline or ship), and storage site. The size of emission will be defining for 
the scenarios and the same variation of transport medium and storage sites will be analyzed for each 
scenario. The scenarios are the same as described in Chapter 3.4. 

Assumptions and method for both transport by pipeline and ship are: 

a) The plants have an uneven load over the year with a large “production” of CO2 during the colder parts 
of the year. This calls for a dimensioning problem of the transport systems. The system is therefore 
dimensioned in three different ways: 

1. Dimensioned after average of 1000 highest production hours 
An average of the CO2 flow during the 1000 h with the highest production of CO2 is used to 
dimension the transport system. 

2. Average of production hours (Only for ship transport) 
An average of the total CO2 flow is used to dimension the transport system. Only calculated for 
ships due to difficulties of finding prices for such small pipeline with applicable properties. 

3. Average production with a 30% decrease of some of the CAPEX and OPEX (Only for 
ship transport) 
Most likely, Fortum Värme will not invest in the ships themselves, but purchase the service from 
another company. This scenario will try to cover the benefits of such a system, which could 
counter the disadvantage of an uneven production of CO2 and create a more efficient transport 
system where the ships do not go empty on the way from the storage site back to Stockholm. 
Half of the variable OPEX in the two previous models corresponds to transport of empty ships, 
which consequently also applies for the fixed OPEX and CAPEX. Therefore, this scenario 
includes a 30% reduction of OPEX and CAPEX for the ships and offshore terminal, but no 
reductions in onshore transport, liquefaction, or loading equipment. 

b) Costs for offshore terminal, subsea template, and distribution lines to the umbilicals are included in 
transport. 

c) Distances for transport have been measured in ArcGIS 10.5. For offshore distances a “terrain factor” 
of 10% has been added. 

d) Transport of CO2 from Brista to the harbor in Södertälje is made by train. The cost for transport by 
train are based on an interview with the transport company Greencargo (Greencargo, 2016). 

e) Costs from (Kjärstad, et al., 2016) and (ZEP, 2011b) are escalated to the 1st quarter of 2016 using the 
Eurostat’s Consumer Price Index (CPI).  
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Assumptions and method for transport by ship are (also see Figure 27): 

 

FIGURE 27. A SCHEMATIC PROCESS DIAGRAM WHERE COSTS INCLUDED IN THE TRANSPORT BY SHIP-PART IS 
ENCIRCLED 

a) Maximum size of ships is set to 40 000 m3 as in (Kjärstad, et al., 2016) and (ZEP, 2011b). This size is 
not too big for the sea lock in Södertälje [Södertäljeslussen] (Västerås Stad, 2016)  or the harbors in 
conjunction with the sites (Olofsson, 2016). The density of CO2 is assumed to be 1.155 ton/m3 under a 
pressure of 7 bar and -50 °C (liquid form) as in (Kjärstad, et al., 2016). Solid CO2 is not considered due to 
the difficulties of handling and high energy penalty as explained in (Decarre, et al., 2010) 

b) Average speed of ships is set to 12 knots, sailing hours per year is set to 8400, the loading time in the 
port is assumed to be 16 h, and the unloading time at storage site is assumed to be 54 h. (Kjärstad, et al., 
2016) 

c) Flashing to take the compressed CO2 down from 70 bar, 20°C to 7 bar, -50°C (liquefaction), and to 
pump and heat the CO2 at the storage site by using waste heat from the ship and sea water is included in 
the calculations based on (Kjärstad, et al., 2016). Port fees are also included. 

d) An intermediate storage at each site is included in the model. The size of each intermediate storage 
corresponds to the size available at prescribed ship for that specific site. E.g. if one site emits 20% of the 
CO2 in the system that site will have an intermediate storage corresponding to 20% of the ship size. This 
is a similar approach as in (ZEP, 2011b) and (Kjärstad, et al., 2016), but in this report the ship will go to 
different sites and load CO2 and not only one hub.  

e) It is not seen as a constraint that the load on the ports, especially Värtahamnen, are high today 
(Olofsson, 2016). Fortum Värme is considered to own and operate the ships, even though the company 
uses Contract of Affreightment (COA) today (Olofsson, 2016). COA means that Fortum Värme does not own 
or operate their ships, but buy the service for that. However, underutilization aspects, which could be 
countered by a COA, will be modelled and discussed. 
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Assumptions for transportation by offshore pipeline are (Also see Figure 28 ): 

 

FIGURE 28. A SCHEMATIC PROCESS DIAGRAM WHERE COSTS INCLUDED IN THE TRANSPORT BY PIPELINES IS 
ENCIRCLED 

a) Costs based on (Kjärstad, et al., 2016) and (ZEP, 2011b) per km and diameter are used. In these costs 
the CO2 is at 70 bar and 20 °C plus pressure difference in the beginning of the pipe and 70 bar and 0-20 
°C at the end of the pipe. 

b) Offshore boosters are not needed. 

c) The diameters of the pipelines are calculated based on (ZEP, 2011b) 
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6.3 Costs of transport from plants to storage sites 
In Table 24 the transport costs for ship and pipeline transport based on a transport system dimensioned 
after top 1000 production hours of CO2 can be seen. The utilization rate for the ship transport is on 
average between 58-59% for Scenario 1, 59-60% for Scenario 2, and 62-63% for Scenario 3. Close to 0% 
on average of the CO2 is flared to the air due to under capacity in the system. Similar underutilization rates 
and flared amount of CO2 is calculated for the pipeline transport. However, the ships do only load CO2 
when the intermediate storages are full, which means that variable OPEX is saved. 

