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ABSTRACT 

In this study, cooperation between Stockholm’s transport and district heating sectors is 

analysed. The cooperation concerns the integration of biofuel polygeneration production. 

A MODEST optimisation model framework is used, assuming various energy market and 

transport sector scenarios for the year 2030. The scenarios with biofuel production and 

increased biofuel use in the region are compared with reference scenarios where all new 

plants introduced into the district heating sector are combined heat and power plants, and 

the share of biofuel used in the transport sector is the same as today. The results show 

that the cooperation implies an opportunity to reduce fossil fuel consumption in the 
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sectors by between 20 % and 65 %, depending on energy market conditions and assumed 

transport sector scenarios. If we consider biomass an unlimited resource, the potential for 

greenhouse gas emissions reduction is significant. However, considering that biomass is a 

limited resource, the increase of biomass use in the district heating system may lead to a 

decrease of biomass use in other energy systems. The potential for reduction of global 

greenhouse gas emissions is thus highly dependent on the alternative use of biomass. If 

this alternative is used for co-firing in coal condensing power plants, biomass use in 

combined heat and power plants would be more desirable than biofuel production 

through polygeneration. On the other hand, if this alternative is used for traditional 

biofuel production (without co-production of heat and electricity), the benefits of biofuel 

production through polygeneration from a greenhouse gas emissions perspective is 

superior. However, if carbon capture and storage technology is applied on the biofuel 

polygeneration plants, the introduction of large-scale biofuel production into the district 

heating system would result in a reduction of global greenhouse gas emissions 

independent of the assumed alternative use of biomass. 

Abbreviations 

DH, district heating; TS, transport sector; DHS, district heating system; GHG, 

greenhouse gas; FT, Fischer-Tropsch; DME, dimethyl ether; SSF, simultaneous 

saccharification and fermentation; CHP, combined heat and power; PHEV, Plug-in 

Hybrid Electric Vehicles; E10, 90 % gasoline mixed with 10 % ethanol; MODEST, 

Model for Optimisation of Dynamic Energy Systems with Time-dependent components 
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and boundary conditions; EMS, energy market scenario; CO2, carbon dioxide; gGHGes, 

global GHG emissions of the studied system; CCS, carbon capture and storage. 

Keywords 

District heating; Biofuel; Energy cooperation; Transport sector; Greenhouse gas 

emissions 

1. Introduction 

Cooperation between district heating (DH) providers and industry has been of great 

interest during the last decade. Production of industrial process steam in local DH 

systems (DHS), utilisation of industrial waste heat in DHS, and conversion to DH for 

industrial processes have been recognised as measures that often result in a reduction of 

global carbon dioxide (CO2) emissions (Difs et al., 2009; Karlsson and Wolf, 2008; 

Gebremedhin et al., 2003). Technology of biofuel production (in this study the term 

biofuel is used to denote renewable transport fuels) through polygeneration where heat 

production is included creates a possibility for cooperation between the DH and transport 

sectors (TS). In a previous study, the integration of ethanol and biogas production 

through polygeneration with Stockholm’s DHS was analysed (Djuric Ilic et al., 2012). 

Energy market prices for the year 2010 were applied and sensitivity analyses on the price 

of electricity, biomass and biofuel were performed. The results show that the introduction 

of ethanol and biogas production into Stockholm’s DHS would be profitable when the 

assumed energy market conditions are considered. However, other studies have shown 

that the introduction of second-generation biofuel production in DHS is not necessarily 

economically profitable for the DH supplier (Difs et al., 2010; Fahlén and Ahlgren, 
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2009). In order to make this strategy economically attractive for DH producers some 

policy measures may be needed. The factors that may have major effects on the biofuel 

production cost are biomass availability and the demand for co-produced heat. This 

makes forest-rich countries where DHSs are well developed especially interesting for 

large-scale biofuel production (Wetterlund et al., 2012; Wetterlund, 2010). 

The aim of the study is to show how integration of large-scale biofuel production into 

Stockholm’s DHS would affect global greenhouse gas (GHG) emissions and the region’s 

dependency on gasoline and fossil diesel imports. The study has been conducted 

considering various energy market conditions for the year 2030. An important 

assumption in the study is that all biofuel used in Stockholm’s TS would be produced in 

the region. 

2. Biofuel production through polygeneration 

The impact of biofuel production and use on global GHG emissions depends on a variety 

of factors, including the feedstock, process technology, plant capacity and structure of the 

production system (Porzio et al., 2012; Moriizumi et al., 2012). Three different types of 

biofuel production plants have been considered in this study. In all plants lingocellulosic 

biomass is used as feedstock. Two types of plants (Fischer-Tropsch [FT] diesel plant and 

dimethyl ether [DME] plant) include the thermo-chemical gasification process. The third 

type is a polygeneration plant where ethanol is produced by a simultaneous 

saccharification and fermentation (SSF) process. 

