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PREFACE 
 
On 11 December 2008, the Swedish University of Agricultural Sciences (SLU) was 
commissioned by the Swedish Ministry of Agriculture to ‘calculate greenhouse gas emissions 
within the framework of the EU sustainability criteria for biofuels’. The task was to calculate the 
greenhouse gas impact of biofuels and other bioliquids, as well as biogas produced with liquid 
and solid manure as raw material. It was to be calculated in accordance with Article 19 in the 
directive for environmental sustainability criteria for biofuels (2009/28/EC). See Annex 1 for a 
complete task description. On 12 January 2009, the Vice-Chancellor of SLU appointed Helene 
Lundkvist as task coordinator (Annex 1). A working group comprising the following members 
was formed: 
 
Helene Lundkvist, Professor, Dept. of Ecology. Coordinator and expert in bioenergy. 
Pär Aronsson, Associate Professor, Dept. of Crop Production Ecology. Assistant coordinator and 
expert in bioenergy. 
Per-Anders Hansson, Professor, Dept. of Energy and Technology. Expert in environmental and 
energy systems analysis. 
Serina Ahlgren, Ph.D. candidate, Dept. of Energy and Technology. Expert in environmental and 
energy systems analysis and responsible for section on liquid biofuels. 
Marie Kimming, Ph.D. student, Dept. of Energy and Technology. Expert in environmental and 
energy systems analysis and responsible for section on biogas. 
Olof Andrén, Professor, Dept of Soil and Environment. Carbon balance expert. 
 
The reference group consisted of the following members: 
Sven-Olov Ericson, Deputy Director, Energy Division, Ministry of Enterprise, Energy and 
Communications. 
Anna Lundborg, Programme Manager at the Energy Technology Department, Swedish Energy 
Agency.  
Alarik Sandrup, Senior energy policy advisor at the Federation of Swedish Farmers. 
Camilla Lagerkvist Tolke, Advisor at the Swedish Board of Agriculture, Bioenergy Division. 
 
Within the working group, Serina Ahlgren and Per-Anders Hansson developed the calculation 
model, collected data and performed the calculations for cultivation of raw material for liquid 
biofuels, and produced the corresponding section of the report. Marie Kimming in collaboration 
with Per-Anders Hansson carried out the same work for biogas from manure. Other members of 
the working group contributed expertise and supplementary data. In addition to his role as expert, 
Pär Aronsson was also responsible for editing the final report.  
 
The working group and parts of the reference group met with the commissioning agent, the 
Swedish Ministry of Agriculture, at an early stage of the process to discuss the task and the 
Directive. During the course of the work, a follow-up meeting was held. In addition to the 
individual work processes, the working group had nine meetings for discussions and 
collaboration. The working group met with the reference group on three occasions. The reference 
group also participated in discussions via e-mail. SLU wishes to thank the reference group 
and other persons who have contributed with expertise during the course of this work.  
 
The final report was presented to the Swedish Ministry of Agriculture on 5 May 2009, and for the 
European Commission on 30 July 2009. 
 
Uppsala, 8 September 2009    Helene Lundkvist  
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SUMMARY 
 
This report presents the results of a task performed by the Swedish University of Agricultural 
Sciences (SLU) at the behest of the Swedish Ministry of Agriculture. It describes the greenhouse 
gas emissions from the cultivation of agricultural crops for production of biofuels and the 
production of biogas from solid and liquid manure. The calculations are based on life cycle 
assessment (LCA) methodology, which was adapted to comply with the EU Directive for which 
this task was performed (European Parliament, 2009). Interpretations of the Directive were 
sometimes necessary. A basic condition of the study was that the results had to be representative 
of the situation in the year 2010. 
 
