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Abstract 

The production of biofuels in Sweden has increased significantly in the past years in order to reduce fossil 

dependence and mitigate climate impacts. Nonetheless, current methodological guidelines for assessing 

the GHG savings from the use of biofuels do not fully account for benefits from by-products and other 

utilities (e.g. waste heat and electricity) from biofuel production. This study therefore reviews the 

aggregated environmental performance of these multi-functional biofuel systems by assessing impacts and 

benefits from relevant production processes in Sweden in order to improve the decision-base for biofuel 

producers and policy makers in the transition to a bio-based and circular economy. This was done by 

conducting (1) a mapping of the Swedish biofuel production portfolio, (2) developing future production 

scenarios, and (3) application of life cycle assessment methodology to assess the environmental 

performance of the production processes. Special focus was provided to review the potential benefits from 

replacing conventional products and services with by-products and utilities. The results provide evidence 

that failure to account for non-fuel related benefits from biofuel production leads to an underestimation of 

the contribution of biofuels to reduce greenhouse gas emissions and other environmental impacts when 

replacing fossil fuels, showing the importance of the multi-functionality. 

1 Introduction 

There is a significant debate in both political and academic spheres regarding the environmental impacts 

of biofuel production with most focus on negative environmental impacts. There has also been 

considerable attention upon negative socio-economic effects that may arise related to biofuel production. 

An outcome has been increased pressure on biofuel producers to work toward reduction of negative 

environmental and socio-economic impacts identified by the sector’s critics [1, 2]. Additionally, 

investments in new biofuel production plants have been affected in recent years by, among other things, 

uncertain political or public support that is directly linked to negative perceptions of the environmental 

and social performance of biofuel value chains (Peck et al 2016).  

In order to address the environmental sustainability of biofuels, guidelines have been produced by the 

European Commission [3]. These methodological guidelines do not allow for the benefits or credits 
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provided from by-products of biofuel production to be accounted for as the methodology adopted uses 

attributional assessment techniques (physical allocation of emissions based on lower heating value of 

products) [3]. Nonetheless, there is currently a push from political and academic spheres to include 

consequential methodology to review e.g. direct and indirect emissions from land use change (LUC and 

iLUC, respectively), to show the adverse effects that biofuel production may have on the systems; see e.g.  

[4-6]. A profound discrepancy between biofuel and LCA researchers on the applicability, exhaustive 

nature and complete coverage of impacts produced when using CLCA (consequential LCA) vs. when 

using ALCA (attributional LCA) methods is currently brewing in the scientific community; see e.g. the 

article by [7] and the many corresponding responses from the LCA community. Following consequential 

methodology would also imply that credits should be provided for the investigated production systems for 

changes that result from by-product and utility use in other life cycles; i.e. due to the multi-functionality of 

biofuel production. Nonetheless, many studies either omit these benefits or do not include their use within 

the system boundaries, as outlined by e.g. Martin et al. [8] and Ahlgren et al. [9]. As more literature in 

recent years has been focused on iLUC and LUC impacts, again it may be important to show the 

consequential benefits that biofuel by-products can have on biofuel production systems if consequential 

methodology is to be employed, which may in some cases even negate the indirect effects [10, 11].  

Sweden has experienced a rapid development in the usage of biofuels for transport, with an increase from 

a 5.1% share in 2011, to almost 15%
1
 in 2015 [12], which amounts to a total of almost 13 TWh biofuels. 

This puts Sweden in the forefront of biofuel use in the EU. While a large share of the biofuels used today 

is admittedly imported, Sweden also has an established domestic biofuel production industry
2
, as well as 

an extensive research and development program regarding new biofuel production technologies. In the 

scientific Swedish biofuels literature there are consequently many LCA studies for individual biofuel 

production plants, development projects and projections; the majority of which apply ALCA approaches, 

see e.g. a review in Lazarevic and Martin [13]. The benefits created through replacement of conventional 

products and energy carriers by-products and surplus energy and the “credit” they  provide for the system 

in so called system expansion scenarios are seldom reviewed. Several previous studies from researchers 

based in Sweden have indicated that the biofuel production systems may provide many ancillary benefits 

due to the use of energy and by-products [14-17]. While a large number of these studies may be conducted 

for individual production systems, the results of those may be important to show as aggregated figures at 

both the sectoral level (e.g. for the different biofuels such as biogas, ethanol, etc.) and on an aggregated 

national biofuel production level. Biogas production can be used as an illustrative example: although 

currently representing only a small share of the total biofuel production output in Sweden, biogas 

production plants could provide substantial aggregated benefits from the large amount of digestate that 

can be used as biofertilizer, thus replacing conventional fossil based fertilizers, if the theoretical biogas 

production potential is reached [18].  

With this study we seek to bridge the current knowledge gap regarding potential non-fuel related benefits 

from biofuel production systems, by reviewing the potential environmental benefits arising from by-

products and utility synergies [19, 20] from biofuel production, using Sweden as a case study.  

                                                           
1
 If double-counting according to the Renewable Energy Directive is applied for advanced fuels, the share of 

biofuels in transport amounted to approximately 23% in 2015. 
2
 A significant share of the total Swedish biofuel production is today exported to countries that reward fuels with 

better greenhouse gas reduction performance and/or apply double-counting in obligation schemes, mainly Germany 

and Finland. 



1.1 Aims 

The aim of this study is to quantify and analyze the environmental benefits of biofuel production in 

Sweden from replacement of conventional products from by-products and utilities for current production 

systems as well as for selected future pathways for biofuel production systems. This is done on an 

aggregated national level and for individual biofuel industry sectors. In order to assess future potential 

aggregated benefits, different development scenarios for the medium-term future (2030) based on current 

and projected biofuel production are assessed. Focus is on production pathways that are either in operation 

or have reached pilot/demonstration scale at the time of this study. The general aim of this assessment is to 

increase the support basis for biofuel production for biofuel producers and policy makers.  

2 Method 

The assessment of biofuel production in Sweden was conducted using four main steps as depicted in  

Figure 1:  

1) review of the current Swedish biofuel production portfolio and mapping of the by-products, 

utilities generated in major biofuel production facilities and value chains in Sweden,  

2) review of potential future biofuel production pathways, selection of pathways and technological 

production concepts to include, and estimation of by-products and utilities from these concepts,  

3) development of scenarios for future biofuel development pathways, and  

4) quantification and assessment of the environmental performance of the biofuel production 

processes and the replacement of conventional products and utilities by by-products and utilities 

on plant, sector and aggregated level where applicable.  



 

Figure 1: Overview of the methodological approach applied in this study. 

Commercial biofuel production processes, as well as pathways for future advanced biofuel production 

technologies, were reviewed and analyzed with particular regard to generated by-products and utilities. 

Two different time perspectives were applied for the aggregated analysis: current (2015), and medium-

term future (2030). For the future perspective, two development pathway scenarios that represent different 

levels of ambition for future domestic biofuel production were applied. 

While environmental benefits of biofuel production may occur outside of the production phase of the 

biofuel life cycle, e.g. during upstream cultivation of biomass or from reduced tailpipe emissions during 

fuel use, this study is focused on the production phase only, with the geographical scope set to within the 

borders of Sweden. The following sub-sections describe the data collection, scenarios and life cycle 

assessments conducted for this paper.  

2.1 Review of biofuel production and scenario development 

2.1.1 Mapping of biofuel production and estimating the amounts of by-products and utilities 

Current biofuel production in Sweden was mapped based on a combination of literature review and 

personal communication with biofuel producers as depicted in Step 1 in Figure 1. The mapping includes 

production capacity (current and planned), actual production in 2015, as well as data related to by-

products, utilities and services originating in the biofuel production processes (see the following section). 

With the exception of biogas, the mapping was done at the individual plant level. For biogas, the 

production mainly takes place in small distributed plants, therefore the mapping was done on an 



aggregated level based on a combination of location and substrate used (see further Section 3.5). The 

amount of by-products, utilities and services were mapped using a combination of current annual data 

from biofuel plants in operation and data for typical biofuels production processes using different 

feedstocks, e.g. biogas production in wastewater treatment plants, farms and co-digestion, respectively. 

For future biofuel production processes that are not yet in operation at full scale an initial literature review 

of technological pathways was performed. The scope was limited to technologies that have reached pilot 

or demonstration scale and where plans for actual commercial operation either exist or have existed in 

Sweden. This includes synthetic fuels based on biomass gasification, as well as ethanol via hydrolysis and 

fermentation of cellulosic or waste feedstocks. Biofuels based on deoxygenation of bio-oils produced from 

e.g. lignin or through biomass liquefaction were excluded, since no concrete commercial plans could be 

identified
3
. The amounts of by-products, utilities and services were estimated using a combination of data 

from pilot/demonstration plant operation obtained by personal communication with developers and 

producers, and literature data for modeled up-scaled and optimized processes (Step 2 in Figure 1). Further 

information can be found in the Supplementary material A. .  

2.1.2 Scenario development 

Three different scenarios were analyzed. The first is based on current production levels for biofuels in 

Sweden (2015), and two applies a medium-term time perspective (2030), in order to match the time frame 

of the Swedish vision for a fossil fuel-independent vehicle fleet by 2030 [21]. The two future scenarios 

were developed based on a combination of the mapping of actual current and planned biofuel production, 

and a review of scenarios and projections for future transport sector development in Sweden as depicted in 

Step 3 in Figure 1; see  e.g. [21, 22]. In order to illustrate different future development paths, one scenario 

was selected to represent a more ambitious path (29 TWh biofuels per year) and one a more cautious 

(13 TWh biofuels per year).  

2.2 Quantification and assessment of environmental performance and benefits  

2.2.1 Life cycle assessment methodology 

The environmental assessments were conducted following life cycle assessment methodology; in specific 

the system expansion, or avoided burden, methodology (Step 4 in Figure 1). In this method, allocation in 

multi-functional processes can be avoided through expanding the system to remove burdens created by 

replaced conventional products and services; see also Figure 2. 

                                                           
3
 A pilot plant for upgrading of lignin to lignin oil, for further processing to biofuels in a refinery, is currently 

under construction in Bäckhammar and is planned to be operational in 2017. Several other lignin fuel projects are 

currently also ongoing in Sweden but none has yet reached pilot scale. [21] 



 

Figure 2: Reviewing the benefits from by-products and utilities (System boundaries) 

The functional unit for the assessment was set to annual production of biofuels, in energy terms (GWh per 

year) due to the different units used to measure liquid and gaseous fuels. The impact categories assessed 

include Global Warming Potential (GWP), Acidification Potential (AP) and Eutrophication Potential (EP) 

in order to review both global and local impacts in Sweden (addressing several of the Swedish 

Environmental Objectives). 