TABLE 24. COSTS FOR TRANSPORT BY PIPELINE AND SHIP TO STORAGE SITES. DIMENSIONED AFTER AN 
AVERAGE OF THE TOP 1000 PRODUCTION H. SCENARIO 1=TRANSPORT OF 0.7 MTPA, SCENARIO 
2=TRANSPORT OF 1.3 MTPA, SCENARIO 3=TRANSPORT OF 2.3 MTPA 

Storage location Pipeline cost (€/t) Ship cost (€/t) 
Scenario 1   

- Faludden 43.6 26.7 
- Gassum 125.5 34.7 
- Utsira  164.9 38.2 

Scenario 2   
- Faludden 30.2 21.6 
- Gassum 88.9 34.8 
- Utsira  116.6 39.3 

Scenario 3   
- Faludden 18.6 17.0 
- Gassum 54.9 23.3 
- Utsira  72.0 28.8 

The transport cost for ship transport based on a system dimensioned after an average of CO2 emissions 
results in a reduction of the costs by less than 1%. The utilization rate for the ship transport becomes 
higher, on average between 69-70% for Scenario 1, 74% for Scenario 2, and 77-78% for Scenario 3. On 
the other hand, about 15-30% of the CO2 is flared to the air instead of transported due to the under 
capacity in the system. This evens out the gain.  

Furthermore, if ship transport of CO2 is reaching a global scale with a number of international companies 
creating a transport web, the cost would most likely decrease and the ships would e.g. not go empty on the 
way from the storage site back to the CHP sites. Therefore, Table 25 shows a scenario for ship transport 
where assumptions regarding the market for ship transport of CO2 have been made. 

TABLE 25. COSTS FOR TRANSPORT BY SHIP WHERE MARKET BASED CONDITIONS ARE ASSUMED. SCENARIO 
1=TRANSPORT OF 0.7 MTPA, SCENARIO 2=TRANSPORT OF 1.27 MTPA, SCENARIO 3=TRANSPORT OF 2.3 
MTPA 

Storage location Ship cost (€/t) Cost decrease compared to 
baseline 

Scenario 1   

- Faludden 19.0 29% 
- Gassum 25.1 28% 
- Utsira  27.2 29% 

Scenario 2   
- Faludden 15.2 30% 
- Gassum 20.7 40% 
- Utsira  23.2 41% 

Scenario 3   
- Faludden 12.0 29% 
- Gassum 15.2 35% 
- Utsira  17.0 41% 
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7 How robust is the analysis? 
CCS is a relatively young research field with few actual projects. For CHP plants there are no projects yet. Therefore, the 
uncertainties in the input data could be regarded as high. In this chapter, a sensitivity analysis will be performed to test the 
impact of different variables on the total cost. 

There are a number of technological and cost assumptions included in this report. The cost assumptions 
for transport are described in (ZEP, 2011b) as conservative, with knowledge from actual projects. While 
the experience in real projects for carbon capture and storage is lower. To understand the sensitivity of the 
results obtained in this report due to uncertainties in input values a sensitivity analysis is performed. The 
chosen approach is a “What if”-approach as used in (ZEP, 2011b). The parameters will be varied between 
+-30% based on (IEAGHG, 2011), (ZEP, 2011b), and (Kjärstad, et al., 2016) where this is stated as the 
uncertainty level of the input values. The following input variables will be tested (due to them being 
analyzed as having most impact on the result):  

1. What if the carbon capture equipment is 30% more expensive or 30% less expensive?  
2. What if fixed OPEX for carbon capture is 30% higher or lower compared to the base case? 
3. What if the variable OPEX for carbon capture is 30% higher or lower compared to the base case? 
4. What if storage costs are 30%higher or lower compared to the base case? 
5. What if CAPEX for ships increases or decreases by 30%? 
6. What if OPEX for ship transport increases or decreases by 30%? 
7. What if the travelled distances changes by 30%? 

The questions are answered in Figure 29. The figure shows the variation in costs based on calculations for 
Scenario 1 with transport to Faludden. The total calculated price is 91 €/tonne. By varying the input 
variables according to the method section (±30%) the impact of that particular variable on the total price 
is shown. 

In Figure 29 it can be seen that a variation of CAPEX for carbon capture (Question 1) has the biggest 
impact on the total cost, followed by storage costs (Question 4). An increase or decrease of CAPEX for 
carbon capture by 30% could increase the total cost for CCS by 8€/tonne, or decrease it by 9€/tonne. For 
storage costs that number is ±5.7€/tonne. It can also be noted that the sensitivity of OPEX for ships is 
higher compared to CAPEX for ships (Question 6 and Question 7). The sensitivity of OPEX for ships is 
±3.5€/tonne, and ±2.7€/tonne for CAPEX. The sensitivity of distance for transport (Question 7) has the 
smallest impact, in this case, and is varying between ±1.1€/tonne.  