Based on the assumptions made, the following results were obtained for emissions of greenhouse 
gases (g CO2eq/ MJ fuel) from the cultivation of winter wheat, Triticale, spring barley and winter 
rapeseed: 
 

County 

Winter 
wheat 
(ethanol) 

 
Triticale 
(ethanol) 

Spring 
barley 
(ethanol) 

Winter 
rapeseed 
(RME) 

Stockholm 17.8 17.0 17.9  
Uppsala 18.7 17.7 15.6  
Södermanland 19.6 16.6 15.8 20.0 
Östergötland 18.3 16.8 19.2 17.2 
Jönköping 18.0 19.7 18.3  
Kronoberg 17.4 15.9 15.7  
Kalmar 17.1 18.7 18.9 15.2 
Gotland 16.8 15.2 15.8 18.2 
Blekinge 16.8 17.0 16.6  
Skåne 17.4 17.8 15.7 18.9 
Halland 18.4 14.0 15.5 20.4 
V:a Götaland 19.8 16.9 19.3 18.0 
Värmland 20.1 17.7 20.0  
Örebro 17.7 18.1 16.3  
Västmanland 18.6 16.2 16.0  
Dalarna 18.0  18.0  
Gävleborg   16.6  
Västernorrland   18.8  
Jämtland   15.4  
Västerbotten   20.3  
Norrbotten   18.4  

 
Sensitivity analyses showed that the choice of methodology and input data when calculating 
nitrous oxide emissions from crop cultivation could alter the results considerably. Crop 
cultivation on organic soils would result in 3- to 4-fold higher values than those presented above. 
The use of nitrogen (N) fertilizer produced with old technology, without catalytic cleaning of 
nitrous oxide, would increase total emissions by approximately 40% for winter wheat. The 
analyses also showed that cultivation of winter wheat for ethanol production using a dedicated 
wheat variety and reduced nitrogen fertilization would reduce average emissions by 6%. 
 



4 
 

The calculated emissions from biogas production were compared with a reference system in 
which manure is stored in tanks before spreading in the field. The results are presented here as the 
difference between biogas production and the reference system (g CO2eq/MJ fuel):  
 
 
 Biogas 

production 
Reference 
system Net emissions 

Solid manure (cattle) 3.8 29.4      -25.6 
Liquid manure (cattle) 5.8 45.2      -39.4 
Liquid manure (swine) 5.1 45.7      -40.6 
 
Biogas production thereby reduced the emissions of greenhouse gases to the atmosphere, given 
the assumptions made. The sensitivity analyses showed that the results are relatively sensitive to 
assumptions regarding the emissions of methane and nitrous oxide during storage and spreading 
of manure and digestion residues, respectively. Furthermore, these calculations assumed that 
modern technology is used for upgrading the gas to vehicle fuel quality. Old technology with 
higher methane leakage would result in significantly higher emissions of greenhouse gases.  
 
All emission values calculated for the base scenarios fell below the default values stated in the 
EU Directive.   
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1. INTRODUCTION 

On 23 January 2008, the European Commission presented its proposal for a climate-energy 
legislative package, including a proposal for a Directive on the promotion of the use of energy 
from renewable sources (European Parliament, 2009). One of the purposes of this Directive is to 
ensure that biofuels are produced in a sustainable manner. Sustainability criteria with which the 
biofuels must comply have been developed for this purpose. If these criteria are not complied 
with, the biofuel may not be taken into account when measuring compliance with national targets 
for the use of biofuels and is not eligible for financial support for the consumption of biofuels. 
The criteria take into account social sustainability and do not permit cultivation on land with 
recognized high biodiversity value or high carbon stock. The greenhouse gas emission savings 
from the use of the biofuel must be at least 35% compared with the use of a reference fossil fuel. 
Moreover, there are specific requirements on the cultivation of agricultural crops for biofuels. 
The use of simplified methodology to calculate greenhouse gases, where default values are given 
in Annex V to the Directive, is only permitted if the cultivation of winter wheat for ethanol 
production generates no more than 23 g CO2eq/MJ ethanol and the cultivation of rapeseed for rape 
methyl ester (RME) generates no more than 29 g CO2eq/MJ RME.  
 