The benefits from biofuel production were assessed only for by-products and utilities from the production 

and conversion processes in Sweden. Once again this is due to the fact that a large share of the biofuels 

consumed and raw materials used for biofuel production in Sweden in the past years originated from 

abroad
4
; see e.g. Swedish Energy Agency [12]. Thus, this excludes benefits from by-products or utilities 

from feedstocks and processing outside of Sweden. For example, in the case of RME (rape methyl ester), 

no credit was provided for rapeseed cake as the rapeseed oil us in Sweden is primarily imported. 

Furthermore, changes in the future to the consumption of these products are not modelled. For future 

systems, increases in production may lead to changes in the marginal feedstock provision. However, these 

are beyond the scope of this assessment, although their influence has been analyzed.  

2.2.2 LCI Data  

For biofuel production processes, data was derived from previous LCA studies of Swedish biofuels to 

assess the performance of current and future production plants; see e.g. [24]. Although there exists a large 

number of life cycle based studies produced by Swedish researchers, the studies review a limited set of 

impact categories (e.g. greenhouse gas emissions and energy); see e.g. a review in  Lazarevic and Martin 

[13]. Therefore, in order to allow a focus on the potential global and local impacts and benefits biofuels 

may create, the criteria for data included 1) studies reviewing at least a well-to-tank perspective, 2) were 

peer reviewed studies, and 3) included at least greenhouse gas (GHG) emissions, acidification and 

eutrophication potential. In the cases where data was unavailable or limited, comparable data from 

Ecoinvent v 3.1 [25] which was applicable for Swedish conditions was employed. See Supplementary 

material B. 

                                                           
4
 For example, 94% of the rape seed oil used for biodiesel used in the Swedish transport sector originated from 

abroad in 2015. The corresponding number for HVO (hydro-treated vegetable oil) is 86% and for ethanol 84%. It 

should however be noted that a relatively large amount of ethanol from Swedish grain feedstocks is currently 

exported. As a contrast, biogas is produced primarily from domestic substrates [21, 23]  



2.2.3 Replaced Conventional Products and Utilities 

The products and utilities replaced by by-products and utilities from biofuel producers in the different 

scenarios were assumed to replace conventional products and energy sources. In all scenarios, fossil 

energy sources were chosen as conventional utilities with data provided from Ecoinvent [25]. For each 

biofuel production system reviewed, further information on the conventional products replaced by by-

products is provided in the subsequent text. Furthermore, sensitivity analyses to the choices have been 

provided in the ensuing analysis section.  

3 Swedish biofuel production – current and future scenarios 

This chapter describes the results of the mapping of biofuel production in Sweden, as well as the 

developed scenarios. The results are presented at sectoral level per biofuel production category, including 

the reference biofuel production (2015) as well as future production pathways and assumptions regarding 

future production volumes. For each biofuel production route, a brief description of the capacity, output, 

by-products and other utilities and services is provided. A more thorough description of the producers, 

their capacity, by-product, utilities and other information on the plants is provided in the Supplementary 

material A.  

Figure 3 outlines the production routes included in this paper. For the Current scenario, actual mapped 

production for 2015 is used. For the future scenarios, current agriculture based biofuel production is in 

general assumed to remain on current capacity levels, with expansion mainly for biofuels based on waste 

or cellulosic feedstocks. The three biofuel production scenarios evaluated are visualized in Figure 4 with 

more details in the summary in Table A9 in the Supplementary material A.  



 

Figure 3: Biofuel production pathways considered in this study. Green processes and flows represent production 

pathways in commercial operation in Sweden today, orange processes and flows represent considered future 

pathways. Adapted from [22].  

 

 



 

Figure 4: Visualization of the reviewed scenarios and the annual biofuel production  

Table 1 provides an overview of the by-products and utilities considered for each biofuel production 

category..  

 



Table 1. Aggregated overview of by-products and utilities from the considered biofuel production routes.  

Biofuel By-products Replaced 

Conventional 

Products 

Utilities Replaced 

Conventional 

Utilities 

Ethanol, 

grain/food 

residue based 

1) Dried distillers grains 

with solubles 

(DDGS) 

2) Carbon dioxide 

(captured)  

1)   Soy and barley 

Fodder 

2)   Carbon dioxide 

from market 

Heat Marginal heat 

(natural gas) 

Ethanol, 

cellulose based 

1) Pellets 

2) Biogas 

1)   Wood chips 

2)   Natural Gas 

1)  Electricity 

2)  Heat 

1)  Marginal 

electricity 

(coal) 

2)  Marginal heat 

(natural gas) 

Biodiesel 

(FAME) 

Glycerol 

 

Glycerol   

HVO/HEFA 1) Tall oil rosin  

2) Tall oil pitch  

3) Crude rosin pitch 

4) Methane 

5) Naphtha 

6) Hydrogen 

1)   Rosin 

2)   Heavy Fuel Oil 

3)   Heavy Fuel Oil 

4)   Natural Gas 

5)   Naphtha 

6)   Hydrogen 

  

Biogas, WWTP Sludge Fertilizers (N, P, K)   

Biogas, Farm Digestate Fertilizers (N, P, K)   

Biogas, Co-

Digestion 

Digestate Fertilizers (N, P, K)   

Methane/SNG, 

biomass 

gasification 

  1) Electricity 

2) Heat 

1) Marginal 

electricity 

(coal) 

2) Marginal heat 

(natural gas) 

Methanol, 

biomass 

gasification  

  Electricity 

(heat) 
a 

Marginal 

electricity (coal) 

a In the technology concept selected for this study, no heat is co-produced, see Supplementary material A for details. 

 

3.1 Grain and food residue based ethanol  

There are currently two producers of grain and food residue based ethanol in Sweden, with a total 

production in 2015 of 1,100 GWh (190,000 m
3
), where the main share is produced from grains [26, 27]. 

For the future scenarios, both plants were assumed to operate at full maximum capacity, corresponding to 

1,400 GWh (235,000 m
3
) per year. Since no plans for production increases were identified in the biofuel 

production mapping, and since the share of biofuels from food crops will be capped at 7% in the EU [28], 

no further expansion of the future production capacity was assumed.  

By-products from both ethanol producers include by-products used as fodder (labeled as dried distillers 

grains with solubles (DDGS) for both producers) and carbon dioxide (captured at the grain based ethanol 

producer). Utilities from the grain and food residue based ethanol production plants included waste heat.  



3.2 Cellulose based ethanol 

Today cellulose based ethanol production in Sweden is relatively limited (127 GWh or 21,000 m
3
 

annually), and co-produced as a secondary product at one pulp mill biorefinery [29]. Although the ethanol 

is currently also sold for other uses than as transport fuel as well as on other markets than the Swedish 

market, it was in all three scenarios assumed to be fully utilized as transport fuel. 

Ethanol from lignocellulosic feedstocks has also been of considerable interest for research and 

development, and a number of concepts for efficient large-scale production of lingo-cellulosic ethanol 

have been proposed for Swedish conditions, often involving industrial integration and co-production of 

several energy products [30-33]. For the two future scenarios, different implementation levels were 

assumed for large-scale biorefinery concepts for production of cellulosic ethanol based on enzymatic 

hydrolysis and SSF (simultaneous saccharification and fermentation) [34]. The concepts were selected 

based on estimations for future local conditions in Sweden. In the ambitious scenario ten ethanol plants, 

producing a total of 2,800 GWh ethanol per year, were modeled, while in the cautious scenario a more 

modest development was envisioned with only four plants, producing a total of 1,100 GWh of ethanol. 

The cellulosic ethanol production concepts considered are all parts of biorefineries with several different 

products, thus a division into products and by-products becomes less relevant. For the existing plant the 

only by-product assigned to the ethanol production is biogas. For the future concepts, by-products are 

pellets and biogas and utilities waste heat and electricity. 

3.3 Biodiesel (FAME) 

Only the two largest producers of FAME biodiesel in Sweden were considered here. In 2015, the 

production amounted to 1,900 GWh (210,000 m
3
) [35, 36]. Similar as to for grain based ethanol, no 

expansion beyond the current maximum production capacity was assumed, which for the two future 

scenarios gives a total production of 2,200 GWh (240,000 m
3
), due to that one producer is currently 

operating at about half the nominal capacity. The main by-product from biodiesel production is glycerol of 

different quality, depending on the production process. 

3.4 Hydro-treated vegetable oil and hydro-processed esters and fatty acids (HVO/HEFA) 

HVO
5
 is today the most rapidly growing biofuel in Sweden, with a current share of around 50% of all 

biofuel consumption [12]. The domestic HVO production in 2015 amounted to 850 GWh (90,000 m
3
), of 

which the main part was produced from crude tall diesel (CTD) which in turn was produced from crude 

tall oil (CTO). With recent capacity increases, the maximum annual HVO production amounts to 

2,070 GWh (220,000 m
3
), which was used as production level for the cautious future scenario. The total 

amount of CTO was assumed to increase to near the maximum supply potential from Swedish pulp mills 

(2-2.5 TWh, [22]), which after conversion losses would give a total share of HVO from CTD of 80%. The 

rest was assumed to come from tallow methyl ester (TME) (15%) and RME (5%). In the ambitious future 

scenario the production capacity was assumed to double from the current maximum capacity, to 

4,150 GWh (440,000 m
3
). Roughly 2,300 GWh of this, or 55%, was assumed to originate from tall oil 

                                                           
5
 Even though the term HVO (hydro-treated vegetable oil) strictly only applies to fuel originating from oils of 

vegetable origin, such as crude tall oil, palm oil or rapeseed oil, it is in this paper applied also to fuels from non-

vegetable origin (e.g. slaughterhouse waste and tallow). 



(which would require CTD production capacity increases as well as imported CTO), 35% would be TME 

and 10% RME.  

By-products from the CTD production are tall oil pitch, tall oil rosin and crude rosin pitch, and from the 

upgrading to final product at the refinery, methane, hydrogen and naphtha. 

3.5 Biogas from anaerobic digestion  

Three biogas production categories are considered in this work: sewage treatment plants, farm-based 

biogas plants and co-digestion plants)
6
. In 2015, a total of 1,190 GWh biogas from anaerobic digestion 

was used as transport fuel in Sweden, out of a total biogas production of 1,900 GWh from 281 individual 

production facilities [37]. Substrates used for biogas production today include sewage sludge, organic 

household waste and agricultural waste, which are converted into biogas in wastewater treatment plants, 

co-digestion and farm based biogas plants. As only around 60% of all produced biogas is upgraded for use 

as transport fuel today, this indicates a potential for an increase of biogas upgrading. There is also a large 

unused potential for different substrates for biogas production in Sweden and a number of studies have 

been published recently, with different estimations of theoretical, technical and economic potentials; see 

e.g. [18, 38, 39].  