The first step in the biofuel production process from lingocellulosic biomass is pre-

treatment, which is performed by chipping or drying. If DME or FT diesel is to be 
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produced, the pre-treatment must be followed by thermo-chemical gasification. During 

the gasification process the biomass is converted into synthesis gas (syngas). After this 

the H2/CO ratio is adjusted and the syngas is purified and upgraded to biofuel. The 

required H2/CO ratio depends on the type of biofuel to be produced. Both the DME 

production process and FT diesel production process are exothermic, which opens up 

possibilities for using the excess heat for DH or for combined heat and power (CHP) 

production (Balat et al., 2009; Wang et al., 2008; Zhang, 2010). 

If ethanol is to be produced, the pre-treated slurry is flash-cooled by pressure reduction. 

Ammonia is added in order to neutralise pH and the slurry is diluted with fresh water to 

10 % water-insoluble solids. In the liquid fraction of the slurry the yeast is cultivated and 

then supplemented with molasses. SSF is performed at 37 ºC with enzymes and yeast 

(Barta et al., 2010a; Sassner et al., 2008). The configuration of the process after SSF 

depends on the various combinations of the desired by-products. The excess solid residue 

from the distillation and pre-treatment can be treated by anaerobic digestion in order to 

produce biogas. The raw biogas can be upgraded and used as transportation fuel or used 

directly as a fuel for CHP production. The residue from anaerobic digestion can also be 

used for production of steam that can partly be used for the process and partly for CHP 

production (Barta et al., 2010b). 

3. Case study – Assumptions regarding Stockholm’s DHS and TS for the year 2030 

The Stockholm region, with almost two million inhabitants, is the largest metropolitan 

area in Scandinavia. Together with the surrounding communities the city covers about 

6,500 km². 



6 

 

The DHS in the county of Stockholm is well developed and delivers more than 12 TWh 

of heat annually. The system consists of three large DH networks with about 70 heating 

plants. Six of the plants are CHP plants that produce more than 2 TWh of electricity 

annually. Two of these CHP plants have installed electricity capacities of 200 MW and 

145 MW, and are fuelled by oil and coal. The other four CHP plants are fuelled by solid 

biomass and waste (Dahlroth, 2009; Dotzauer, 2003). By the year 2030 the DHS will be 

changed. Based on a preliminary study conducted by the DH producers, DH demand 

should decrease by about 10 %. Household waste in the region is also expected to 

increase by up to 5 TWh (Byman, 2009), and based on that prediction there are plans to 

introduce two new waste-fired plants in the DHS (Table 1). The CHP plants fuelled by 

fossil fuels will probably be phased out, as well as one of the biomass-fired CHP plants, 

which is today almost 50 years old. After those changes the total installed heat capacity 

of the DHS would be 650 MW lower than the current heat capacity, which means that 

new plants will need to be built. 

About 25 % of the total energy used in Stockholm is used in the TS. The public TS is 

well developed and the process of introducing “clean” vehicles and alternative fuels in 

the TS started almost two decades ago. About 37 % of the public busses are run on 

biofuel (RME, biogas and ethanol). The annual electricity used for the underground and 

local railway is about 440 GWh, and for commuter trains about 160 GWh (SL, 2011). 

According to Casemyr et al. (2010), by the year 2030 this electricity use will increase up 

to 980 GWh. It is also expected that the number of vehicles in the region will increase 

(Table 2). An increasing percentage of cars are running on biofuels, but poor biofuel 
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supply is the factor that has been recognised as a threat to further development 

(Hjalmarsson et al., 2011). 

A general assumption taken in this study is that in the future gasoline will be sold only as 

E10, i.e., gasoline that includes approximately 10 % ethanol. It is also assumed that the 

technology of vehicles will be improved. The average hybrid car will run about 50 % on 

electricity and the average hybrid bus will run on about 30 % electricity. The future fuel 

economies are presented in Table 3. 

4. Methodology 

The methodology used in this study includes literature review, data collection and 

optimisation of the system using a MODEST (Model for Optimisation of Dynamic 

Energy Systems with Time-dependent components and boundary conditions) framework. 

MODEST is based on linear programming. Its primary use is for analysis of DHS but 

MODEST can also be applied to other kinds of energy systems. Input data that needs to 

be defined before building the model include: time division, discount rate and load 

demands. The system is represented by a group of different types of nodes. The plants are 

described in terms of efficiencies, maximum capacity, power-to-heat ratio, maintenance 

periods and costs, technical lifetime, economic lifetime and investment costs. The 

optimisation is performed by choosing the optimal operation from existing and potential 

new plants. The objective is to minimise the annual system cost while satisfying a given 

load demand during the analysed period. The system costs include: operation and 

maintenance costs, fuel costs including taxes and fees, new investments, the value of all 
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new plants at the end of the analysed period and revenues from by-products (Henning, 

1999; Gebremedhin, 2003). 

4.1 Building a model – data and assumptions 

The studied system consists of two sub-systems, the TS and DHS, connected to form an 

integrated whole. A model of the system is built considering the input data and 

assumptions presented in section 3 and in this section. 