 

FIGURE 29. THE SENSITIVITY OF THE TOTAL COST IS TESTED BY VARYING A NUMBER OF PARAMETERS BY 
±30% FOR SCENARIO 1 WITH TRANSPORT TO FALUDDEN (CC=CARBON CAPTURE). NUMBERS OF THE 
QUESTIONS FROM THE METHOD SECTION ARE IN PARENTHESIZES.  

  

CAPEX (CC) (1)
Fixed OPEX (CC) (2)

Variable OPEX (CC) (3)
Storage Cost (4)
CAPEX (Ship) (5)
OPEX (Ship) (6)

Distance (Ship) (7)

 81                        86                       91                       96                      101 

Sensitivity analysis (€/tonne) 

-30% 30%
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8 Total costs and implications for three scenarios of 
BECCS in the Stockholm region 

In this chapter all CCS costs are added together to give a total price for CCS in the system. The results from the chapters in 
the report are discussed and analyzed, which boils down to a conclusion and a set of recommendations for future strategies for 
Fortum Värme in the area of district heating and BECCS.  

8.1 Summary of costs for the scenarios 
The most promising sites for carbon capture are KVV-8 (Värtaverket), Bristaverket, and a Greenfield 
plant (if it is built). The other plants failed in at least one of the parameters (Högdalenverket) or are 
considered too old for a retrofit (Hässelbyverket and KVV-6).  

The costs for carbon capture, storage, and transport can be seen in Table 26. Ship transport is calculated 
to be the most cost-efficient option in all cases, and costs for pipeline transport are therefore not included 
in this summary. The cost for heat in Stockholm is, as of 2015, about 73€/MWh (Svensk Fjärrvärme, 
2016). This means that if carbon capture is added directly to the price of heat from each plant the price for 
heat would increase by about 75% (see Table 26). However, if carbon capture is split on all heat produced 
in the system (12 TWh/year) it would result in an increase of the price by 14-21% (10-15€/MWh). 

TABLE 26. TOTAL COST FOR CCS IN THE DISTRICT HEATING SYSTEM IN €/TONNE. TOTAL COST IN €/MWH 
IS ALSO SHOWN (LEVELIZED ADDITIONAL COST OF ENERGY) 

Storage location Carbon 
capture cost 
(€/t) 

Ship cost 
(€/t) 

Storage cost 
(€/t) 

Total cost 
(€/t) 

LACOE 
(€/MWheat) 

Scenario 1      

- Faludden 45 27 19 91 59 
- Gassum 45 35 23 103 66 
- Utsira  45 38 19 102 66 

Scenario 2      
- Faludden 44 22 16 82 59 
- Gassum 44 35 19 98 72 
- Utsira  44 39 16 99 72 

Scenario 3      
- Faludden 44 17 9 70 51 
- Gassum 44 23 12 79 58 
- Utsira  44 28 9 81 59 

 

If costs for ship transport decrease due to a market for CO2, storage sites are shared (costs are divided and 
the injection rate can be kept high), and the technologies for carbon capture develop as discussed in 
Chapter 4.1  (CAPEX, OPEX, and energy penalty decreases by 30%) the costs are calculated to be as in 
Table 27.  
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TABLE 27. IMPROVED SCENARIO. TOTAL COST FOR CCS IN THE DISTRICT HEATING SYSTEM IN €/TONNE. 
TOTAL COST IN €/MWHEAT IS ALSO SHOWN (LEVELIZED ADDITIONAL COST OF ENERGY) 

Storage location Carbon 
capture cost 
(€/t) 

Ship cost 
(€/t) 

Storage cost 
(€/t) 

Total cost 
(€/t) 

LACOE 
(€/MWheat) 

Scenario 1      

- Faludden 41 19 9 69 44 
- Gassum 41 25 12 78 50 
- Utsira  41 27 9 77 50 

Scenario 2      
- Faludden 40 15 9 64 46 
- Gassum 40 20 12 72 52 
- Utsira  40 23 9 72 52 

Scenario 3      
- Faludden 40 12 9 61 44 
- Gassum 40 15 12 67 49 
- Utsira  40 17 9 66 49 

8.2 Discussion 
Carbon capture  
The cost for carbon capture per installed MW is based on reports from the International Energy Agency 
and compared to other articles and reports, which are all showing similar results. However, it becomes 
interesting when translating these cost to a CHP plant. The amount of studies for carbon capture at CHP 
plants is limited, which also holds true for studies with biomass as fuel. This field of research, thus, has a 
lot of potential. Two major advantages of carbon capture at biomass-fired CHP plants compared to power 
plants are: 1) Lower efficiency losses due to the possibility of using waste heat with a lower temperature 2) 
The CO2 concentration from burnt biomass is higher compared to natural gas or coal. On the other hand, 
two major disadvantages are: 1) The seasonality of the load of CHP plants 2) The relatively small size of 
CHP plants. However, the technical ins and outs of carbon capture at CHP plants have not been studied 
in such a detail in this report, due to the report having a techno-economic feasibility format, and these 
impacts have to be investigated further. 