Two different scenarios for the continued expansion of upgraded biogas production were applied in this 

study for the future scenarios, building on the analysis of practicable biogas potential in Sweden by 

Dahlgren et al. [38]. In the ambitious scenario (following ‘Scenario 1, max’ in [38]), a total of 9,600 GWh 

biogas was assumed to be produced and upgraded to transport fuel quality, which is a significant increase 

from the current production, in particular regarding biogas from co-digestion plants (including digestion 

of e.g. grassy crops). In the cautious scenario (following ‘Scenario 2, min’ in [38]), a more modest 

development was assumed, resulting in a total of 4,000 GWh biogas per year. In both scenarios the largest 

increase in biogas production originates from co-digestion and farm based biogas plants, while biogas 

production at wastewater treatment facilities is already well utilised today why only moderate growth is 

feasible in this sector. 

The by-product from the anaerobic digestion process is digestate, which contains valuable nutrients that 

can be utilized in agriculture instead of conventional fertilizers. The degree of utilization and the nutrient 

content in the digestate differ depending on the substrates used. See further information in the 

Supplementary material A on the amounts of corresponding conventional fertilizers that can be replaced.  

3.6 Gasification based synthetic biofuels 

Sweden has a long history of research and development of biomass gasification for either heat/power 

production, or for production of synthetic fuels [40-42]. Currently, only one biomass gasification plant 

with any significant biofuel production (SNG, synthetic natural gas) is in operation in Sweden. That plant 

is a non-commercial demonstration plant and in 2015 the operation was much below nominal capacity, 

with a total production of 30 GWh. For the future scenarios, nominal capacity operation of the existing 

plant as well as of a planned expansion were assumed (960 GWh per year in total). In addition to this, in 

both future scenarios another planned SNG plant was assumed to be in full operation by 2030, producing a 

                                                           
6
 This classification scheme is in line with the categorization used in Swedish biogas statistics [37] Landfills and 

industrial plants have been excluded from this study as no by-product utilisation takes place in these plants. 



total of 1,600 GWh per year. The ambitious future scenario was also assumed to contain additional 

biomass gasification based biofuel production (three large-scale plants), resulting in 2,400 GWh SNG and 

3,500 GWh methanol annually
7
.  

The main by-products from gasification based fuel production are excess heat and potentially co-produced 

excess electricity. By optimizing the process, excess heat can instead be used internally in the plant. In this 

study we have considered concepts with as well as without excess heat as by-product. 

4 Environmental performance benefits from Swedish biofuel production  

This chapter presents the resulting impacts from Swedish biofuel production for the three considered 

production scenarios, as well as the benefits (or credits
8
) from replacement of conventional products, 

energy and services. The following sections provide (1) an overview of the accumulated impacts, followed 

by further analysis of the results by reviewing (2) the contribution of credits from by-products and utilities 

from the different biofuels, (3) the benefits provided per GWh of fuel, and providing (4) a comparison 

with fossil fuel emissions, and (5) a sensitivity analysis to data choices.  

Further details are once again provided in the Supplementary material.  

4.1 Accumulated impacts of fuel production and consumption 

Figure 5-Figure 7 illustrate the accumulated emissions originating from the biofuels produced in Sweden 

annually for the different scenarios. In each figure the emissions from the biofuel production processes, 

avoided emissions from replaced products, by-products and utilities, and a total of the two are provided.  

As illustrated in Figure 5, from the current scenario, the GHG emissions related to biofuel production will 

increase with the intensification in biofuels produced in the future scenarios. However, as shown, there are 

large benefits created from the use of by-products and utilities. As shown by the ‘Total,’ which 

summarizes the impacts and benefits, both future scenarios have a potential for net negative GHG 

emissions due to the contribution of the credits form replaced by-products and utilities.  

                                                           
7
 Only two gasification based biofuels were considered in this analysis – SNG, for which there is already existing 

infrastructure for natural gas/biogas in place in many locations, and methanol, which similarly to ethanol can be 

utilized in low- or high-blend fuels. Other possible end fuels, such as synthetic diesel (Fischer-Tropsch diesel) or 

dimethyl ether (DME), could be expected to have similar environmental performance from the production, due to 

significant process similarities. 
8
 When comparing the impacts to the avoided emissions, the term “credits” is used primarily in the figures. 

Otherwise, in text the term “benefits” refers to these credits.  



 

Figure 5: Accumulated Global Warming Potential (shown in million tonnes CO2-eq emissions annually) from the 

production of biofuels and the credits for by-products and utilities. “Total” shows the sum of the posts “Biofuel 

Production” and “By-product & Utility Credits.” 

Acidification impacts were also shown to decrease in future scenarios as a result of large credits; see 

Figure 6. While the both accumulated GHG emissions and acidification impacts of biofuels in future 

scenarios are shown to decrease, there is a large increase in potential eutrophication impacts, as illustrated 

in Figure 7. Once again, there is however a significant share of avoided impacts. Further details are 

provided in the analysis below.  
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Figure 6: Accumulated Acidification Potential Impacts (shown in hundred thousand tonnes SO2-eq annually) from 

biofuel production and credits for by-products and utilities. “Total” shows the sum of the posts “Biofuel Production” 

and “By-product & Utility Credits.” 

 

Figure 7: Accumulated Eutrophication Potential Impacts (shown in thousand tonnes PO4-eq annually) from biofuel 

production and credits for by-products and utilities. “Total” shows the sum of the posts “Biofuel Production” and 

“By-product & Utility Credits.” 
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4.2 By-product and utility credits 

 

Figure 8: Overview of total annual Accumulated Global Warming Potential (solid colors) and credits (patterned 

colors) from the different biofuel production pathways for the scenarios reviewed.  

Figure 8-  

Figure 10 show break-downs of the contribution of impacts as well as credits from by-products and 

utilities, specified per biofuel pathway. As Figure 8 shows, there is for all three scenarios a large potential 

GHG emission credit from replaced by-products and utilities. While the accumulated credits for replaced 

by-products and utilities from the current scenario are nearly as large as the impacts, the credits in the 

-6.0

-5.0

-4.0

-3.0

-2.0

-1.0

0.0

1.0

2.0

3.0

4.0

Current (2015) Future 1 - Ambitious Future 2 - Cautious

M
ill

io
n

 t
o

n
n

e
s 

C
O

2-
e

q
 e

m
is

si
o

n
s 

an
n

u
al

ly
 

Gasification Credits

Gasification

HVO-Credits

HVO

Cellulosic Ethanol-Credits

Cellulosic Ethanol

Biogas-Credits

Biogas

Biodiesel-Credits

Biodiesel

Ethanol-Credits

Ethanol

-15

-10

-5

0

5

10

15

20

Current (2015) Future 1 - Ambitious Future 2 - Cautious

Th
o

u
sa

n
d

  T
o

n
n

e
 P

O
4-

e
q

 E
m

is
si

o
n

s 
A

n
n

u
al

ly
 

Gasification Credits

Gasification

HVO-Credits

HVO

Cellulosic Ethanol-Credits

Cellulosic Ethanol

Biogas-Credits

Biogas

Biodiesel-Credits

Biodiesel

Ethanol-Credits

Ethanol



future scenarios surpass the impacts. Figure 8 also illustrates that the GHG benefits in the current scenario 

are due primarily to by-products from ethanol production (i.e. the replacement of DDGS from grain based 

ethanol), while the impacts are mainly attributed to biodiesel production. In the future scenarios, the 

largest benefits can be attributed to by-products from biogas production (i.e. replacement of conventional 

fertilizers), followed by utility benefits from cellulosic ethanol production, and, to a lesser extent, from 

gasification fuels production. 

As illustrated in 

 

Figure 9 and  

 

-30

-25

-20

-15

-10

-5

0

5

10

15

20

Current (2015) Future 1 -
Ambitious

Future 2 -
Cautious

Th
o

u
sa

n
d

  T
o

n
n

e
 S

O
2

-e
q

 E
m

is
si

o
n

s 
A

n
n

u
al

ly
 

Gasification Credits

Gasification

HVO-Credits

HVO

Cellulosic Ethanol-Credits

Cellulosic Ethanol

Biogas-Credits

Biogas

Biodiesel-Credits

Biodiesel

Ethanol-Credits

Ethanol

-15

-10

-5

0

5

10

15

20

Current (2015) Future 1 - Ambitious Future 2 - Cautious

Th
o

u
sa

n
d

  T
o

n
n

e
 P

O
4-

e
q

 E
m

is
si

o
n

s 
A

n
n

u
al

ly
 

Gasification Credits

Gasification

HVO-Credits

HVO

Cellulosic Ethanol-Credits

Cellulosic Ethanol

Biogas-Credits

Biogas

Biodiesel-Credits

Biodiesel

Ethanol-Credits

Ethanol



Figure 10, the largest increase in both potential acidification and eutrophication potentials can be 

attributed to gasification fuels and biogas; due primarily to their significant increase. Due to the increase 

of biogas, large credits are also illustrated, which can be attributed to the replacement of conventional 

fertilizers in future scenarios with increased biogas from household and crop residues. However, as 

illustrated in earlier in Figure 7 eutrophication impacts may increase in future scenarios with increased 

biofuel production, despite the benefits provided from by-products and utility synergies. 

 

Figure 9: Overview of total annual Acidification Potential Impacts (solid colors) and credits (patterned colors) from 

the different biofuel production pathways for the scenarios reviewed. 
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Figure 10: Overview of total annual Eutrophication Potential Impacts (solid colors) and credits (patterned colors) 

from the different biofuel production pathways for the scenarios reviewed. 

4.3 Specific GHG emission benefits  

Figure 11 reviews the specific GHG emission benefits (i.e. avoided emissions) per GWh of fuel produced 

in order to provide a comparison for the different fuel pathways; due to the large variance in output for the 

different scenarios (total biofuel production of 5.2, 29 and 13 TWh annually, respectively). Despite this 

division, the largest benefits can once again be attributed to the DDGS from grain based ethanol in the 

current scenario and fertilizer replacement from biogas production in the future scenarios. As can be 

noted, the cautious future scenario results in slightly more avoided emissions per GWh of produced 

biofuel than the more ambitious scenario, which can be explained by the difference in biofuel production 

mix. 
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Figure 11: Avoided emissions of CO2-eq per GWh of total biofuel production.  

 

4.4 Comparison to fossil equivalents 

The emissions from biofuel production and use were also compared with equivalent fossil fuel emissions 

in order to review the potential for biofuels to reduce GHG emissions, when also considering the final fuel 

use, i.e. during their life cycle. The equivalent fossil well-to-wheel GHG emissions of different fuels were 

based on default values provided by the Swedish Energy Agency, i.e 94.1 g CO2-eq/MJ [43]; see also 

Supplementary material B. 