A model of Stockholm’s DHS has been built according to the data from Dahlroth (2009) 

and the future changes to the system mentioned in section 3. The capital costs in the 

model are based on a discount rate of 6 %. The time frame analysed is 10 years (from 

2030 to 2040). Each year is divided into 88 periods. For each of the months from April to 

October, four time periods are modelled: weekdays, weeknights, and weekend days and 

nights. For the rest of the year the months are divided into 12 periods and sometimes 

modelled hour by hour (see Henning 1999 for further explanation). The DH demands for 

the networks have been calculated based on DH production during the year 2007 and the 

assumption that DH demand would decrease by 10 % by the year 2030 (see section 3). 

The curves of the demand have been adjusted to the time division, and the model has also 

been calibrated against real production data. In order to avoid the differences in base 

production, all networks in the model have been connected. Despite the decreased DH 

demand and introduction of the new waste-fired CHP plants, more new plants need to be 

built by the year 2030. To make the scenarios in the study comparable to each other, the 

new plants introduced in the DHS have a total heat capacity of 600 MW. Five different 

types of plants have been considered (Table 4). All of the suggested plants are fuelled by 
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biomass. Thus, in order to facilitate efficient transportation of the biomass, suitable 

locations for the new plants are near shipping ports and DH networks. This limits the 

number of new plants that can be introduced in the DHS to five. In the scenarios with 

large-scale biofuel production the types and capacities of the new plants have been 

decided and calculated based on the biofuel demand in the TS. The biofuel demand in the 

TS has been calculated based on assumptions for the year 2030 regarding the number of 

vehicles (Table 2), the average annual distance (Table 2), future fuel economy (Table 3) 

and three future scenarios (described in section 4.5). Investments for the new biofuel 

plants (Costa) have been calculated according to equation (1) where Costb represents the 

cost of the base plants (Table 4). 

R

b

a

b

a

Capacity

Capacity

Cost

Cost










                      (1). 

 

 

An overall scaling factor (R) of 0.7 (Remer and Chai, 1990) is used for all biofuel plants. 

4.2 Energy market scenarios 

In the present study, different energy market scenarios (EMSs) for Sweden for the year 

2030 have been assumed (Table 5). 

Four scenarios (EMS 1-4) were developed by Axelsson et al. (2009; Axelsson and 

Harvey, 2010) using the ENPAC price-setting tool. These scenarios are based on a 

number of assumptions, such as global energy market scenarios (world market future 

fossil fuel prices), costs associated with policy instruments, technologies and costs 

associated with electricity production. The four global energy market scenarios are 
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achieved by combining two levels of CO2 emissions charge and two levels of fossil fuel 

prices (Axelsson and Harvey, 2010). The calculated electricity prices are assumed to be 

constant during the year and the biomass prices have been calculated considering future 

users’ willingness to pay for it (Axelsson et al., 2009; Axelsson and Harvey, 2010). 

The EMS 5 has been developed by Jeffries et al. (2011). In this scenario about 50 % of 

the electricity will be produced by renewable energy sources, though marginal production 

of electricity will still be produced by fossil fuels. In this EMS, the prices have not been 

calculated as interdependent parameters. The electricity and fossil fuel prices have been 

derived from the prices for the year 2010 and forecasted using different growth rates that 

are based on a number of assumptions. The future biomass prices have been determined 

by applying a demand-driven approach and assuming that increased biomass demand will 

lead to an increased biomass price. The process for creating the scenario is explained in 

more detail by Jeffries et al. (2011). 

In all scenarios it is assumed that the waste fuel will not be subject to any purchasing 

costs or taxes. 

Policy instruments included in this study are: CO2 emissions charges and premiums paid 

to producers of renewable electricity (Table 5). The premium paid is based on the 

electricity certificate system that went into effect in Sweden in May 2003 (SEA, 2010). 

For each MWh of renewable electricity produced the producers receive one electricity 

certificate. By selling the electricity certificate to electricity distributors the producers get 

extra revenue. In order to guarantee the extra revenue, some of the users are required to 
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buy a certain share (RES-E quota) of the electricity used at the higher price (SEA, 2010). 

The assumed RES-E quotas are presented in Table 5. 

Further introduction of biofuel in the TS depends on the user’s willingness to pay for it. 

In order to increase the share of biofuel use in the TS, the final biofuel prices at filling 

stations should thus not be higher than the price of the fossil fuel replaced. Biogas and 

ethanol are considered replacements for gasoline while FT diesel and DME are assumed 

to be replacements for fossil diesel. The revenues that the producers would get for the 

biofuel produced are estimated considering the cost for the transportation of the biofuel to 

the filling stations (Table 5). In the present study it is assumed that the average distance 

from the production plants to the filling stations would be about 50 km for ethanol, FT 

diesel and DME. For biogas it is assumed that the filling points would be in the vicinity 

of the plants. 