The Swedish Ministry of Agriculture commissioned the Swedish University of Agriculture (SLU) 
to calculate the greenhouse gas impact of cultivation of agricultural crops for biofuels in Sweden. 
The task also included calculation of greenhouse gases from production of biogas from solid and 
liquid manure. 
 
 

2. METHODOLOGY 

A basic condition for this study was that the results would be representative of the situation in the 
year 2010, which is the first year in which the EU Directive (2009/28/EC) could come into effect. 
This condition was fulfilled either by making projections for the year 2010 (for example 
regarding yields and drying techniques) or, when appropriate, by assuming that available data are 
valid for the situation in 2010. Considering the rapid technical development in the agricultural 
sector, the emergence of new scientific knowledge on the quantification of greenhouse gas 
emissions and the potentially large financial significance of the results of the calculations, it is 
recommended that the study be updated at relatively short intervals. It is also likely that new 
interpretations or versions of the Directive will make such updates necessary. 
 
The choice of methodology for the study was to a large extent based on the text of the Directive 
(European Parliament, 2009), according to which the greenhouse gas emissions from the 
production and use of transport fuels, biofuels and other bioliquids shall be calculated as:  
 

E = eec + el + ep + etd + eu - esca – eccs – eccr – eee 

 

where: 
 
E = Total emissions from the use of the fuel  

eec = Emissions from the extraction or cultivation of raw materials 

el = Annualized emissions from carbon stock changes caused by land use change 
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ep = Emissions from processing 

etd = Emissions from transport and distribution 

eu = Emissions from the fuel in use 

esca = Emission savings from soil carbon accumulation via improved agricultural management 

eccs = Emission savings from carbon capture and geological storage 

eccr = Emission savings from carbon capture and replacement 

eee = Emission savings from excess electricity from co-generation. 

 
Emissions from the manufacture of machinery and equipment shall not be taken into account.  
 
The same characterisation factors as are used in the EU Directive on the promotion of the use of 
energy from renewable sources were used in this study: 
 
CO2: 1 
N2O: 296 
CH4: 23 
 
Data on emissions from the production and distribution of electricity in the year 2005 were 
obtained from the Swedish Energy Agency (Tobias Persson, Swedish Energy Agency, pers. 
comm. I). More recent data are not available and therefore the value for 2005 was assumed to 
remain valid for 2010. In the base scenarios, average emissions from the Swedish electricity 
generation mix (22.6 g CO2eq/kWh) were assumed. Data on emissions from the production and 
distribution of diesel and oil were obtained from Uppenberg et al. (2001). 

 

2.1 Cultivation of agricultural crops for biofuel production 

SLU’s task was to calculate eec,, which means the emissions from the extraction or cultivation of 
raw materials. The EU Directive does not mention whether crop drying should be taken into 
account in calculating eec , but after discussions with the reference group, SLU decided to include 
it. 
 
The Directive contains very little information on the methodology for calculating the emissions of 
greenhouse gases from cultivation of crops for biofuel production. In Article 19, Annex V, 
Chapter C, Item 6, the following is stated regarding the calculation methodology: 
 

‘Emissions from the extraction or cultivation of raw materials, eec, shall include 
emissions from the extraction or cultivation process itself; from the collection of raw 
materials; from waste and leakages; and from the production of chemicals or 
products used in extraction or cultivation. Capture of CO2 in the cultivation of raw 
materials shall be excluded. Certified reductions of greenhouse gas emissions from 
flaring at oil production sites anywhere in the world shall be deducted. Estimates of 
emissions from cultivation may be derived from the use of averages calculated for 
smaller geographical areas than those used in the calculation of the default values, as an 
alternative to using actual values.’ 
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However, the Directive is clear on the choice of allocation method; co-products shall be allocated 
a share of the greenhouse gas emissions proportional to the lower heating value of the products. 
Agricultural crop residues are not assumed to have any value and are not burdened with any of 
the emissions from the cultivation (Article 19, Annex V, Chapter C, Items 17 and 18):  
 

‘Where a fuel production process produces, in combination, the fuel for which 
emissions are being calculated and one or more other products (‘co-products’), 
greenhouse gas emissions shall be divided between the fuel or its intermediate 
product and the co-products in proportion to their energy content (determined by 
lower heating value in the case of co-products other than electricity).’ 