Compared to fossil emissions, current production of biofuels may lead to reduced GHG emissions 

corresponding to roughly 1.5 million tonnes of CO2 equivalents annually, as shown in Figure 12 and 

Table 2. When reviewing the replacement of fossil fuels with only biofuels, roughly 1 million tonnes CO2 

equivalent emissions annually are avoided. Thereafter, if the benefits from by-products and utilities are 

also included, avoided emissions amount to roughly 1.5 million tonnes of CO2-eq. In the future scenarios 

the emissions savings are increased dramatically, due to significantly higher biofuel production volumes, 

and further increased when including the benefits from by-products and utilities, with net GHG benefits 

from biofuel use in place of fossil fuels.  
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 Figure 12: GHG emissions (shown in million tonnes CO2-eq emissions annually) compared to Fossil 

Equivalent Emissions when reviewing only biofuel production processes, and when including the credits 

from by-product and utilities. Negative emissions refer to avoided emissions.  

The potential for biofuels to reduce acidification and eutrophication impacts compared to fossil impacts 

were also reviewed. This was done by including fossil fuel (diesel and gasoline) production emissions as 

well as tank-to-wheel emissions using Ecoinvent datasets (see further information in the Supplementary 

material B). The results indicate that while GHG emissions and acidification impacts may be reduced, 

biofuels may, in fact, increase the potential eutrophication impacts; see Table 2.  

Table 2: Reviewing the avoided impacts from biofuel production, and including by-products and utilities, when 

comparing with fossil equivalent emissions 

 
GWP 

(M Tonnes CO2-eq) 

AP 

(Thousand Tonnes SO2-eq) 

EP 

(Thousand Tonnes PO4 eq) 

 
Current 

(2015) 

Future 

1 

Future 

2 

Current 

(2015) 

Future 

1 

Future 

2  

Current 

(2015) 

Future 

1 

Future 

2  

Biofuels 0.7 2.9 1.7 6.3 17.2 11.3 6.3 17.2 11.3 

By-Product & Utility 

Credits 

-0.5 -5.0 -2.5 -2.8 -24.1 -12.0 -3.0 -10.6 -6.5 

Fossil Equivalent 1.8 9.7 4.6 0.8 4.4 2.1 0.8 4.4 2.1 

Avoided -1.0 -6.9 -2.9 -6.6 -44.8 -21.7 5.5 12.8 9.3 

Avoided (Incl. By-

Products & Utilitiy 

Credits) 

-1.5 -11.8 -5.4 -0.3 -27.6 -10.4 2.4 2.2 2.7 
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4.5 Sensitivity to “Marginal” data choices 

Choosing the marginal system replaced is of utmost importance in studies on process integration using 

consequential methodology; see e.g. [8, 17]. In order to review the benefits provided from the systems, a 

sensitivity analysis was included to review the choice of the future marginal energy supply by replacing 

the current assumptions of fossil marginal systems. These include: 

1) biomass based district heating (S1) instead of natural gas based marginal heat 

2) natural gas based electricity (S2) instead of marginal coal electricity 

3) biomass based electricity production (S3) instead of marginal coal electricity 

As illustrated in Figure 13 the largest change in GHG benefits, compared to the current system occur 

when replaced heat for district heating is assumed to replace biomass based district heating, rather than 

natural gas based district heating. In future scenarios, the benefits created from heat and electricity utilities 

are also reduced when the marginal electricity is assumed to be natural gas based (S2) and biobased (S3); 

once again due to the fact that the current marginal electricity supply was assumed to be coal-based. 

Similar reductions in benefits when replacing the marginal system can be observed for acidification 

potential. Changes to the eutrophication potential are minor for the marginal energy supply choices.   

 

Figure 13: Reviewing the sensitivity to data normalized to the modeled data for each scenario. The data sensitivity 

bars include “modeled”-modeled system, S1-biomass based heating system, S2- natural gas electricity and S3-

biomass based electricity. Values below 100% show a reduction in credits, and values above show an increase in 

credits.  

4.6 Sensitivity to LCI data  

As discussed in the previous sections, biogas by-products were shown to have the largest credits from by-

products and utilities. For biogas, these credits were due primarily to the replacement of nitrogen, 
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phosphorus and potassium. In order to review the sensitivity to the data, LCI data for the replacement of 

conventional N, P and K fertilizers from Ecoinvent [25] and Börjesson et al.
9
 [14] were compared; 

labelled as B1 in Figure 14.  See Supplementary material B for a review of the data employed.  

 

Figure 14: Review of the change in Global Warming Potential (GWP), Acidification Potential (AP), Eutrophication 

Potential (EP) normalized to the modeled system to compare the sensitivity for biofertilizer data (B1). Values below 

100% show a reduction in credits, and values above show an increase in credits. 

As illustrated, the results for the modelled system and data for conventional fertilizers based on Börjesson 

et al. [14] differ by roughly 10-50% or more in nearly all categories. This entails that using the data from 

Börjesson et al. would lead to reduced credits; the largest for eutrophication potential in future scenarios.  

5 Discussion 

5.1 Impacts, benefits and trade 

Currently, the results suggest that more than 1.5 million tonnes of CO2-eq emissions annually are saved 

through the use of Swedish produced biofuels to replace fossil fuels, including the benefits from by-

products and utilities. In a similar study, the Swedish Energy Agency has estimated this amount to be 

roughly 1.9 million tonnes CO2-eq emissions annually for all biofuels consumed in Sweden [43]; although 

this is based on attributional LCA methods and applicable to all biofuels used in Sweden
10

. As such, the 

latter may be an underestimation of the total benefits from replacing fossil energy by the biofuel industry 

in Sweden. However, as there is a large share of biomass produced abroad for the consumed Swedish 

biofuels, the import of biofuels from abroad may lead to reductions of GHG emissions for the Swedish 

transportation fleet, but may increase the local impacts created both in Sweden and abroad (e.g. 

eutrophication, acidification and toxicity potential); see e.g. Martin et al. [24]. Similar results were 

                                                           
9
 The data from Börjesson et al. [14] was included as it provides a collection of data for biofuels produced in 

Sweden. 
10

 13 TWh in total in 2015, which can be compared with the 5.2 TWh produced in Sweden in the same year. 
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illustrated in this study, where increased biofuel consumption can lead to an increase in eutrophication 

potential.  

Furthermore, while the study implicitly assumes that all biofuels produced in Sweden are consumed 

within Swedish borders, biofuels are also being exported. For example, advanced biofuels have been 

exported to Germany and Finland in order to meet renewable share quotas, due to the beneficial 

environmental footprint of Swedish fuels; resulting in fuels with inferior environmental performance 

being imported to meet demands [44].  

5.2 Future increases in biofuel production 

Future biofuel production scenarios in this paper show a significant GHG reduction potential for non-fuel 

benefits. This would require a substantial production increase – from the current 5.2 TWh, to 13 (in the 

cautious future scenario) or 29 TWh (in the ambitious scenario). While several studies suggest there is a 

large potential to increase biofuel production, see e.g. Grahn and Hansson [22], several pathways have 

experienced a stagnation or even recession in recent years. These include biofuels from crops, e.g. 

biodiesel and ethanol, as well as biofuels from lignocellulosic feedstocks, e.g. gasification based fuels or 

cellulosic ethanol.  However, concurrently the use of biofuels in Sweden continues to increase, due in part 

to increases in HVO
11

 and upgraded biogas, which shows no signs of stagnation [43]. 

Despite the cancellation and recession of plans for new large-scale cellulose or waste based biofuel 

production plants during the past years [22], due in part to a lack of long-term guidelines and policy 

commitments [see e.g. 42, 45], the vision of a fossil fuel independent Swedish road transport system for 

2030 has not been abandoned. In particular the Swedish Energy Agency continues to support extensive 

research for biofuels [23]. Consequently, in the scenarios analyzed here we have acknowledged the 

current development, by assuming that biogas and HVO would experience significant increases. Fuels 

from crop based fuels were kept fairly constant at current levels, which is in line with limitations provided 

in the EU iLUC directive regarding conventional fuels from crop based raw materials [28]. For future 

production concepts we limited the scope to technologies that have reached (at least) pilot or 

demonstration scale and where plans for actual commercial operation either exist or have existed in 

Sweden. Biofuel production pathways that are currently actively pursued but where no publically 

accessible production data is yet available, most notably biofuels from lignin, were thus excluded.  

The resulting total biofuel production in the ambitious scenario (29 TWh) is slightly higher than the total 

volume in the full realization scenario in [22] (26 TWh biofuels), due mainly to assumptions regarding the 

expansion of biogas production, but in line with the estimated optimistic total potential for Swedish 

biofuel production outlined in the governmental investigation regarding a fossil fuel-independent vehicle 

fleet by 2030 (25-30 TWh) [21]. For the cautious scenario, the resulting total biofuel volume (13 TWh) is 

instead lower than the more restrictive scenario from the governmental investigation [21], but in line with 

an alternative development path described in [22] in which all new facilities are delayed by 10 years, 

which could in the light of recent development be argued as more likely. Notably, an annual domestic 

biofuel production volume of 13 TWh could cover the entire current Swedish usage of biofuels for 

transport, of which the majority is today imported. 
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 As well as other potential refinery based drop-in fuels that have not been explicitly covered in this study. 



The scenarios considered here can also be compared to scenarios outlined in the Nordic Energy 

Technology Perspectives (NETP), which predicts significantly slower biofuel growth and a lower total 

biofuel demand [46]. In the NETP Carbon-Neutral Scenario (CNS), the total road transport fuel demand 

for the Nordic countries in 2050 amounts to 110 TWh, of which around 40 TWh can be attributed to 

Sweden. The biofuel development outlined in the NETP however begins significantly later, with 2030 

biofuel levels corresponding roughly to today’s usage. The NETP also reports that a large share of the 

biofuels used will be imported to the Nordic countries; a significant difference between the assumptions in 

the scenarios from Grahn and Hansson [22] compared to the NETP in terms of the likely amounts of 

biofuels used in the Swedish transport sector in 2030.  

5.3 Benefits from production processes 

While many studies have reviewed the individual producers and co-located firms, this study provides a 

unique aggregated perspective for all biofuels produced in Sweden and for symbiotic production 

processes. As such, the ancillary benefits of the multi-functional processes from Swedish produced 

biofuels have been accounted for. This is important to provide insights into the benefits and value of 

biofuel production to promote a bio-based and circular economy.  

The results of this paper are however limited to the direct “credits” or benefits provided from biofuel 

production by-products and utilities in Sweden. Hence, the credits for by-products and utilities are 

assumed to replace conventional products used in Sweden. Many of the by-products (especially if 

upgraded and refined) may be sold on the global market.  With increased production and saturation of the 

Swedish market, some of the results may be overestimates of the credits these may provide, as less credits 

may be possible due to e.g. extended shipping distances and further upgrading. The choice of replaced 

conventional products by by-products and utilities from biofuel producers may have a large impact on the 

results. As discussed in previous studies including the by-product and utility synergies from biofuel 

producers, see e.g. [8, 15], the credits provided are dependent upon the methodological choices. The 

impacts were only reviewed assuming that the products replace a comparable amount of conventional 

products..  