4.3 Estimating the effects on the global GHG emissions 

A number of studies show the importance of applying a system approach and life-cycle 

assessment when estimating the impact of biofuel production and use on global GHG 

emissions (Melamu and von Blottnitz, 2011; Khatiwada and Silveira, 2011; Sandén and 

Karlström, 2007). Thus, the global GHG emissions of the studied system (gGHGes) have 

been analysed, considering not only the emissions during the combustion process, but 

also the emissions during the whole life cycle of the fuels (Figure 1; Table 6). Besides 

CO2, two more greenhouse gases have been considered: methane (CH4) and nitrous oxide 

(N2O). The values of the GHG emissions are presented as CO2 equivalent (CO2eq) 

emissions. The CH4 and N2O emissions have been included using the conversion 
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coefficients 25 and 298, respectively. Data for GHG emissions during waste and biomass 

transportation are calculated based on the research presented in Börjesson and 

Gustavsson (1996). It is assumed that the waste is transported by truck with an average 

distance of 60 km. The GHG emissions from the waste landfills have not been considered 

in the present study. In the reference scenario it is assumed that 60 % of the biomass used 

is transported from the Baltic countries. For the scenarios with large-scale biofuel 

production it is assumed that 75 % is transported from the Baltic region. It is also 

assumed that the imported biomass is transported approximately 400 km by truck 

and approximately 400 km by boat. In all scenarios the rest of the biomass is transported 

from the north of Sweden by train at an average distance of about 400 km. Data for well-

to-tank GHG emissions for imported gasoline, diesel and biofuels have been found in 

Börjesson et al. (2010). Börjesson et al. (2010) applied a life cycle assessment 

methodology which includes the by-products’ indirect effect on GHG emissions. This can 

lead to a negative well-to-tank GHG emissions factor in some cases. In the reference 

scenarios ethanol used in the region is imported from Brazil where it is produced from 

sugar cane. The biogas used in the region is produced from three different feedstocks: 

household waste, industry and manure. In the scenarios with large-scale biofuel 

production in the DHS, the GHG emissions during the transportation of the biofuel 

produced to the filling stations are based on Wetterlund (2010). The assumed average 

distance between the production plants and filling stations is 50 km (see section 4.2). The 

well-to-gate and combustion GHG emissions factors for the fossil oil have been found in 

Edwards (2011). 
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Effects on the power sector caused by electricity production in the DHS are calculated 

considering the “build” margin power technology. The “build” margin power plants are 

plants that would not be built in the future, if new CHP or polygeneration plants with 

electricity production included were introduced into the DHS. Axelsson and Harvey 

(2010) identified two different possible build margins for the year 2030: coal power 

plants and coal power plants with carbon capture and storage (CCS). CCS is assumed to 

be an economically attractive technology in EMSs where the CO2 charge has a high level 

(EMS 2 and EMS 4). The build margins assumed for EMS 5 are natural gas combined 

cycle (NGCC) power plants. 

Three analyses have been performed, based on three different assumptions considering 

future biomass availability and future alternative use of biomass. In the first analysis it is 

assumed that biomass is an unlimited resource. Since biomass combustion can be 

considered carbon neutral (IPCC, 2001), only GHG emissions from the transportation of 

biomass are considered (Table 6). However, since biomass will probably become a 

subject of competition in the future, increased biomass use in the DHS would lead to 

decreased use in another energy system. Thus, a more comprehensive system approach 

has been taken in the second and third analysis. In the second analysis, it has been 

assumed that increased biomass use in the DHS will lead to decreased biomass co-firing 

in coal condensing power plants, and consequently there will be increased GHG 

emissions in the electricity sector (Table 6). In the third analysis, production of biofuel 

has been considered the alternative for biomass use. In this case the increased biomass 

use in the DHS would lead to decreased biomass use for traditional biofuel production 
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that does not include co-production of heat and electricity. This will result in increased 

GHG emissions in the TS (Table 6) (Axelsson and Harvey, 2010). 

4.4 Evaluation of CCS potential – approach and assumptions 

In three of the EMSs considered in the study (EMS 2, EMS 4 and EMS 5), it is assumed 

that the CCS technology is commercially available. Thus, for those EMSs more analyses 

have been done assuming that CCS will be applied to new plants introduced into the 

DHS. In the CHP production, total biomass combustion is assumed. In biofuel 

production, the biomass will only be partly combusted since a certain amount of carbon 

will still be present in the biofuel produced. CO2 emissions per 1 MWh of biomass during 

the biofuel production process ( ..cproce ) have been calculated according to equation (2) 

)( ..

1

.... biofuelct

n

i

ibiomassctcproc eEffee  


                   (2), 

where biomasscte ..  represents the CO2 emission factors during the total combustion of the 

biomass (Table 7); n is the number of biofuels produced in the plant; iEff  is the biofuel 

production efficiency (Table 4); biofuelcte ..  represents the CO2 emission factors from the 

total combustion of the biofuel (Table 7). 

Based on a research study (e.g. Damen et al., 2009; Möllersten et al., 2003) it has been 

assumed that the CO2 capture efficiency is about 90 % in all new plants and that the 

electricity requirement for CO2 capture and compression to 110 bar is about 

0.14 kWh/kgCO2. 