 
 ‘Wastes, agricultural crop residues, including straw, bagasse, husks, cobs and nut 

shells, and residues from processing chains, including raw glycerin (glycerin which has 
not been refined) shall be considered to have zero life-cycle greenhouse gas emissions up 
to the process of collection of these materials.’ 

 
According to the task description to SLU from the Swedish Ministry of Agriculture, the 
calculations had to be conducted on NUTS level 2 (regional level) and NUTS level 3 (county 
level). 
 
Four agricultural crops are included in this report; winter wheat, spring barley, Triticale and 
winter rapeseed. The first three crops are used as raw materials for ethanol production, while 
rapeseed is used for the production of rape methyl ester (RME).  
 
To the greatest extent possible, typical values for input data were used in order for the results to 
reflect an average value for each crop and county. The input data were mainly obtained from 
Statistics Sweden. The calculations were only performed for crops fertilized with commercial 
fertilizers.  
 
A reference system is required for the calculation of emissions from crop cultivation. In this 
study, SLU opted to compare the production of agricultural crops with extensive grasslands. 
Some of the greenhouse gas emissions from cultivation of agricultural crops for biofuel 
production would also have been emitted from the grasslands, and should therefore be deducted. 
This approach has long been applied for calculations and reporting of nitrogen leaching from 
Swedish agriculture, for example to HELCOM PLC5 (Johnsson et al., 2008). For the present 
calculations, the reference ‘extensive grassland’ was defined as an unfertilized, unharvested ley 
crop. Leaching from the grassland was calculated as an average value for 20 years without 
harvesting.  
 
The calculations were performed for greenhouse gas emissions typical for agricultural crops 
produced with conventional cultivation methods on mineral soils, both on regional and county 
level. However, the calculations had to comply with the EU Directive, so the methodologies, 
system boundaries and input data used were therefore a combination of common LCA practices 
and interpretations of the Directive. For the interpretations of the Directive, SLU consulted the 
reference group.  
 

2.2 Biogas from manure 

In the calculations for biogas, several assumptions were made. According to the task description, 
SLU had to calculate greenhouse gas emissions from biogas production from manure, with the 
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gas used as vehicle fuel. A biogas plant using manure as substrate is likely to be an on-farm 
biogas installation, since long-distance transportation of manure is hardly an economically viable 
option. However, a farm would typically not be able to invest in expensive technology for 
upgrading the biogas to vehicle fuel quality and, moreover, the fuel would be located far from the 
end-users. In the system analysed, it was therefore assumed that the raw gas is produced on a 
farm, with substrate (solid and liquid manure) from the farm’s animal stock. The raw gas is dried 
and pumped via pipelines to a central upgrading plant where it is cleaned, odorized and 
compressed, ready to be used as vehicle fuel. The farms were assumed to have in the order of 
100-500 animal units and the upgrading facility was assumed to have a production capacity of 
10 000 MWh vehicle fuel per year. At the farm, the digestion residues from the biogas plant were 
assumed to be returned to the fields.  
 
The calculation was conducted as a comparative study against a reference system, in which the 
manure is collected in a storage tank and spread on the fields without digestion. The methane 
emissions from digestion residues (during storage and spreading) are significantly lower than 
those from the undigested manure, which means that greenhouse gas emissions can be 
significantly reduced via the production of biogas. A double climate benefit is thus achieved, 
which is recognized by, for example, the Joint Research Centre (JRC), in a report to the European 
Commission during preparation of the EU Directive on the promotion of the use of energy from 
renewable sources (Edwards et al., 2008).  
 