When comparing the cost for €/tonne with literature for carbon capture (not transport and storage) it can 
be seen that the costs are similar to the results in this report. In (IEAGHG, 2011) a retrofit of a coal 
power plant with carbon capture has a price of about 52€/tonne, and in in (Dillon, et al., 2013) the price is 
about 50€/tonne for five different coal power plant retrofits. This, despite the higher load factor of the 
coal power plants, compared to the CHP plants in this study. The main reason for this is most likely the 
system approach where variable OPEX is assessed on a system basis. The CHP plants with CCS only 
operate when it is less expensive to operate them compared to the alternatives, which means that at 
required level of CO2 price it will be more economic to run them instead of other options (the system cost 
becomes an income) and the system will benefit from running them.  In (IEAGHG, 2011) and (Dillon, et 
al., 2013) this type of system approach is not performed. Furthermore, variable OPEX is divided on both 
heat and power production in the system analysis in this case, whereas for power plants the efficiency is 
significantly lower (not utilizing the heat). Another important factor is the higher concentration of CO2 in 
biomass compared to coal, biomass emits up to about 18% more CO2 per MWh fuel. 

The impact on system costs when implementing carbon capture at one or more plants shows that the CO2 
price has a large impact on operating hours for each plant with carbon capture. Logically, the CO2 price 
impacts the system cost, which turns negative (becomes a system benefit) with high CO2 prices. But the 
another effect it has on €/tonne of captured CO2 is that a higher CO2 price leads to a significant increase 
of operating hours for the plants with carbon capture, which makes the CAPEX and fixed OPEX per 
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tonne of CO2 decrease. On the contrary, this impact is only noticeable up to a certain point where the 
plants with carbon capture reaches their maximum level of output.   

Another interesting point to notice is that the price in €/tonne is quite constant when adding CAPEX, 
Fixed OPEX, Variable OPEX (System costs), and the CO2 price of different levels of CO2 prices (As can 
be seen in Figure 15). For carbon capture at KVV-8 the needed CO2 price only varies between 45-50€, 
which with the uncertainties in the input values and the variation in prices for transport and storage can be 
considered as low.  

The market-based district heating system where the units with lowest variable OPEX at the moment are 
producing also calls for a further investigation of the assumptions for other fuel costs such as coal. In 
Figure 14 it can be seen that at first the CO2 emissions decrease drastically with carbon capture at KVV-8, 
but increases again significantly up until 2030, where KVV-6, which mainly is run on coal, shuts down. 
This is closely coupled to the assumptions for coal prices, which makes the variable OPEX to be slightly 
lower for coal than for biomass with carbon capture. In the same figure it can also be seen that this 
increase in CO2 emissions is diminished when the CO2 price increases to 54 €/tonne.  

Moreover, effects of the uneven load on costs should be studied further. It is most likely possible to 
decrease the cost in €/tonne of carbon capture by flaring some of the CO2 to the air at peak hours to be 
able to have a smaller size of the equipment. Such effects have not been studied to a larger extent in this 
report.  

Storage 
The costs for storage is based on a report from (ZEP, 2011a) and only adjusted to the applicable volumes 
of CO2, depth of storages, and the base-year of this report. Two major issues of interest here, and 
conflicting with each other, are: (i) The need to cooperate with other large point sources of emissions to 
decrease the cost for storage (19€/tonne for Scenario 1 compared to 9€/tonne for Scenario 3 for storage 
at Faludden) (ii) Faludden has an estimated upper limit of about 2.5 MTPA. Potentially, this could lead to 
a race for Faludden if the CO2 prices increases significantly, because the transport to other storage fields 
such as Gassum is about 10€/tonne higher.  

Another uncertainty is the potential of the different storage sites and the injection rates. This has to be 
further investigated by onsite measurements. An important issue regarding storage is who will pay and 
take the risks? For example, the cost for onsite measurements and the risk associated with storage such as 
if the storage has a shorter lifetime than expected or it has to be shut down due to leakage. This is not 
included in this report, but the actor perspective here is crucial for the development of CCS. 

Transport 
The cost for transport is in this report calculated to be 17-39.3€/tonne for ship transport and 18.6-
164.9€/tonne for pipeline transport in the main transport scenario (Table 24). This cost is significantly 
higher compared to (Kjärstad, et al., 2016), (ZEP, 2011b), and (IEAGHG, 2010).  