The economic evaluation of the introduction of CCS is not included in this study. 
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4.5 Description of the chosen scenarios 

A number of different scenarios have been analysed considering the assumed EMS 

(Table 5) and different future TS scenarios (Figure 2). 

Two different reference scenarios for TS have been assumed. In the first reference 

scenario (r1-4), which concerns EMS 1-4, the share of the fuel used for different types of 

vehicles is the same as today (SL, 2011; SIKA, 2011). The second reference scenario is 

based on the research presented in Jeffries et al. (2011) and concerns EMS 5. In this 

scenario, a strong electrification of road transport is assumed, and the share of biofuel 

used in TS is about 35 %. In both scenarios biofuel is imported from other regions; only 

about 0.1 TWh of biogas is produced in one of the DH plants. The new plants introduced 

into the DHS are CHP plants with a total heat capacity of 600 MW (see section 4.1). 

Three future scenarios have been developed to illustrate possible pathways to lower the 

share of fossil fuels in the TS. The “biogas” and “electricity” scenarios are based on two 

different local policy strategies discussed in Hjalmarsson (2011). The “diesel” scenario is 

based on the current trend of switching from gasoline to diesel fuel (Energimyndigheten, 

2011). The types of plants that need to be introduced into the DHS depend on the biofuel 

demand in the TS. In order to increase the total heat capacity of the system by 600 MW, 

new CHP plants are introduced in the DHS in all scenarios.  

The electricity demand for the underground and local railways as well as for commuter 

trains, about 980 GWh (see section 3), is taken into account in all scenarios. 
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5. Results and discussion 

The type and capacity of the new plants that need to be introduced into the DHS have 

been estimated according to the biofuel demand. The total investment costs for different 

scenarios (Table 8) vary within a range of €670×10
6
 (the reference scenario) and 

€1678×10
6
 (the “diesel” scenario). In all scenarios new CHP plants should be introduced 

into the DHS (Table 8) in order to satisfy the need to increase total heat capacity by 

600 MW. 

5.1 Effects on energy supply security 

Compared to the reference scenarios the fuel mix in the scenarios with established 

cooperation between the DHS and TS is changed. The total energy use in the system is 

slightly lower than in the reference scenarios, but biomass use increases (Figure 3). In 

most of the scenarios with large-scale biofuel production, the total biomass consumption 

is about 4 TWh higher than in the reference scenarios. The share of biomass used is 

higher than 50 %, which makes the system more sensitive to biomass price and 

availability. The highest increase is found in the biogas scenarios (b1-5), but it is also 

followed by the highest biofuel production. 

In almost all scenarios the electricity production is higher than 2.5 TWh. However, the 

electricity production in the scenarios with large-scale biofuel production is somewhat 

lower than in the reference scenarios. The variations in the electricity used depend on the 

ratio between the electricity price and biomass price, and on the electricity used in the 

TS. A higher ratio implies less use of electricity in the DHS. The scenario with the 
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highest electricity use is reference scenario r5, where a strong electrification in the TS is 

assumed (see section 4.5). 

In all scenarios with large-scale biofuel production, fossil fuel accounts for about 15 % of 

total energy use (Figure 3). Fossil fuel use is about 3 TWh annually, or even less. For 

EMSs where the reference scenario in the TS is characterised by a high share of fossil 

fuel used (EMS 1-4), the cooperation results in an approximately 65 % reduction in fossil 

fuel consumption in the “biogas” and “electricity” scenarios, and approximately 50 % 

reduction in the “diesel” scenario (Figure 3). When the reference scenario is characterised 

by a high share of electricity used in the TS (EMS 5), the reduction in fossil fuel 

consumption ranges between 20 % and 45 % (Figure 3). 

By reducing dependency on gasoline and fossil diesel imports, the cooperation between 

the DHS and TS can contribute to sustainable development in the region. Moreover, a 

secure biofuel supply infrastructure can be developed. The amount of gasoline, diesel and 

ethanol imported to the region would decrease from about 0.6×10
6
 t to 0.2×10

6
 t annually 

(Figure 3). On the other hand, since in the scenarios with large-scale biofuel production 

about 3×10
6
 t of biomass is used (which is about 50 % higher than the biomass amount 

used in the reference scenarios), the transportation infrastructure for biomass should 

probably be changed. 

5.2 Effects on the gGHGes (DHS + TS) 

Figure 4 shows how the gGHGes (see section 4.3) are changed if DH producers invest in 

biofuel production instead of in CHP. 
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If biomass is considered an unlimited resource, the introduction of large-scale biofuel 

production into the DHS results in a considerable reduction in GHG emissions. In most 

of the scenarios the gGHGes is between 35 % and 55 % lower if the DH producers invest 

in biofuel production instead of in CHP production (Figure 4). The greatest benefits are 

achieved for the “biogas” scenarios. In this case, the gGHGes are between 45 % and 

57 % lower compared to the reference scenarios. However, the “biogas” scenarios are not 

necessarily the best options if the alternative use of biomass is considered. This is due to 

the fact that biomass used in the “biogas” scenario is higher compared to the other 

scenarios with large-scale biofuel production (Figure 3). This implies that the GHG 

emissions, due to decreased use of biomass in some other energy systems, are more 

noticeable. 