One of the largest benefits from the biofuel industry in the future scenarios analyzed here originates from 

replacing conventional fertilizers with biogas digestate. Findings from many previous studies also suggest 

the large benefits that digestate may have as a fertilizer; see e.g. [15, 47, 48]. As biogas production is a 

key driver in the promotion of organic food production [49] it will be important to ensure that a sufficient 

supply of organically labelled fertilizers are available. Nonetheless, Martin [18] discusses the implications 

of increased biogas production on the market for biofertilizer and sludge
12

 use in Sweden. There are 

potential limitations from national regulations and the potential bottleneck this entails (ibid). The 

application of these nutrients may not be desirable in all cases due to irregular nutrient application and soil 

compaction [48, 49]. Upgrading to extract different nutrients has been proposed to improve the life cycle 

impacts and valorize these biogas systems [50-52]. 

It was also assumed that many of the raw materials and energy sources replaced by biofuel by-products 

and utilities were derived from fossil sources. As Sweden, and other nations worldwide, progress toward a 
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 Once again, in this study, the use of sludge for agricultural purposes was kept constant in all scenarios.  

 



bio-based economy, the replaced products may change in the future. Important by-products and utilities 

found in this study include heat, fodder and electricity. The model assumes that excess heat from the 

system will replace an equivalent amount of heat from natural gas. Even though natural gas today plays a 

rather limited role in the Swedish heating system, this can be seen to represent a scenario where the most 

expensive, of natural gas or oil based heat generation, is replaced by excess heat from biofuels production. 

In cases where no natural gas is used for heat generation the credits will be different (lower). Nonetheless, 

in future scenarios it is important to address the effect of changing the marginal system and the 

consequences it may have for the system, which is also highlighted in [15, 53].  

6 Conclusions 

Many previous assessments have focused on the negative environmental impacts associated with biofuel 

production, without explicitly taking potential benefits from multi-functional biofuel production processes 

into account. The aim of this study has been to bridge this knowledge gap by investigating the potential 

environmental benefits from replacement of conventional products and energy carriers by by-products and 

co-produced utilities from current and future biofuel production systems, using Sweden as a case study.  

The results suggest that the potentially large environmental benefits from biofuel production in Sweden 

may provide significant additional value to Swedish biofuel production, today as well as in the future. 

Failure to account for non-fuel related benefits from biofuel production will lead to underestimation of the 

potential for biofuels to contribute to GHG emission reduction targets when replacing fossil fuels. This is 

particularly valid for biofuels where the production systems are designed to deliver by-products and/or co-

produced utilities with high fossil replacement potential, e.g. grain based ethanol production, biogas 

production digestate, and utility integration with cellulosic and gasification fuels.  In some cases, the 

avoided emissions from replacing fossil products and energy sources can be larger than the emissions 

produced from the biofuel production; e.g. as seen with the example of biogas and the value of replacing 

conventional fertilizers. In future scenarios, using both cautious and ambitious production, the benefits are 

further increased.  With the current Swedish biofuel production portfolio, consideration of non-fuel related 

benefits could lead to 50% greater GHG emission savings, compared to when only considering the 

replaced fossil fuels. In the considered future fuel production mix scenarios the corresponding number 

could almost reach 90%, due to significantly increasing shares of biogas and lignocellulosic biofuels.  

While biofuels have large potential to contribute to reduced GHG and acidification emissions, the 

production of them may lead to other negative environmental impacts, in particular regarding potential 

increases of eutrophication. However, when considering the reduced impacts due to by-products and 

utilities, eutrophication impacts are reduced, although not as dramatically as for GHG emissions. 

This article has analyzed current production and future pathways to review the aggregated impacts from 

biofuel production processes and the potential benefits from the use of by-products and utilities; which are 

of significant importance to promote a bio-based and circular economy and to improve the decision-base 

for biofuel producers and policy makers.  

 



7 Future considerations 

While the current study has reviewed only the benefits of the use of by-products and utilities from biofuel 

production in Sweden, it is important to understand the implications of potential increases in the future for 

inputs and for other life cycles. This will include the consequential effects of increasing the use of residues 

and by-products for biofuel production and the effect this may have on other systems. Examples of such 

are e.g. the use of manure and organic waste for increased biogas production, the increase of residues used 

for HVO and an increase in forest residues for fuel production and the displacement effects this may have.  
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Supplementary Material A 

Biofuel Production Descriptions 

1 Introduction 

The following sections provide further details on the production processes for the biofuels assessed in the 

scenarios, with specific focus on the by-products and utilities from the biofuel producers.  

2 Grain and food residue based ethanol 

There are two producers of grain based ethanol in Sweden today – Lantmännen Agroetanol in Norrköping, 

which has been in operation since 2001, and since 2015 also St1 in Gothenburg.  

Lantmännen Agroetanol produces ethanol used for low blending with petrol in Sweden. In the past, the 

ethanol plant used primarily grains. In recent years, food residues have been used to replace a certain 

amount of grain raw material, and there is currently work to expand the raw material base to 

lignocellulosic feedstocks. Due to lack of data, no difference was made between ethanol from grain and 

from food residues in this study. In 2015, 1,100 GWh (190,000 m
3
) of ethanol was produced, due to the 

closing of one production line in 2014. In the two future scenarios, it was assumed that the production 

would match the previous full capacity of 1,300 GWh (230,000 m
3
).  

In 2015, the Etanolix plant by St1 Biofuels Oy was started in Gothenburg adjacent to the St1 refinery. The 

plant plans to use food waste to produce ethanol through fermentation. As no information on the output 

from 2015 was obtained, future scenarios for the plant were assumed to amount to the planned capacity of 

29 GWh (5,000 m
3
) per year. A basic description of the plant and concept can be found from St1; see [1]. 

Since no plans for production increases were identified in the biofuel production mapping, and since the 

share of biofuels from food crops will be capped at 7% in the EU [2], no further expansion of the future 

production capacity was assumed. 

2.1 By-products and utilities from grain based ethanol production 

The Agroetanol ethanol plant produces a number of by-products. The main product is dried distillers 

grains with solubles (DDGS) which is used as an animal fodder in various formulations [3]. Excess heat 

from the ethanol plant is also recirculated back to the CHP plant and used for district heating [4, 5, 6]. 

Further, carbon dioxide from the fermentation process is captured and purified for use in a variety of 

processes.  

From the St1 ethanol plant the only by-product is the dregs, which is used as animal fodder.  

For the fodder produced from ethanol production plants (90% DM), this was assumed to replace soy and 

barley fodder [7, 8] where 1 kg of soy fodder contains 0.44 kg protein, and 1 kg of barley fodder contains 

0.12 kg of protein. Equivalently 1 kg of DDGS was assumed to contained 0.33 kg of protein [3]. The heat 

was assumed to replace marginally produced district heating, but not at a 1:1 ratio; i.e. it was assumed that 

1 GWh of heat produced could replace 0.8 GWh of heat. The captured carbon dioxide was assumed to 

have a 90% efficiency to replace carbon dioxide from the global market.  



Table A 1 summarizes the outputs of the grain based ethanol production, as used for the analysis in this 

study. 

Table A 1. Summary of products and by-products from grain based ethanol production.  

Output Current (2015) Future 1 Future 2 Notes 

Agroetanol     

Ethanol 1,114 1,348 1,348 GWh/year 

DDGS 146 146 146 Tonnes/GWh. 90% DM 

CO2 146 146 146 Tonnes/GWh. Amount 

Captured 

Heat 0.1 0.1 0.1 GWh/year 

St1     

Ethanol   29 29 GWh 

DDGS  1,174 1,174 Tonnes per GWh. 10% DM 

 

3 Cellulose based ethanol 

One commercial process is currently operating in Sweden. Domsjö Fabriker in Örnsköldsvik produces 

specialty cellulose, lignosulfonate and bio-ethanol as their main products (sulfite pulping process), 

together with a number of smaller streams of products. The ethanol is sold to SEKAB who distributes it as 

fuel ethanol and technical ethanol (together with ethanol from other suppliers). The annual production 

capacity is approximately 127 GWh (21,000 m
3
) [9]. Today the cellulosic ethanol sold as fuel is not used 

on the Swedish market, but mainly goes to Finland, where it can be double-counted in the quota obligation 

scheme. This production volume was assumed to remain unchanged for the future scenarios. 

Ethanol from lignocellulosic feedstocks has also been of considerable interest for research and 

development and a number of concepts for efficient large-scale production of lingo-cellulosic ethanol have 

been proposed, often involving industrial integration and/or co-production of several energy products [e.g. 

10, 11, 12, 13]. Several commercial scale facilities have been planned, but have subsequently been 

suspended or abandoned, due mainly to lack of long-term policies and market uncertainties [14].  

For the two future scenarios we considered different implementation levels for three different large-scale 

biorefinery concepts for production of cellulosic ethanol based on enzymatic hydrolysis and SSF 

(simultaneous saccharification and fermentation) [15]. The concepts were selected based on estimations 

for future local conditions in Sweden, and are further described below. In the ambitious scenario ten 

ethanol plants, producing a total of 2,800 GWh ethanol per year, were modelled, while in the cautious 

scenario a more modest development was envisioned with only four plants, producing a total of 

1,100 GWh of ethanol. 

3.1 By-products and utilities from cellulose based ethanol production 

As Domsjö Fabriker is a biorefinery, with a number of different products (of which ethanol fuel 

constitutes a relatively small share, compared to the cellulose and lignin), the division into products and 

by-products is not fully relevant. The main by-product that can be assigned to the ethanol production is 

biogas. At the industrial site a co-digestion plant with streams of digestible materials from several 



different companies (Akzo, SELAB, Domsjö) is located. The produced biogas is partly used internally, 

partly combusted in Övik Energi’s CHP plant (assumed to replace forest fuels). No biogas is currently 

upgraded to vehicle fuel grade, due to lack of local market. 5% of the total annual biogas production 

(100 GWh) can be attributed to the ethanol production [9]. 

Figure A 1 gives an overview of the three considered future ethanol production concepts, and Table A 2 

summarizes the key figures, including production of by-products and utilities for each concept. 

 
 

 
 



 

Figure A 1. Overview of process concepts for cellulosic ethanol production for future production scenarios. Adapted 

from [11, 15]. 

Produced heat was assumed to replace marginal produced district heating. Electricity produced was 

assumed to replace marginal electricity.  

 

 

Table A 2. Summary of cellulosic ethanol concepts considered in this study for future production scenarios [15]. 