The median cost in (IEAGHG, 2010) is calculated to be around 1.5€/tonne in most cases for pipeline 
transport, which is similar to the price of about 1.5-5€/tonne in (ZEP, 2011b) for transport from a typical 
power plant. In the latter report the lifetime is set to 40 years compared to 25 years in this report, but in 
the former the lifetime is set to 20 years. The two main reasons for the difference are, instead, the 
amounts of transported CO2 and the transport distances. Pipeline transport in (ZEP, 2011b) is estimated 
for amounts of 10-20 MTPA, compared to 0.7-2.3 MTPA in this report. The amounts are similar in 
(IEAGHG, 2010) and the median distance in (IEAGHG, 2010) is 81 km, which is about five times lower 
compared to the shortest distance in this report. The distance for a typical power plant in (ZEP, 2011b) is 
180 km.  

However, in (ZEP, 2011b) there is a scenario with a ship transport of 2.5 MTPA for a distance of 500 and 
1500 km with a cost of 15.15€/tonne and 20.23€/tonne respectively. In this report the cost for 
transportation of similar amounts and distances are 17€/tonne and 28.8 €/tonne. The reason for the still 
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quite significant difference is in this study regarded to be the same as for the results in (Kjärstad, et al., 
2016), which is discussed in the following paragraphs.  

The main conclusion in (Kjärstad, et al., 2016) is that ship transport is the least costly transport option in 
the Nordic region, which is confirmed in this report. The cost for transport of 2.5 MTPA for a distance of 
420 km is calculated to be 16.2 €/tonne for pipeline transport and 14.1 €/tonne for ship transport, which 
could be compared to this reports calculation of 18.6 €/tonne and 17 €/tonne respectively for a similar 
distance and amount of CO2. Some economic assumptions differ such as technical lifetime and prices 
adjusted to different base-years, but the main difference is considered to be the assumption in (Kjärstad, et 
al., 2016) of even emissions throughout the year, while this report has an uneven load. The uneven load 
leads to underutilization of the system on average, while an even load leads to a 100% utilization rate.  

However, this disadvantage of lower utilization rate is hard to circumvent. On the other hand, if the 
market of CO2 transport by ship grows significantly there is a possibility of a more efficient use of ships. 
This is partly covered by the scenario in Table 25. In this scenario the costs are significantly lower than in 
(Kjärstad, et al., 2016) (about 5€/tonne lower). Other papers have not contemplated such a scenario, most 
likely due to the difficulties associated with trading networks of a good which only is transported on a 
small scale today. The uncertainty of this scenario is high and can more be seen as food for thought.  

A high underutilization has a more substantial impact on longer distances, which can be seen when in 
Table 24. This has to be kept in mind if the Faludden storage is the first choice and then becomes full in 
the future, and another storage site further away has to be chosen. Transport over longer distances 
punishes sources with an uneven load to a greater extent compared to sources with an even load. 

Optimization of the transport system could most likely decrease the transport costs further. Here are 
some ideas for further optimization (which have not been investigated in this report): 

• Create a CO2 hub close to the coast and have smaller ships operating between the hub and the 
sources. This could reduce the size of intermediate storage at the sites and create one big at the 
hub as well as significantly decrease the route time for the large ship/ships. 

• Increase the intermediate storage. This could lead to a more even load of CO2 transport. 
• Map other big point sources close to Stockholm (or on the way to the storage sites) and include 

them in the analysis. Larger amounts of CO2 transport will indeed decrease the transport cost, 
and could help to even out the uneven production of CO2 from the district heating system.  

• Investigate the possibility of unloading the ships in a port close to the storage site and transport 
the CO2 from port to storage by pipeline. This could decrease the route time for the ships and 
decrease the cost of offshore equipment. This idea is also mentioned in (Kjärstad, et al., 2016).  

System perspective: Carbon capture, storage, and transport  
The costs for each part of CCS have been compared to other papers in the previous paragraphs, but it is 
also interesting to compare the total cost with studies where a total cost for CCS has been assessed. In 
(Dillon, et al., 2013) the price is estimated to be 57-70€/tonne, and in (IEAGHG, 2011) the cost is 
estimated to be about 60€/tonne. In both papers the major cost is the carbon capture and a cost of 8-
9€/tonne is added for transport and storage. The main difference compared to this report is the transport 
and storage, which is about four times higher in this report. The main reasons for this are the short 
transport distance and the larger amount of emissions in those studies, but the lack of details makes it 
hard to compare any closer. In (McKinsey, 2008) CCS in Sweden is estimated to cost 60-90 EUR/ton 
CO2 during a demonstration phase, and 30-45 EUR ton CO2 when CCS is applied on a large-scale. 
However, it is not possible to understand how these numbers are calculated (no information regarding the 
estimations are included in the report). 

Optimization of the entire CCS-chain is important when implementing CCS on a power plant or a 
network of power plants. It is even more so for a network of CHP plants. The uneven load makes both 
the carbon capture equipment, compressors, and the transport system oversized, and for parts of the year 
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it will be underutilized. Ship transport makes the transport system more flexible than pipeline transport, 
but the investments costs for ship transport still has to be paid off. By optimizing carbon capture and 
transport together it could be possible to come up with strategies where for example some of the CO2 is 
flared to the air instead of captured at high loads, to even out the loads. 