If the alternative use is traditional biofuel production which does not include 

co-production of heat and electricity, the large-scale biofuel production still has potential 

to contribute to the reduction of global GHG emissions. However, the potential is 

significantly lower. The gGHGes are between 12 % and 18 % lower compared to the 

corresponding reference scenarios (Figure 4). The only exceptions are the scenarios with 

higher electricity use in the TS, when the marginal electricity is produced in coal 

condensing power plants. 

The influence of marginal electricity production is most noticeable in the “electricity” 

scenarios. An increased use of electricity in the TS is proven to be a poor strategy for 

GHG emission mitigation as long as the production of marginal electricity results in high 

GHG emissions (EMS 1 and EMS 3). The significant increase of electricity use in the TS 
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when the marginal electricity is produced in coal condensing power plants (“electricity” 

scenario - EMS 1 and EMS 3) is proven to be the worst strategy suggested in the study. 

If coal condensing power plants are assumed to be the alternative users of biomass (see 

section 4.3), the large-scale biofuel production introduced into the DHS would not signify 

a potential for reduction of GHG emissions. The increased biomass use in the DHS 

(Figure 3) then leads to an increased use of coal in the power sector and consequently 

leads to increased GHG emissions. The consequences are especially notable in EMS 1 

and EMS 3. In those EMSs the marginal electricity is produced in coal condensing power 

plants followed by high CO2eq emissions by MWh produced (see Table 6). Thus, 

replacing the marginal electricity with the electricity produced in the new CHP plants 

results in higher benefits from a GHG emissions perspective than from replacing the 

transport fossil fuels with the biofuel produced. In this case (EMS 1 and EMS 3) the 

gGHGes are between 10 % and 20 % higher (depending on the TS scenario) if the DH 

producers invest in biofuel production rather than in CHP production (Figure 4). 

5.3 The CCS potential 

The CO2 capture potentials for the new plants (Table 9) are calculated using equation (2) 

and assume that the capture efficiency is 90 % (see section 4.4). 

The CCS potential differs between the scenarios (Table 10). The CCS potential in the 

scenarios with large-scale biofuel production varies within a range of 1.78×10
6
 t and 

2.34×10
6
 t of CO2. Due to lower biomass use in the new CHP plants (Figure 3) in the 

reference scenarios, the potential is significantly lower and varies within a range of 

1.06×10
6
 t and 1.58×10

6
 t. In the scenarios with large-scale biofuel production the 
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electricity used in the CCS processes varies between 249 and 328 GWh, which is about 

11 % of the electricity produced in the system. The electricity used in the CCS processes 

in the reference scenarios is about 7 % of the electricity produced. 

Figure 5 shows relative changes in the gGHGes (see section 4.3) if DH producers invest 

in biofuel production instead of in CHP. The utilisation of CCS may be a key option to 

significantly reduce gGHGes (Figure 5). When biomass is an unlimited resource the only 

GHG emissions associated with biomass use are the emissions from the transportation of 

biomass (see section 4.3). However, since the CO2 emitted during biomass combustion 

can be captured at the same time, the gGHGes can be negative. In this case the gGHGes 

are negative in all scenarios with large-scale biofuel production. CCS potential in the 

reference scenarios is much lower (Table 10). In those scenarios the gGHGes are 

positive. Thus, if the biomass is an unlimited resource, the gGHGes is lowered by more 

than 100 % (between 110 % and 200 %; see Figure 5) if the DH producers invest in 

large-scale biofuel production instead of in CHP. 

If the CCS technology is applied the cooperation between the DHS and TS results in a 

reduction of global GHG emissions even in the scenarios where the alternative use of 

biomass is in coal-condensing power plants. If the alternative use of biomass is traditional 

biofuel production, the reductions vary within a range of 45 % and 60 %, depending on 

the scenario. 

Challenges facing CCS deployment are very intensive capital investments, additional 

energy use and increased water consumption. In order to deploy a CCS technology, an 

infrastructure for CO2 transport needs to be established. Cooleman (2009) and Damen et 
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al. (2009) recognise pipelines as the most likely transportation option for the captured 

CO2 in the future. Another important issue is that there is a potential risk of sudden 

and gradual CO2 leakage which could endanger people and the climate system. Because 

of this, in some studies (Sprenga et al., 2007; Patil et al., 2010) the technology has been 

recognized only as a possibility to exchange one problem for another. The temporary 

solution offered would have long-term negative consequences. 

6. Conclusion 

The cooperation between Stockholm’s district heating system and transport sector, 

established through large-scale biofuel production in the district heating system, 

significantly changes the total fuel used in the region. The biomass used in the district 

heating system increases up to 10 TWh annually. This makes both energy systems highly 

vulnerable to biomass availability, yet at the same time it leads to a significant increase in 

renewable energy share in the region. 