The system boundary was drawn where the manure is collected and stored in the open storage 
tank. The system includes all process steps until the manure/digestion residues are spread on the 
fields. In accordance with Annex V of the Directive, the production of the manure was assumed 
to not contribute to the production of greenhouse gas emissions, and was thus assumed to be ‘for 
free’ from a climate perspective. 
 
The study did not differentiate between geographical regions. Factors that are likely to vary with 
the climate conditions in, for example, Northern and Southern Sweden are the heating demand for 
the digestion process, and methane and nitrous oxide emissions from storage and spreading of 
undigested manure and digestion residues, respectively. Regarding greenhouse gas emissions 
from storage, the available data were not sufficient to allow for geographical differentiation 
within Sweden.  
 

 

3. INPUT DATA FOR CULTIVATION OF CROPS FOR BIOFUEL 
PRODUCTION 

 

3.1 Area cultivated with each crop type 

Only Swedish counties where the respective crop types are cultivated over a significant area were 
considered in the study (Table 1). Due to lack of data, some calculations could not be performed. 
These mainly concerned cultivation of winter wheat and triticale in northern counties and 
cultivation of winter rapeseed in counties where the cultivation is limited and statistical data 
therefore insufficient. 
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Table 1. Cultivated area (ha) of each crop type in Sweden 2007 (SCB, 2008a) 

County 
Winter 
wheat 

Spring 
barley Triticale 

Winter 
rapeseed 

Stockholm 13694 7777 1294 1327 
Uppsala 30461 29648 1297 1328 
Södermanland 24202 10877 3009 995 
Östergötland 45403 14694 9206 8886 
Jönköping 923 5977 1161 180 
Kronoberg 342 2462 715 53 
Kalmar 9732 12501 4216 2537 
Gotland 5763 15763 3836 2572 
Blekinge 1958 3731 980 390 
Skåne 91244 84721 4788 21020 
Halland 8383 19573 4283 1730 
V:a Götaland 58336 34898 13658 8450 
Värmland 3085 9315 2363 206 
Örebro 11691 13118 1984 463 
Västmanland 15682 15864 869 187 
Dalarna 1507 9600 107 .. 
Gävleborg 720 10300 61 .. 
Västernorrland 51 3506 67 .. 
Jämtland .. 2007 .. .. 
Västerbotten .. 8381 20 .. 
Norrbotten .. 3696 .. .. 

 
 

3.2 Yields                 

Yield levels for each crop type in the respective counties were calculated based on average yields 
for crops cultivated with conventional cultivation methods between the years 2002 and 2007, i.e. 
for the base year 2005 (SCB, 2008b). However, with a selective choice of crop variety, crop 
breeding research and general technical development in the agricultural sector, yield levels are 
increasing over time. As the calculations were intended to be representative for the year 2010, a 
certain increase in yields compared with the average yields during the period 2002-2007 can be 
expected. An increase over five years was therefore calculated (2005 to 2010). Based on data 
from 1965 onwards, there is a trend for a 63 kg increase per hectare and year for winter wheat 
(Figure 1). For spring barley and winter rapeseed, the corresponding increase is 33 and 19 kg, 
respectively, per hectare and year. For triticale, data are only available from 1995 onwards, and 
the increase is calculated at 34 kg per hectare and year. The calculated yields for the year 2010 
that were used for this study are presented in Table 2.  
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Skördestatistiken baseras på uppgifter från ett urval av företag. 
Uppgifterna är därmed behäftade med så kallade urvalsfel. Uppgifterna 
för spannmål avser 14 procents vattenhalt. Spannmålsuppgifterna för 
åren 1965-2004 har räknats om från 15 till 14 procents vattenhalt. 
Uppgifterna för trindsäd (ärter och åkerbönor) avser 15 procents 
vattenhalt. Uppgifterna för oljeväxter avser 9 procents vattenhalt. 
Oljeväxtuppgifterna för åren 1965-1992 har räknats om från 18 till 9 
procents vattenhalt. Uppgifterna för potatis avser bärgad reducerad 
skörd. Vid få observationer redovisas punkter i stället för resultat.