Moreover, the variable OPEX for transport and storage should be added to the variable OPEX of carbon 
capture when performing the analysis of the district heating system costs (In the software Minerva). This 
could give a more extensive picture of the system costs for the district heating system. This has not been 
done in this report due to uncertainties in ownership of the transport and storage infrastructure. If 
Fortum Värme owns the infrastructure, more than half of the transport costs can be seen as variable and 
almost none of the costs for storage. While, if a third party owns the transport and storage both of these 
costs can almost entirely be regarded as variable (depending on the formation of the contracts).    

Ownership of infrastructure and risk sharing has to be assessed further to make a more precise 
optimization of the system. Who will take the risk of a volatile CO2 price (if that is the main mechanism 
for CCS to become feasible)? Who will take the risk of underutilization in the transport and storage 
system (If one actor for example files for bankruptcy)? Who will fund onsite measurements of storage 
fields? These are important questions to further optimize the system and understand the costs for an actor 
such as Fortum Värme.  

The bigger picture: Implications for BECCS in the CO2 abatement portfolio  

This report shows the technical feasibility of BECCS in some of the CHP plants in Stockholm, but more 
site specific engineering studies have to be performed. Furthermore, it shows the economic feasibility if 
for example the CO2 price is increased. The price per tonne is in parity with the price for CCS in the 
industry according to (McKinsey, 2008), and significantly lower compared to the abatement of CO2 
emissions in the vehicle fleet such as gas/diesel hybrids in trucks, busses, and cars, which to some extent 
already is incentivized today. For BECCS in district heating to be feasible it has to be incentivized, but this 
report shows that the levels of incentive required not necessarily are too high. It is rather an issue of 
priority in the CO2 abatement portfolio.     

In short, regarding possible incentives for BECCS, it can be said that the CO2 price has to increase by a 
factor of about 12-20 times, or without incentives the district heating cost for the plants with carbon 
capture would almost double (but split on the entire heat production the increase would be about 15%). 
However, there are most likely a number of alternatives in how to implement incentives: Combinations of 
a high CO2 price and an increased cost for heat, government funding of transport and/or storage 
infrastructure, possible transfer to negative emissions from the Swedish CO2 tax (which is 20-70 €/tonne 
higher than required price for CO2 in this report), and more.  The aspect of possible funding for BECCS 
has not been studied in this report, and certainly needs to be studied further. However, the results in this 
report can work as a point of departure for a discussion regarding incentives. 
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9 Conclusion 
In this thesis, a case of CCS in the Stockholm region is studied. The case is plants owned by Fortum 
Värme in the district heating system in Stockholm. It is deemed possible to implement carbon capture at 
three (KVV-8, Bristaverket, and a Greenfield plant) of the plants to a cost of about 45€/tonne of captured 
CO2. The cost for capture includes CAPEX, fixed OPEX, and system costs. The cost for carbon capture 
is in parity with other studies for CCS in power plants despite the lower load factor of CHP plants. This is 
ascribed to the higher concentration of CO2 in the flue gases for the fuels, and the possibility of 
optimization at a system level.     

A model for transport of CO2 to promising storage sites in Sweden, Norway, and Denmark is constructed 
for transport by pipeline and ship. Ship transport is estimated to be the most cost-efficient option in all 
scenarios. The total cost for ship transport is calculated to be 27-38€/tonne of CO2 and the cost for 
storage is calculated to be 9-23€/tonne. The transport cost is higher compared to other studies, which is 
ascribed to the Nordic conditions of relatively small emissions, long distances for transport, and in the 
case of CHP plants, the seasonality of emissions.   

The cost for storage is adapted from other studies to the scenarios in this report. It depends mainly on the 
rate of injection and the depth of the storage. The rate of injection has a significant impact on the cost, 
and the larger rate of injection each year results in lower costs per tonne of captured CO2. It is therefore 
considered cost-efficient to cooperate with other actors with large-point sources of CO2 emissions to 
reach a high rate of injection.  

The total cost for BECCS is calculated to be between 70-103€/tonne of CO2 depending on size of 
emissions and distance to storage locations. Furthermore, the total cost is calculated to decrease by 10-
25% if some current promising technologies for carbon capture reach maturity, a market for transport 
services of CO2 evolves, and a number of actors are sharing the costs for storage.   

The case of BECCS in the district heating system in Stockholm is, on the level studied in this report, 
technically feasible. The level of the CO2 abatement cost is similar to that of CCS in industries and 
measures in the vehicle fleet, which means that BECCS could be economically feasible depending on the 
priority of government or European Union CO2 abatement policies.  

It is also shown that negative emissions can be achieved for the whole Stockholm district heating system 
by a price increase of heat by 14-21%, if the cost is shared among the utilities in the system. 

The major challenge of BECCS in heat production, compared to other studies based on power 
production, is the seasonality of heat production. The capacity of the carbon capture system will be 
oversized during the summer, or undersized during the winter. This is an optimization challenge, which 
has to be further studied.  
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10 Recommendations for the actor in the case of BECCS 
in the Stockholm region 

The following recommendations are based on the findings in this report. The following bullet points are 
recommended to be investigated further to better understand the role of Fortum Värme in a future with 
BECCS and to better comprehend the costs and profit associated with BECCS. 