 Ethanol 1 Ethanol 2 Ethanol 3 

Feedstock Straw Forest residues Forest residues 

Feedstock input  

(per plant) 

120,000 tonnes DM/y 200,000 tonnes DM/y 200,000 tonnes DM/y 

Ethanol production  

(per plant) 

44,400 m
3
/y 

262 GWh/y 

49,416 m
3
/y 

292 GWh/y 

49,416 m
3
/y 

292 GWh/y 

Integration assumptions District heating 

systems or grain based 

ethanol production 

Forest industry or 

stand-alone 

Forest industry or 

district heating systems 

No. of plants in scenario 

Current (2015) / Future 1 / 

Future 2 

0 / 4 / 2 0 / 3 / 1 0 / 3 / 1 

By-products (GWh per GWh ethanol output) 

Biogas 
 0.06 

a 
0.52 

b 
0.51 

b 

Pellets 
 0 1.1 

c 
0 

Electricity 0.10 0 0.22 

Excess heat 0.32 0 0.94 
b From anaerobic digestion of the liquid part of the stillage. Sold as raw biogas (not upgraded). 
c From anaerobic digestion of the liquid part of the stillage. Sold as upgraded biogas. 
d From the solid residues. 

4 Biodiesel (FAME) 

Fatty Acid Methyl Esters (FAME) biodiesel can be produced from various types of oilseeds such as 

rapeseed, sunflower, soybean and palm oil, as well as from animal fats and vegetable and animal waste 

oils. In Sweden, rapeseed oil is used to produce RME (rape methyl ester).  



There are a number of small-scale producers of FAME in the agricultural industry in Sweden, but only 

two companies produce FAME (RME) at larger scale – Perstorp BioProducts AB in Stenungsund
13

 

(production capacity of 1,650 GWh or 180,000 m
3
/year) and Ecobränsle AB in Karlshamn (production 

capacity of 550 GWh or 60,000 m
3
/year but currently operating at about half of the maximum capacity) 

[16, 17]. In 2015, the production from Perstorp in Stenungsund amounted to 1,650 GWh and from 

Ecobränsle to 275 GWh. 

The produced FAME is mainly used at the Swedish market, where FAME is today used either as neat fuel 

(B100) in heavy-duty vehicles, or as low-blend in practically all fossil diesel sold at public fuelling 

stations. The low-blend level amounted to approximately 5% on average in all diesel in 2015 [18], even 

though up to 7% by volume is allowed under the Swedish Environmental Class 1 standard. 

In the two future scenarios, both plants were assumed to operate at maximum capacity. Since no plans for 

production increases were identified in the biofuel production mapping, and since the share of biofuels 

from food crops will be capped at 7% in the EU [2], no further expansion of the future production capacity 

was assumed. 

4.1 By-products and utilities from FAME production 

Transesterification of rapeseed oil with methanol of either fossil or renewable origin yields FAME as main 

product and glycerol as by-product. Raw glycerol is not a homogeneous product and the composition and 

properties depend on the production process design. Pure glycerol is used within e.g. medical, 

pharmaceutical and food industry. The most commonly used FAME production process applies 

homogeneous alkali catalysts (e.g. KOH, NaOH) in solution, which gives low purity glycerol with high 

alkali contents from remaining catalyst. Upgrading to chemical grade is costly, which is why this by-

product has relatively low economic value on the market. This type of process is used by Ecobränsle in 

Karlshamn, where KOH is used as catalyst. The overall yields on mass basis amount to 96-97 kg RME per 

100 kg of rapeseed oil, and 13-15 kg of glycerol of 78-80% purity [19]. The main use of this glycerol 

today is as substrate for biogas production in co-digestion facilities.  

Perstorp’s facility in Stenungsund is co-located with a chemical industry cluster and applies an industrial 

scale FAME production process based on a solid heterogeneous catalyst, operating under higher 

temperature and pressure than conventional FAME processes. While this results in slightly higher 

operation and maintenance costs, it also yields a glycerol by-product of considerably higher purity, which 

in turn results in a significantly higher market value. The glycerol yield amounts to 1 kg per 10 kg of RME 

produced, and this glycerol is today used in e.g. acrylic industry, as antifreeze agent and in pharmaceutical 

industry [17].  

Table A 3 summarizes the outputs of the FAME production, as used for the analysis in this study. 
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 Since 2016 Perstorp also operates a facility in Fredrikstad, Norway, with an annual production capacity of 

120,000 m
3
. Since this facility is located outside the geographical scope of this study, it’s not considered in the 

analysis. 



Table A 3. Summary of by-products from biodiesel (FAME) production. Values are per year. 

Output Current (2015) Future 1 Future 2 Notes 

Perstorp     

FAME 1,653 1,653 1,653 GWh  

Glycerol 10 10 10 Tonnes/GWh FAME 

Ecobränsle     

FAME 275 550 550 GWh  

Glycerol 14 14 14 Tonnes/GWh FAME 

 

5 Hydro-treated vegetable oil (HVO) and hydro-processed esters and fatty acids 

(HEFA) 

By hydro-processing esters and fatty acids, synthetic renewable fuels, which are chemically equivalent to 

fossil diesel fuel, can be produced. Even though the term HVO (hydrotreated vegetable oil) strictly only 

applies to fuel originating in oils of vegetable origin, such as crude tall oil (CTO), palm oil or rapeseed oil, 

it is in this paper applied also to fuels from non-vegetable origin (e.g. slaughterhouse waste and tallow).  

HVO was introduced on the Swedish market in 2011, when Preem in Gothenburg started production of 

CTO based HVO, under the brand name Evolution Diesel
14

. At the start in 2011, CTO was the primary 

feedstock for the HVO used in Sweden. As demand for HVO has increased, the share of CTO has 

decreased and in 2015, only 16% of all HVO used in Sweden originated from CTO
15

.  

Most of the HVO consumed in Sweden is currently imported (Neste being the other main actor, besides 

Preem) and Preem is the only HVO producer in Sweden. The HVO production capacity at Preem was 

increased from 850 GWh (90,000 m
3
) to 2,070 GWh (220,000 m

3
) HVO per year in late 2015

16
. Data on 

the distribution of raw materials in the Swedish HVO production was not available, but it is assumed that 

95% of the production in 2015 was based on crude tall diesel (CTD) which in turn was produced from 

CTO at SunPine’s factory in Piteå (see below), 3% on TME (tallow methyl ester) and 2% RME.  

The HVO production (Preem) is in the ambitious future scenario assumed to double from the current 

maximum capacity of 2,070 GWh (220,000 m
3
) to 4,150 GWh (440,000 m

3
) by 2030. The raw material 

for this production is assumed to be 55% CTD (which implies that another unit of similar size as the 

current SunPine factory would be required to supply this, which would require imported CTO); 35% 

would be TME and 10% would be RME. In the cautious future scenario, the maximum HVO production 

capacity is assumed to remain at 2,070 GWh/year. The total amount of CTO is in this scenario assumed to 

increase to near the maximum supply potential from Swedish pulp mills (2-2.5 TWh [14]) , which gives a 

total CTD share of 80%, with 15% assumed to be TME and 5% RME. 
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 Originally with 20% renewable content, which increased to 30% in 2012, and which now (2016) contains up to 

50% renewables (www.preem.se).  
15 31% originated from waste vegetable or animal oil, 30% from slaughterhouse waste, 15% from palm oil and 9% from 

rapeseed oil 20. Swedish Energy Agency. Drivmedel och biobränslen 2015, ER 2016:12. Eskilstuna: 2016.. All palm oil based 

HVO was included by the certification according to one of the approved certification systems by the EU Commission. 
16 Due to production line bottlenecks, the production capacity is currently (2016) approximately 160,000 m3 HVO per year. 

http://www.preem.se/


5.1 By-products from HVO production 

Preem’s Evolution diesel is produced from crude tall diesel (CTD), which in turn is produced from CTO 

(by-product from kraft pulp making) in a process based on heating and fractionation, by the company 

SunPine in Piteå. SunPine has a capacity of producing approximately 100,000 m
3
 CTD per year. During 

the spring 2016 the process was rebuilt somewhat and now also enables the delivery of tall oil rosin which 

reduces the capacity for production of CTD somewhat. The tall oil rosin is considered as a main product 

together with the CTD, and is in fact more profitable per tonne than the diesel product. The SunPine 

factory has a capacity of processing approximately 160 ktonnes of raw material (CTO) per year. Apart 

from the two main products, the process also results in the by-products tall oil pitch (40-50 ktonnes per 

year) and crude rosin pitch (1-2 ktonnes per year). The tall oil pitch is mainly sold as green bio-oil to the 

pulp mills to be used in the lime kilns and boilers, while crude rosin pitch is sold to the chemical industry. 

The CTD is shipped from Piteå to Gothenburg where it is co-processed with fossil crude to final products 

at the Preem refinery. An overview of the processes at SunPine and Preem is shown in Figure A 2.  

 

Figure A 2. Process description of the production of CTD at SunPine with subsequent upgrading at the Preem 

refinery. HX = heat exchanger. Based on information from personal communication and company webpages [21, 22, 

23, 24]. 

The by-products from the ISO-GHT and the processing of the renewable raw material are mainly water, 

heat and carbon dioxide. The heat can be used in other processes at the refinery but there is no market for 

“green” water or carbon dioxide. Preem cannot account for other by-products, such as naphtha or kerosene 

since there is a requirement of separate tanks for fossil and renewable sources (at least in liquid phase). 

For gas it is possible to apply mass-balance-principle, so when they process triglycerides, they get propane 

which would be possible to partly count as green. However, Preem uses the propane internally in the 

refinery and do not currently make any discounts for the “green” propane. It would be possible to produce 



also kerosene (jet fuel) from the process, but there are currently no incentives since jet fuel is completely 

deliberated from taxation.  

The by-products included from the upgrading at Preem are methane, hydrogen and naphtha. If Preem uses 

other renewable input than the CTD such as TME they will get propane instead of methane as by-product. 

The by-products from the process are assumed to replace the fossil counterparts (i.e. natural gas, fossil 

based hydrogen, and fossil naphta) [25]. 

Table A 4 summarizes the outputs of the HVO production, as used for the analysis in this study. 

Table A 4. Summary of by-products from HVO production. Values are per year. 