The main benefit that can be achieved with the cooperation is a reduced dependency on 

imported fossil fuels. The cooperation enables development of a local biofuel supply 

chain, which facilitates the introduction of biofuel in the transport sector. Depending on 

the assumed scenario, the biofuel used in the transport sector ranges between 61 % and 

78 % of the total energy used. 

When estimating the GHG mitigation potential it is important to apply a systems 

approach and to include possible consequences that can arise, not only in the analysed 

system but also in interacting systems. The marginal electricity production as well as the 

biomass availability and alternative use of biomass have been shown to have a significant 
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influence on the GHG mitigation potential. As long as the marginal electricity has a 

CO2eq emissions factor higher than transport fossil fuels, the electricity use in the 

transport sector will lead to an increase of GHG emissions from a global perspective. 

Thus, since currently less than 20 % of the total electricity consumption in the EU-27 

countries is produced by renewable sources (EUROSTAT, 2011), electricity use in the 

transport sector can be considered a solution only in the distant future. If biomass is an 

unlimited resource, large-scale biofuel production introduced in the district heating 

system results in significant reduction of GHG emissions. If the district heating producers 

invest in biofuel production instead of in CHP, the global GHG emissions of the studied 

system are between 35 % and 55 % lower in all considered scenarios, except in the 

scenarios with high electricity use in the transport sector, where the marginal electricity 

production is linked to high GHG emissions. When biomass is considered to be a limited 

resource, the benefit from a GHG emissions perspective is not obvious. If the alternative 

use of biomass is co-firing in coal condensing power plants, investments in CHP 

production are more desirable than investments in biofuel production through 

polygeneration. If the alternative use of biomass is traditional biofuel production which 

does not include co-production of heat and electricity, the global GHG emissions of the 

studied system are about 10 % lower with large-scale biofuel production, compared to the 

scenarios with CHP production. This also indicates that polygeneration biofuel 

production technology is more advantageous compared to traditional biofuel production 

technology. 

Carbon capture and storage may play a decisive role in reaching targets for GHG 

emissions reduction in the region. However, the utilisation of this technology requires 



23 

 

development of a large infrastructure for transportation of CO2 from capture locations to 

storage sites. 

The results in this article are based on a case study. However, they can probably be useful 

for other regions with developed DHS which are located close to heavily forested areas. 
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Figure 1 A graphical description of the system approach used for evaluation of the 

impact on global GHG emissions (global GHG emissions of the studied system - 

gGHGes). 
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Figure 2 Structure of the vehicle pool in Stockholm’s TS – the assumed future scenarios 

for the year 2030: reference scenarios (r1-5), “biogas” scenarios (b1-5), “electricity” 

scenarios (e1-5) and “diesel” scenarios (d1-5). 
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Figure 3 Energy equivalents of the fuel and electricity used (the negative part of the 

figure) and produced (the positive part of the figure) in the system. 
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Figure 4 The changes in the gGHGes if the DH producers were to invest in biofuel 

production rather than CHP production. 
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Figure 5 The changes in the gGHGes if DH producers were to invest in biofuel 

production rather than CHP production, and if CCS were performed in the new plants. 
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Table 1. Technical and economic characteristics of the new waste-fired plants. 

  Waste-fuelled CHP 

plant (Hansson et al., 

2007) 

Waste-fuelled 

biogas/CHP plant (E.ON, 

2011) 

Waste input (MW) 136 91 

Electricity efficiency  0.22 0.22 

Heat efficiency  0.69 0.59 

Biogas efficiency  - 0.12 

Operating and maintenance costs 

per input 

(€/MWh) 13.5 16 

 

 

Table 2. Stockholm’s TS in the year 2030 (the truck sector is not included in the study). 

 Passenger 

cars
 a 

Taxi and 

mobility service
 

Buses 

Number of vehicles (Byman, 2009) 1,026,840 5,160
 b 

5,123 

Average annual distance travelled 

by vehicle (SIKA, 2011) 

(km/year) 12,500 30,000
 

57,000 

Total annual distance (10
6
 km/year) 12,836 155 292 

a
 Excluding taxi and mobility service. 

b
 Assumed as 0.5 % of the number of passenger cars in the region. 

 

Table 3. The future fuel economy (kWh/100 km), (Hjalmarsson et al., 2011; 

SIKA 2011). 

 Cars Buses 

Gasoline 52 - 

Diesel 41 447 

Ethanol 43 437 

Biogas 42 457 

FT diesel 40 447 

DME - 440 

Electricity (PHEV
a
) 22 110 

a
 Plug-in Hybrid Electric Vehicles 
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Table 4. Economic and technical characteristics of the new plants (Hansson et al., 2007; 

Barta et al., 2010b; Wetterlund, 2010; Wetterlund et al., 2009). 