• Involve other actors with large point sources 
This report shows that by increasing the emissions both transport and storage costs will go down 
significantly (about 20 €/tonne when comparing emissions of 0.7 MTPA and 2.3 MTPA). This is 
more cost-efficient even though it could mean that the Faludden storage cannot be used due to its 
injection limitations. 

• Investigate the role for Fortum Värme in the BECCS-chain 
The role of Fortum Värme has to be further investigated to optimize the system more. If Fortum 
Värme owns the infrastructure for transport and/or storage it could lead to different variable and 
fixed costs compared to if Fortum Värme purchases the service for that. 

• Investigate incentives for BECCS 
This report shows that BECCS in the district heating system requires incentives or an increased 
cost for heat, the level of incentives is shown here, but what kind of incentives and from where 
has to be studied further. 

• Investigate the possibility of an increased price for heat 
If the cost for BECCS is distributed on all heat produced in the system, the extra cost per 
produced heat would increase by about 15-20%. The willingness of the other district heating 
companies in the Stockholm region to share the cost, as well as the willingness of customers to 
pay extra, has to be studied further.  

• Examine the market for selling CO2 (Carbon Capture and Utilization) 
Instead of storing CO2 it could be sold for use in products or processes. However, this has not 
been included in this report, and it is recommended to investigate it further. Potentially, it could 
diminish the storage cost, decrease the transport cost, and create an income.  
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Appendix 
Appendix A: Land requirement 

Bristaverket 

 
FIGURE 30. BOUNDARIES OF LAND BELONGING TO 
FORTUM VÄRME. THE WHITE BOX(25*45M) 
REPRESENTS THE REQUIRED SIZE FOR A POST-
COMBUSTION CC. (HITTA.SE, 2016) 
 

FITTJAVERKET

  
FIGURE 31. BOUNDARIES OF LAND BELONGING TO 
SÖDERENERGI. THE WHITE BOX (30*45M) TO THE 
EAST REPRESENTS THE LAND REQUIRED FOR POST-
COMBUSTION CC FOR THE BIO PLANT, AND THE 
WHITE BOX (30*48M) TO THE EAST REPRESENT THE 
LAND REQUIRED FOR THE OIL PLANT. (HITTA.SE, 
2016) 
 

Hässelbyverket 

 
FIGURE 32. BOUNDARIES OF LAND BELONGING TO 
FORTUM VÄRME. THE WHITE BOX (30*55M) 
REPRESENTS THE AREA REQUIRED FOR A POST-
COMBUSTION CC PLANT FOR P1-P3. (HITTA.SE, 
2016) 
 

Högdalenverket 

 
FIGURE 33. BOUNDARIES OF LAND BELONGING TO 
FORTUM VÄRME AT THE SITE IN HÖGDALEN. THE 
SMALL WHITE SQUARE (20*35 M) REPRESENTS A POST-
COMBUSTION CC PLANT FOR P1-P3, AND THE BIG 
SQUARE (40*70M) REPRESENTS POST-COMBUSTION 
CC FOR P1-P6. (HITTA.SE, 2016) 
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Igelstaverket 

 
FIGURE 34. BOUNDARIES OF LAND BELONGING TO 
SÖDERENERGI. THE WHITE BOX TO THE WEST 
(35*50M) REPRESENTS THE AREA OF THE CHP 
PLANT (KVV) AND THE WHITE BOX (40*62M) TO 
THE EAST REPRESENTS THE AREA OF POST-
COMBUSTION CC FOR THE THREE HEATING 
PLANTS (P1-P3). (HITTA.SE, 2016) 
 

Värtaverket 

  
 
FIGURE 35. BOUNDARIES OF LAND BELONGING TO 
FORTUM VÄRME AT THE SITE VÄRTAVERKET 
(FORTUM VÄRME ALSO OWNS THE ESTATE TO THE 
EAST IN THE HARBOR). THE WHITE SQUARE (40*60M) 
TO THE WEST REPRESENTS A POST-COMBUSTION CC 
PLANT FOR KVV-8, AND THE WHITE SQUARE TO THE 
EAST (35*62M) REPRESENTS A POST-COMBUSTION CC 
PLANT FOR KVV-6. (HITTA.SE, 2016) 
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Appendix B: Cost assumptions regarding transport 

Based on (Kjärstad, et al., 2016) and escalated to a price level of the 1st quarter of 2016. 