Output Current (2015) Future 1 Future 2 Notes 

HVO-CTD (crude tall diesel)    

HVO 806 2,282 1,660 GWh 

Methane 0.026 0.026 0.026 GWh/GWh HVO 

Naphtha 0.030 0.030 0.030 GWh/GWh HVO 

Hydrogen 0.004 0.004 0.004 GWh/GWh HVO 

Tall oil pitch 0.732 0.732 0.732 Tonnes/GWh HVO 

Tall oil rosin 0.338 0.338 0.338 Tonnes/GWh HVO 

Crude rosin picth 0.028 0.028 0.028 Tonnes/GWh HVO 

HVO-TME (tallow methyl ester)    

HVO 25 1,452 311 GWh 

Methane 0.211 0.211 0.211 GWh/GWh HVO 

Naphtha 0.030 0.030 0.030 GWh/GWh HVO 

Hydrogen 0.023 0.023 0.023 GWh/GWh HVO 

HVO-RME (rape methyl ester)    

HVO 17 415 104 GWh 

Methane 0.207 0.207 0.207 GWh/GWh HVO 

Naphtha 0.020 0.020 0.020 GWh/GWh HVO 

Hydrogen 0.015 0.015 0.015 GWh/GWh HVO 

 

6 Biogas from anaerobic digestion 

Biogas is of significantly more local character than most other biofuels, and imports and exports are 

negligible. In 2015, a total of 1,190 GWh biogas from anaerobic digestion was used as transport fuel in 

Sweden, out of a total biogas production of 1,900 GWh from 281 individual production facilities. Here 

biogas production has been reviewed on an aggregated level. The differentiation whether a plant is 

characterized as sewage treatment plant, farm-based or co-digestion depends mainly on the location and 

the substrates used. Sewage treatment plants use mainly sludge as substrate, but also digest other organic 

fraction of household and food industry waste. The substrate to co-digestion plants is characterized by an 

even distribution of different organic substrates, while the main substrate in farm-based plants is manure. 

Although industrial biogas plants and land-fills contribute with a relatively large share of total biogas 



production, they will not be part of the analysis in this study, as these plants do not produce transportation 

fuel and/or any usable by-products. Table A 5 summarizes the key aggregated numbers for the Swedish 

biogas production in 2015. 

Table A 5. Summary of total biogas production, biogas production for use in the transportation sector and substrates 

use in different types of biogas plants in 2015 [26]. 

Plant type No. of plants Total amount of 

biogas 

production 2015 

[GWh] 

Biogas production 

for use as 

transportation fuel 

2015 [GWh] 

Substrates 

Sewage 

treatment 

plants 

140 697 426 1% household food waste, 89% 

sludge, 8% food industrial 

waste, 2% others 

Farm-based 

biogas plants 

40 50 13 97% manure, 0.7% food 

industrial waste, 0.7% 

slaughterhouse waste, 0.7% 

energy crops, 0.9% others 

Co-digestion 

plants 

35 854 748 20% household food waste, 

36% manure, 26% food 

industrial waste, 10% 

slaughterhouse waste, 3% 

energy crops, 5% others 

Industrial 

biogas plants 

6 121 0 na 

Land-fills 60 187 2 na 

Sum 281 1,909 1,189  

 

As a number of recent studies have outlined [e.g. 27, 28, 29], there is a significant potential to increase the 

production of upgraded biogas in Sweden. Here we have followed the analysis of practicable biogas 

potential in Sweden by Dahlgren et al. [27] to create two scenarios for 2030. Dahlgren et al. report a total 

theoretical biogas potential of 17,500 GWh per year, of which 10,300 GWh from various waste categories.  

The ambitious scenario follows ‘Scenario 1, max’ in Dahlgren et al. and is characterized by favourable 

technology development (leading to increased yields) and an advantageous policy situation. In this 

scenario a total of 9,600 GWh biogas was assumed to be produced and upgraded to transport fuel quality, 

out of the total theoretical potential. Of this 6,100 GWh is produced in co-digestion plants, 2,800 GWh in 

farm-based plants, and 700 GWh in sewage treatment plants. In the cautious scenario (following ‘Scenario 

2, min’ in Dahlgren et al.), a more modest technology development was assumed as well as considerably 

less policy support, resulting in a total of 4,000 GWh biogas per year (2,100 GWh in co-digestion plants, 

1,200 GWh in farm-based plants, and 700 GWh in sewage treatment plants). 

6.1 By-products from anaerobic digestion 

By-product from the anaerobic digestion process is digestate, with different nutrient composition, 

depending on process/substrates. Data on the composition of the digestate was gathered from Ljung et al. 

[30] and Holm-Nielse et al. [31] to allow for an assessment of the environmental impacts that are avoided 

by utilizing the by-products from biogas production. In order to assess the amount of mineral fertilizers 



that are replaced by digestate from biogas production it is important to take the plant availability of macro 

nutrients (nitrogen, phosphorous, potassium) compared to conventional mineral fertilizers into account. 

For digestate from farm-based and co-digestion biogas plants, it was assumed that 1 kg NH4-N in the 

digestate can replace 1 kg of NH4-N in conventional fertilizer [32]. For phosphorous and potassium it was 

assumed that all P and K in the biofertilizer can replace P and K in mineral fertilizers [33]. For solid 

sludge from sewage treatment plants it was assumed that 15% of the total nitrogen content in the sludge is 

available to plants and can therefore replace conventional nitrogen fertilizer. For phosphorous this value 

was  assumed to be 50% and for potassium 90% [34]. Table A 6 summarizes the modeled nutrient 

compositions of biogas digestates and Table A 7 summarizes the outputs of the biogas production, as used 

for the analysis in this study. 

Table A 6. Summary of nutrient content in digestates from biogas production. 

Plant type Tot-N NH4-N Tot-P Tot-K Reference/Comments 

Sewage 

treatment 

plants 

9.5 kg/tonne 2.75 kg/tonne 7.3 kg/tonne 

(16.9 kg 

P2O5/tonne)  

0.8 kg/tonne 

(0.9 kg 

K2O/tonne 

Nutrient content in sludge 

from the Gryaab sewage 

treatment plant in 

Gothenburg [35]; TS 

approx. 25% [36]   

Farm-based 

biogas plants 

4.6 kg/tonne 3.1 kg/tonne 0.9 kg/tonne 

(2.1 kg 

P2O5/tonne) 

3.5 kg/tonne 

(4.2 kg 

K2O/tonne 

Feedstocks (1992) by 

volume 84% from 71 

farms (56 dairy, 7 pig, 3 

mixed, 5 mink or poultry), 

16% industrial food and 

slaughterhouse waste [31] 

Co-digestion 

plants 

4.7 kg/tonne 3 kg/tonne 0.5 kg/tonne 

(1.2 kg 

P2O5/tonne) 

1.4 kg/tonne 

(1.7 kg 

K2O5/tonne 

 

13% household food 

waste, 24 % manure, 15% 

industrial food waste, 30 

% slaughterhouse waste, 

18% other [30] 

 

Table A 7. Summary of by-products from biogas production. Values are per year.  

Output Current 

(2015) 

Future 1 Future 2 Notes Utilization/ 

Application as fertilizer 

WWTP      

Biogas 426 700 700 GWh  

Digestate 1,527 1,527 1,527 Tonnes/GWh biogas 28% 

Farm      

Biogas 13 2,800 1,200 GWh  

Digestate 24,222 24,222 24,222 Tonnes/GWh biogas 100% 

Codigestion      

Biogas 748 6,100 2,100 GWh  

Digestate 2,286 2,286 2,286 Tonnes/GWh biogas 99% 

 



7 Biomass gasification based synthetic fuels 

Sweden has a long history of research and development of thermal gasification of biomass for either 

heat/power production, or for production of synthetic fuels [37, 38, 39]. Examples of past research and 

demonstration activities include the LTU Green Fuels (formerly Chemrec) 3 MWth black liquor 

gasification pilot plant with DME/methanol production in Piteå
17

, and the Växjö Värnamo Biomass 

Gasification Centre, VVBGC, where an 18 MWth solid biomass gasifier was used for demonstration of 

BIGCC (biomass integrated gasification combined cycle) with plans for conversion of the plant to 

downstream fuel synthesis
18

. Similar to cellulosic ethanol, a number of plans for large-scale commercial 

operation have been made, but are currently suspended or abandoned due to market and policy 

uncertainties [14, 39]. 

Gothenburg Biomass Gasification Project, GoBiGas, is a project to produce bio-methane (synthetic 

natural gas, SNG) via gasification of solid biomass in an indirectly heated gasifier. The project is divided 

into two phases – first a demonstration phase to produce 20 MW SNG (started operation in 2014), to be 

followed by an 80-100 MW SNG facility in the second phase. The second phase has however, as of 

December 2015, been stopped following a political decision in the municipality of Gothenburg, and the 

future of GoBiGas is uncertain [39].  

The nominal production capacity of GoBiGas I is 160 GWh SNG per year. However, due to technical 

obstacles the actual production during 2015 amounted to only 30 GWh. For the two considered future 

scenarios, both GoBiGas I and II were assumed to be in place and to operate on nominal capacity by 2030, 

amounting to a total annual production of 960 GWh SNG. Also E.ON’s planned plant, Bio2Gas, was 

assumed to be in full operation in both scenarios, producing a total of 1,600 GWh SNG per year [14, 39].  

In addition to this, the ambitious future scenario also was assumed to contain additional solid biomass 

gasification
19

 based biofuel production (see Table A 8 below), resulting in additional biofuel volumes of 

2,400 GWh SNG and 3,500 GWh methanol by 2030. 

Only two biofuels were considered in this analysis. The first fuel is SNG, for which there is already 

existing infrastructure in place in many locations (integration potential with the biogas system, as well as 

the natural gas system) and where the plans for gasification based production are relatively far advanced. 

The second fuel is methanol, which similarly to ethanol could be utilized in low- or high-blend fuels. 

Other possible end fuels could be expected to have similar environmental performance from the 

production, due to significant process similarities. 

7.1 By-products from biomass gasification based biofuel production 

The main by-products from gasification based fuel production are typically excess heat for use in e.g. 

district heating systems or in other industry, as well as potentially co-produced excess electricity. By 

optimizing the process, excess heat can be used internally in the plant, which reduces the need for 

                                                           
17

 Operation was terminated in May 2016 due to lack of funding. Prior to that, the gasification plant has operated 

for more than 26,000 hours, since the start in 2010. The facility is currently not in use. 
18

 Due to lack of industrial co-financing this effort was terminated in 2011 and the facility is currently not in use. 
19

 Fuel production based on gasification of black liquor is not considered in this analysis, due to current low 

interest from the forest industry, as well as to the closed system characteristics of black liquor based biofuel 

production concepts, with few or no by-products crossing the production system boundary. 



available heat load nearby. In this study we consider both concepts with and without excess heat as by-

product. In Table A 8  the considered concepts are summarized. 

From the demonstration facility in operation (GoBiGas I), only excess heat is utilized today. The process 

also yields CO2 which could be recovered and sold, and tars that could also be utilized, but are today used 

for energy purposes only.  See Table A 8.  for a summary. 

 

 

Table A 8. Summary of biomass gasification based fuel concepts considered in this study for future production 

scenarios. 