rågvete:
Ingår i skördestatistiken från och med år 1995.

höstraps:
Skörden baseras på uppgifter från Sveriges Oljeväxtintressenter 
Förening för åren 1965-1990 och uppgifter från Jordbruksverkets 
oljeväxtkontor för åren 1991-1992. Statistik om hektarskördar saknas 
för åren 1993-1994. Från och med 1995 inhämtas uppgifter om skörden 
direkt ifrån jordbrukarna.

Yield winter wheat = 63.21x + 3925
R2 = 0.75
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Figure 1. Yields (kg/ha) of winter wheat in Sweden 1965-2008 and trend line (SCB, 2009).  
 
 

Table 2. Calculated yields (kg/ha) in the year 2010, based on the average for five years with 
conventional cultivation methods, including an assumed yield increase after 2005. Moisture 
content: Cereals 14%; oilseeds 9%  

County 
Winter 
wheat 

Spring 
barley Triticale 

Winter 
rapeseed 

Stockholm 5580 3947 5251  
Uppsala 6213 4608 5401  
Södermanland 5687 4273 5323 2713 
Östergötland 6361 4754 5572 3302 
Jönköping 5236 3140 4318  
Kronoberg 4681 2980 4186  
Kalmar 5937 3580 4384 3067 
Gotland 5198 3965 4524 2951 
Blekinge 6123 3962 4542  
Skåne 7498 5234 5283 3422 
Halland 6262 4474 5430 3138 
V:a Götaland 6186 4283 5391 3242 
Värmland 5360 3733 5345  
Örebro 6140 4579 5298  
Västmanland 5789 4505 5398  
Dalarna 5060 3421   
Gävleborg  2748   
Västernorrland  2344   
Jämtland  3009   
Västerbotten  2242   
Norrbotten  2387   
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3.3 Seed rate 

A seed rate of 210 kg seed per hectare was assumed for winter wheat production, 170 kg/ha for 
spring barley, 180 kg/ha for triticale and 6 kg/ha for winter rapeseed. Instead of adding this to the 
cultivation, this amount was subtracted from the yield. Processing of the seed, such as cleaning, 
packaging, etc. was thereby not included in the calculation.  
 

3.4 Production of commercial fertilizers 

The base of most N fertilizers is ammonia. The most common method for production of ammonia 
is based on natural gas, but gasification of coal and oil is also used. Some of the ammonia is used 
for production of nitric acid. Ammonia and air react over a catalyst and the gas produced is 
absorbed in water. This process generates nitrous oxide. Over the last few years, the production of 
commercial fertilizers has become increasingly energy efficient. The difference between new and 
old production plants is therefore large. Moreover, many plants have been equipped with catalytic 
cleaning of nitrous oxide, which reduces emissions significantly.  
 
The Swedish market for commercial fertilizers is dominated by the international company Yara, 
and the NPK fertilizers sold in Sweden are produced in Finland (Yara, 2008). Sweden has no 
production of commercial fertilizers, since the ammonium nitrate produced in Köping is used 
solely in explosives. In this study, it was assumed that all commercial fertilizers are produced in 
Finland and transported to Sweden by boat and then by truck to the respective counties. The 
commercial fertilizers were assumed to be produced in a modern factory equipped with catalytic 
cleaning of nitrous oxide. According to Yara, the emissions of greenhouse gases during 
production of nitrogen fertilizers for the Swedish market will on average be 2.9 kg CO2-eq/kg N 
in 2010 (Erlingson, 2009), which is the value used in the calculations. A sensitivity analysis was 
performed to determine the effects on the results if commercial fertilizers produced without 
catalytic cleaning of nitrous oxide was used. 
 
Data on phosphorus (P) and potassium (K) production were taken from LowCVP (2004). The 
emissions figures used were 0.71 kg CO2-eq/kg P and 0.46 kg CO2-eq/kg K. 
 