Ship     
Ship time and capacity      
Loading (h) Hours 12 
Port Manoeuvring Hours 4 
Connection offshore Hours 3 
Discharge offshore (h) Hours 48 
Disconnection time Offshore) Hours 3 
Total time  Hours 70 

Ship speed Knots 
Nautical 
mile/hour 12 

Ship speed km/h incl availability km/h 21.31 
Maximum ship size Tonne 40 000 
Sailing hours/year Hours 8400 
Assumed Fuel consumption tonne/hour, ship size 10,000 m3. 
Loading 0.1   
Port manoeuvring 0.13   
DP Connection 0.05   
DP discharge 0.17   
Discharge pumping offshore 0.51   
Sea Transit 1.05   
Applied capital cost for ships (size 10,000 m3) and equipment. 
Cost per ship kEUR 31 044 
DP operation kEUR 5000 
Offshore discharge adaption kEUR 1875 
Predelivery finance cost kEUR 2844 
On-board heating and discharge 
pumps KEUR 2081 
Engineering and site supervision kEUR 3104 
CAPEX ship kEUR 45 949 
offshore terminal (STL) kEUR 20000 
port terminal kEUR 1000 
template + umbilical kEUR 313 
Intermediate storage kEUR 11875 
CAPEX Other kEUR 33 188 
Applied O&M, Fuel cost and port fee.   

Maintenance (onshore equipment) 4% 
of invested 
capital/year 

Maintenance (ship) 2% 
of invested 
capital/year 

Electricity 50 EUR/MWh 
Cooling water 2.5 EUR/1000 m3 
Fixed O&M ship 750 kEUR/year 
Fuel cost 0.7 Euro/tonne 
Port fee 2.33 Euro/t CO2 
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Applied Liquefaction plant Cost – CAPEX/OPEX.   
Mt CO2/year CAPEX (kEUR) OPEX (kEUR/Year) 

0.5 9073 1109 
1 14 238 2062 

1.5 18 531 2980 
2.5 25 828 4764 

5 40 529 9083 
10 63 597 17 467 
20 99 794 33 838 
40 156 594 65 956 

 

Pipeline 
      Applied pipeline cost (EUR/m) 

    Diameter(inch) Diameter(m) 100 km 250 km 500 km 750 km 1000 km 
48 1.2192 4559 3 195 2 749 2 613 2 516 
40 1.016 3666 2 504 2 130 2 015 1 888 
36 0.9144 3299 2 221 1 787 1 714 1 652 
30 0.762 2455 1 698 1 451 1 382 1 327 
28 0.7112 2316 1 586 1 363 1 266 1 227 
24 0.6096 2100 1 405 1 174 1 108 1 062 
18 0.4572 1879 1 222 1 002 926 888 
12 0.3048 1699 1 085 884 810 775 
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Appendix C: Emissions from fuels 

In (SMED, 2010) emission factors for combustion of fuels in power- and CHP plants have been gathered 
and adapted to Swedish conditions from, among others, (IPCC, 2006). The emission factors are not based 
on a life-cycle perspective, but on actual emissions from combustion. This has further been updated and 
compiled in (Swedish Environmental Protection Agency, 2016).  

TABLE 28. EMISSION FACTORS FOR FUELS (SWEDISH ENVIRONMENTAL PROTECTION AGENCY, 2016; SMED, 
2010)   

 Biogenic emissions (kg 
CO2/GJ) 

Fossil emissions (kg 
CO2/GJ) 

Liquid rosin (Tall- och 
beckolja)1 

75.3  

Wood fuel (Trädbränsle)1 96  
Other biofuels (Övrigt 
biobränsle)1 

96  

Waste (Avfall)1 60.37 33.95 
Chipping moisture content 45% 
(Flis fukthalt 45%)2 

109.9  

1) From (Swedish Environmental Protection Agency, 2016) 
2) From (SMED, 2010) 
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Appendix D: Technical overview of analyzed plants 
TABLE 29.OVERVIEW OF FORTUM VÄRME'S CHP PLANTS AND HEAT PLANTS 

 Fuel Heat 
max 
(MW) 

Power 
max 
(MW) 

Alpha-
value 

Overall 
efficiency 

Energy 
conversion 
process 

Bristaverket       
Brista 1 Woodchip  76 41 0.54 0.87 CFB 
Brista 2 Municipal 

waste 
50.5 20.5 0.41  BFB 

Hässelbyverket       
Hässelby 1 Wood pellets 60 24.762 0.41 0.9 PF 
Hässelby 2 Wood pellets 60 24.762 0.41 0.9 PF 
Hässelby 3 Wood pellets 65 19.118 0.29 0.88 PF 
Högdalenverket       
Panna 1 80% 

municipal 
waste 20% 
wood waste 

20.5 - - 0.85 Grate 
furnace 

Panna 2 80% 
municipal 
waste 20% 
wood waste 

20.5 - - 0.85 Grate 
furnace 

Panna3 80% 
municipal 
waste 20% 
wood waste 

40 - - 0.85 Grate 
furnace 

Panna 4 80% 
municipal 
waste 20% 
wood waste 

78 - - 0.85 Grate 
Furnace 

Panna 6 Industrial 
waste  

88.2 - - 0.9 CFB 

Värtaverket       
KVV-6  94,1% coal 

5,9% olive 
stones  

245 145 0.59 0.875 PFCB 

KVV-6 83% coal 
17% olive 
stones 

235 138 0.59 0.875 PFCB 

KVV-8 Woodchip  200 132 0.66 0.923 CFB 
Greenfield       
KVV Woodchip 200  0.66 0.923 CFB 
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