 GoBiGas 
a 

Bio2Gas 
b 

Optimized SNG 
c 

Optimized 

MeOH 
c 

Feedstock Forest residues Forest residues Forest residues Forest residues 

Biofuel SNG SNG SNG Methanol 

Feedstock input 
d
  

(per plant) 

 2,670 GWh/y  3,440 GWh/y 3,440 GWh/y 

Biofuel production 

(per plant) 

160+800 GWh/y 1,600 GWh/y 2,390 GWh/y 1,744 GWh/y 

Integration assumptions District heating 

systems  

District heating 

systems 

Stand-alone Stand-alone 

No. of plants in scenario: 

Current (2015) / Future 1 

/ Future 2 

0 / 1 / 1 
e 

0 / 1 / 1 0 / 1 / 0 0 / 2 / 0 

By-products (GWh per GWh fuel output) 

Electricity  0 0.025 0.040 0.0037 

Excess heat to DH  0.57 0.050 0 0 
e Assuming full operation of phase I + phase II of GoBiGas for 8000 h/y [40]. 
f Concept by E.ON for SNG from gasified biomass (figures for Nth plant concept). The project has been granted NER300 support and 

was planned to begin operation in 2018, but has been postponed due to financial and political uncertainties [14, 41, 42].  
g Based on Holmgren et al. [43] for a heat optimized stand-alone biofuel production concept, for SNG and methanol respectively, where 

excess heat is used internally in the process as well as to produce electricity. 
h Forest residues with 50% moisture content, based on lower heating value (LHV). 
i For the current scenario GoBiGas I was considered with the actual production volume during 2015, i.e. 30 GWh. 

8 Summary of biofuel Swedish biofuel production 

In Table A 9 the biofuel production scenarios evaluated in this study are summarized on plant or concept 

level. 



Table A 9. Summary of the three evaluated biofuel production scenarios. Annual Swedish biofuel production, 

GWh/year. 

 Name/Plant Current 

(2015) 

Future 1 – 

Ambitious  

Future 2 – 

Cautious  

Grain based 

ethanol 

Agroetanol 

St1 

1,114 

0 

1,348 

29 

1,348 

29 

Cellulose based 

ethanol 

Domsjö/SEKAB 

Concept ‘Ethanol 1’ 

Concept ‘Ethanol 2’ 

Concept ‘Ethanol 3’ 

127 

0 

0 

0 

127 

1,048 (4 plants) 

875 (3 plants) 

875 (3 plants) 

127 

524 (2 plants) 

292 (1 plant) 

292 (1 plant) 

Biodiesel (FAME) Perstorp 

Ecobränsle 

1,653 

275 

1,653 

550 

1,653 

550 

HVO Preem CTO based HVO 

Preem TME based HVO 

Preem RME based HVO 

806 

26 

17 

2,282 

1,452 

415 

1,660 

311 

104 

Biogas Sewage treatment plants 

Farm based plants 

Co-digestion plants 

427 

13 

748 

700 

2,800 

6,100 

700 

1,200 

2,100 

Biomass 

gasification based 

synthetic fuels 

GoBiGas (SNG) 

Concept ‘Bio2Gas’ (SNG) 

Concept ‘Optimized SNG’ 

Concept ‘Optimized methanol’ 

30 

0 

0 

0 

960 

1,600 (1 plant) 

2,392 (1 plant) 

3,488 (2 plants) 

960 

1,600 (1 plant) 

0 

0 
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Supplementary Material B 

LCI Data 

The following tables provide further details on the LCI data used.  

Table B 3: LCI data and references to datasets for biofuel production emissions (emissions per GWh of respective 

fuel). GWP-Global Warming Potential, AP-Acidification Potential, EP-Eutrophication Potential. 

Fuel/Producer GWP 

(kg CO2-eq) 

AP 

(kg SO2-eq) 

EP 

(kg PO4-eq) 

Reference Dataset 

Ethanol-

Grainbased 

1.70E+05 1.29E+03 2.47E+02 Martin et al. 2014 Sweden, Ethanol 

Ethanol-Food 

Waste 

1.70E+05 1.29E+03 2.47E+02 Martin et al. 2014 Sweden, Ethanol 

Future Ethanol-

Grain/Waste 

1.70E+05 1.29E+03 2.47E+02 Martin et al. 2014 Sweden, Ethanol 

Biogas-WWTP-

Biogas 

1.21E+05 2.11E+02 6.79E+01 Ecoinvent Anaerobic Treatment of 

Sludge 

Biogas-Farm-

Biogas 

2.14E+05 5.80E+02 2.03E+02 Ecoinvent Anaerobic Treatment of 

Manure and Biowaste 

Biogas-Co Digest-

Biogas 

8.76E+04 4.97E+02 8.91E+01 Ecoinvent Anaerobic Treatment of 

Biowaste 

RME 1.91E+05 2.17E+03 1.59E+03 Martin et al 2017 Sweden, RME 

HVO-RTD 4.37E+04 1.20E+02 1.44E+01 Martin et al 2017 Sweden, HVO-RTD 

HVO-TME 2.23E+04 2.87E+01 2.48E+00 Martin et al 2017 Sweden, HVO-TME 

HVO-RME 1.76E+05 1.59E+02 1.11E+01 Martin et al 2017 Sweden, HVO-RME 

Ethanol-Wood 

Based 

6.48E+04 5.83E+02 1.47E+02 Ecoinvent SE: ethanol production 

from wood  

GoBiGas-SNG 1.25E+05 7.56E+02 3.96E+02 Ecoinvent synthetic gas production, 

from wood, at fixed bed 

gasifier 

Concept Bio2Gas –

SNG 

1.25E+05 7.56E+02 3.96E+02 Ecoinvent synthetic gas production, 

from wood, at fixed bed 

gasifier 

Concept 

Optimized-SNG 

1.25E+05 7.56E+02 3.96E+02 Ecoinvent synthetic gas production, 

from wood, at fixed bed 

gasifier 

Concept Optmized-

MeOH  

4.77E+04 3.04E+02 2.26E+02 Ecoinvent market for methanol, from 

biomass  

 

  



Table B 4: LCI data for replaced products and utilities. 

   GWP AP EP Reference Data source 

  Unit kg CO2-

eq 

kg SO2-

eq 

kg PO4-

eq 

   

Barley 

Fodder 

Tonnes 5.14E+02 4.72E+00 6.55E+00 Ecoinvent GLO: market for barley grain, feed, 

Swiss integrated production 

ecoinvent 

Soy Fodder Tonnes 7.54E+02 3.77E+00 9.18E+00 Ecoinvent GLO: soybean meal to generic 

market for protein feed ecoinvent 

Nat Gas GWh 1.70E+04 6.42E+01 7.35E+00 Ecoinvent market for natural gas, high 

pressure, alloc. default 

Petrol GWh 6.37E+04 5.75E+02 1.38E+02 Ecoinvent market for petrol, unleaded  

Conv. CO2  Tonnes 7.99E+02 2.22E+00 3.20E-01 Ecoinvent market for carbon dioxide, liquid, 

alloc. default 

Biowaste Tonnes 1.82E+02 1.36E+00 3.60E-01 Ecoinvent market for biowaste 

District 

Heating 

GWh 2.51E+05 3.53E+02 2.51E+01 Ecoinvent market for heat, district or 

industrial, natural gas, alloc. 

default, (Europe), MJ 

Fertilizer 

NH4-N 

Tonnes 1.16E+04 5.00E+01 1.78E+01 Ecoinvent GLO: market for nitrogen fertiliser, 

as N ecoinvent 

Fertilizer 

P2O5 

Tonnes 2.09E+03 2.71E+01 9.19E+00 Ecoinvent GLO: market for phosphate 

fertiliser, as P2O5  

Fertilizer 

K2O 

Tonnes 6.87E+02 4.05E+00 1.16E+00 Ecoinvent GLO: market for potassium 

fertiliser, as K2O  

Fossil 

Penta-

erythritol 

Tonnes 2.70E+03 1.99E+01 7.81E+01 Ecoinvent GLO: market for pentaerythritol  

Glycerine Tonnes 2.48E+03 1.86E+01 1.75E+01 Ecoinvent GLO: market for glycerine  

Potassium 

Sulfate 

Tonnes 1.47E+03 1.70E+01 1.69E+00 Ecoinvent Market for Potassium Sulfate 

Heavy fuel 

oil 

GWh 4.16E+04 4.36E+02 4.21E+01 Ecoinvent market for heavy fuel oil, alloc. 

default, (Europe) 

Hydrogen GWh 2.08E+03 5.68E+00 5.70E-01 Ecoinvent market for hydrogen, liquid  

Rosin Tonnes 1.96E+03 1.47E+01 1.60E+01 Ecoinvent GLO: market for rosin size, for 

paper production  

Terpentine Tonnes 5.15E+02 5.39E+00 5.20E-01 Ecoinvent market for heavy fuel oil, alloc. 

default, (Europe) 

Naptha GWh 3.16E+03 4.46E+01 1.54E+01 Ecoinvent RER: Naptha 

Electricity 

(Coal) 

GWh 9.90E+05 2.49E+03 2.70E+02 Ecoinvent electricity production, hard coal, 

alloc. default 

Electricity 

(Nat Gas) 

GWh 5.33E+05 3.80E+02 7.94E+01 Ecoinvent  electricity production, natural gas, 

alloc. default 

Electricity 

(Biobased) 

GWh 3.89E+04 7.36E+02 1.94E+02 Ecoinvent heat and power co-generation, 

wood chips, 6667 kW, state-of-the-

art 2014 Ecoinvent 

District 

Heat-

Natural Gas 

GWh 2.51E+05 3.53E+02 2.51E+01 Ecoinvent market for heat, district or 

industrial, natural gas, alloc. 

default, (Europe), MJ 

District 

Heat 

(Biobased) 

GWh 6.73E+03 1.63E+02 3.99E+01 Ecoinvent heat and power co-generation, 

wood chips, 6667 kW, state-of-the-

art 2014  

 



Table B 3: LCI data for replaced products sensitivity, from Börjesson et al. 2014 

  
GWP AP EP 

 
Unit kg CO2-eq kg SO2-eq kg PO4-eq 

N-Fertiizer 

(NH4-N) 
Tonnes 6.56E+03 8.60E+00 2.48E+00 

P-Fertilizer 

(P2O5) 
Tonnes 3.16E+03 4.80E+01 2.38E+00 

K-Fertilizer 

(K2O) 
Tonnes 4.67E+02 7.25E+00 3.51E-01 

 

Table B 4: LCI data for fossil equivalent emissions 

Impact Category Value Unit 

GWP
a 

338,760 kg CO2/GWh 

AP
b 

722.2 kg SO2-eq/GWh 

EP
b 

152.5 kg PO4 eq/GWh 
a-From Swedish Energy Agency (2016). The value is slightly higher than that produced from the average from Ecoinvent as 

described footnote b below (which has a value of 304,380 kg CO2/GWh).  

b-average of well-to-wheels emissions from datasets for petrol and diesel. 1) From crude oil and bio components, 2) Diesel driven, 

Euro 5 passenger car, 3) Petrol driven, Euro 5 passenger car. Ecoinvent (2014) 
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