Type of the plant Biomass 

fuelled CHP
a 
 

Ethanol/biogas Ethanol FT diesel DME 

Efficiency 

Electricity 0.34 0.05 0.12 0.06 - 

Biofuel 1 - 0.34 0.34 0.45 0.62 

Biofuel 2 - 0.25 - - - 

Heat 0.74 0.28 0.44 0.06 0.15 

Economic characteristics 

Base plant capacity
 

(MW) 235 279
b 

279
b 

300
c 

281
d 

Base investment cost (€×10
6
) - 263 275 304 300 

Spec. investment cost 

per input 

(€/kW) 757 - - - 1200 

Fixed costs and 

variable operating and 

maintenance costs per 

input 

(% of the total 

investment 

cost) 

1.5 2.5 2.5 4.2 3.5 

(€/MWh) 2.6 - - - 3.2 

Operating time (h/year) 8000 8000 8000 8000 8000 

 
a
 The efficiency of the biomass-fuelled CHP plant is increased by using fuel gas condensation. 

b 
The number includes not only the biomass input but also 4.25 MW molasses and 

1.75 MW enzymes. 

 
c
 The biomass input. 

 
d
 The number represents 266 MW biomass and 15 MW electricity used. 
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Table 5. EMSs for the year 2030.  Carbon dioxide (CO2) charge is included in the fossil 

fuel prices. (Axelsson et al., 2009; Axelsson and Harvey, 2010) 

Group of scenarios  EMS 1 

 

EMS 2 EMS 3 EMS 4 

 

EMS 5 

Fossil fuel price/ 

CO2 charge level 

 low/low low/high high/low high/high -- 

Energy policy 

CO2 emission charge (€/t) 27 85 27 85 85 

RES-E support
a 

(€/MWh) 20 20 20 20 20 

RES-E quota
 

(%) 20 20 20 20 50 

Fuel and electricity prices (€/MWh) 

Light fuel oil 53 70 76 93 85 

Heavy fuel oil 35 52 52 70 64 

Low grade biomass 25 45 28 48 41 

High grade biomass 38 64 41 67 58 

Electricity price 53 70 58 76 63 

Diesel 43 60 67 84 76 

Gasoline 44 60 68 84 76 

Transport costs for biofuels
b
 (€/MWh) 

Ethanol  0.328 + 0.007·d  

FT diesel  0.2 + 0.004·d  

DME  0.286 + 0.006·d  
a
 Premium paid to producers of renewable electricity (above market electricity price). 

b
 (Wetterlund, 2010) The variable d is the distance from the plant to the filling station in km. 
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Table 6. Fossil GHG emissions factors (kg CO2eq/MWh) used in the study. 

  EMS 1/3 EMS 2/4 EMS 5 

Electricity sector
    

Build marginal electricity Coal Coal, CCS
a 

NGCC
a 

CO2eq emissions of the marginal electricity 679 129 345 

GHG emissions during the whole life cycle of the fossil fuels
 

Fuel oil  320  

Diesel, gasoline  299  

GHG emissions from waste combustion and transportation
 

Waste combustion  100  

Waste transportation  1.5  

Well-to-tank GHG emissions for biofuels
 

RME  95  

Biogas  -70  

Ethanol  64  

GHG emissions from the biomass transportation and marginal effects of biomass used 

Transportation in the reference scenarios  8.3  

Transportation in the scenarios with large-scale 

biofuel production 

 9.1  

Without marginal effects  0  

Coal power plants are the marginal users 336 336 - 

Producers of biofuel are the marginal users  118 152 118 

GHG emissions from transportation of biofuel 

Ethanol  0.2  

FT diesel  0.3  

DME  0.3  
a
 Coal, CCS = Coal power plant with CCS; NGCC = Natural gas combined cycle plants. 

 

Table 7. CO2 emission factors (kg/MWh) from total combustion (Edwards, 2011). 

Fuel CO2 emissions 

Biomass 367 

Ethanol 257 

Biogas 198 

FT-diesel 255 

DME 242 

 

Table 8. The new plants introduced in the DHS.  

Scenarios  r1-4 r5 b1-5 e1-5 d1-5 

Type Capacity (MW) 

Ethanol/biogas  - - 3×308 - - 

Ethanol  - - - 4×250 304 

FT diesel  - - - - 302 

DME  - - - - 259 

CHP  4×220 4×220 2×250 235 2×300 

Total investment (€×10
6
) 670 670 1224 1197 1678 
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Table 9. The CO2 capture potential per biomass input for the new plants. 

Captured CO2 (kg/MWh) 

Ethanol/biogas 207 

Ethanol 252 

FT diesel 227 

DME 217 

CHP 330 

 

 

Table 10. The CCS potential and electricity required for the CCS process in different 

scenarios. 

 Reference “Biogas” “Electricity”  “Diesel” 

Total CO2 captured (×10
6
 t) 

EMS 2 1.06 1.80 1.81 1.78 

EMS 4 1.58 2.16 2.03 2.34 

EMS 5 1.49 2.08 1.86 2.04 

Electricity required (GWh) 

EMS 2 148 252 253 249 

EMS 4 221 302 284 328 

EMS 5 209 291 260 286 
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