3.5 Fertilizer application rate 

Data on the quantities of nitrogen, phosphorus and potassium utilized per county and crop type 
were taken from the report ‘Use of Fertilizers and Animal Manure in Agriculture’, produced by 
Statistics Sweden (SCB, 2008c). The data for that report were collected via phone interviews with 
3200 farmers at the end of the cultivation season and provide information on fertilizer use in the 
fertilizer year 2006/2007. A fertilizer year is the period during which fertilization of crops 
harvested during the current year takes place. It starts with fertilization for autumn sowing, and 
includes all fertilization up to harvest in summer/autumn the following year. Statistics Sweden 
was commissioned by SLU to conduct a special analysis with the geographical distribution 
relevant for this study (Table 3).  
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Table 3. Use (kg N/ha) of commercial fertilizer nitrogen 2006/07 on soil fertilized with 
commercial fertilizers only (reworked data from SCB, 2008c). Missing figures (..) are 
confidential data and cannot be published. However, all figures were included in the calculations  

County 
Winter 
wheat 

Spring 
barley Triticale 

Winter 
rapeseed 

Stockholm .. .. ..  
Uppsala 149 83 ..  
Södermanland 147 77 .. .. 
Östergötland 141 109 113 .. 
Jönköping .. .. ..  
Kronoberg .. .. ..  
Kalmar .. .. .. .. 
Gotland .. 80 .. .. 
Blekinge .. .. ..  
Skåne 165 98 .. 173 
Halland .. 82 .. .. 
V:a Götaland 156 101 113 160 
Värmland .. .. ..  
Örebro 139 90 ..  
Västmanland .. .. ..  
Dalarna .. ..   
Gävleborg  ..   
Västernorrland  ..   
Jämtland  ..   
Västerbotten  ..   

Norrbotten  ..   

 
 

3.6 Pesticides 

Data on the amount of pesticides used (kg active substance per hectare) for each crop type and 
county are estimates produced by Statistics Sweden. The base data are from a survey by Statistics 
Sweden (SCB, 2008d).  
 
Data on emissions related to the production of pesticides were taken from Olesen et al. (2004). 
No differentiation was made between different preparations and the values are only based on the 
amount of active substance used (Table 4). 
 

Table 4. Emissions from the production of chemical pesticides (kg/kg active substance). From 
Olesen et al. (2004) 
CO2 CH4 N2O 

4.92 0.00018 0.0015 
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3.7 Field operations 

Input data from field operations were calculated for each crop type and county. The same field 
operations were assumed to be required in all counties, i.e. it was assumed that the cultivation 
methods for each crop type did not differ between counties. The operations required for each crop 
type are presented in Table 5.  
 

Table 5. Assumptions on number of field operations required for cultivation of the four crop types 
studied 
 Winter 

wheat 
Spring 
barley Triticale 

Winter 
rapeseed 

Ploughing 1 1 1 1 
Harrowing 3 3 3 3 
Sowing 1 1 1 1 
Fertilizing 2 1 1 1 
Application of pesticides 3 1 3 1 
Threshing 1 1 1 1 
 
For calculation of diesel consumption and the corresponding carbon dioxide emissions, data were 
taken from Lindgren et al. (2002) for machine operations not including soil preparation. For 
operations that include soil preparation, for example ploughing, the diesel consumption is 
dependent on the soil type. A calculation model in which energy consumption is dependent on the 
clay content was used (Johan Arvidsson, SLU, pers. comm.). As an example, the calculation for 
ploughing is: 
 
Specific draught force requirement for the plough: 29.8 +1.36x (kN/m2) 
 
where x is the percentage clay content. 
 
In order to calculate the diesel consumption, the efficiency in converting fuel to draught force at 
ploughing depth was calculated for each operation. The ploughing depth was assumed to be 20 
cm. The conversion factor for draught force to fuel was assumed to be 0.00014 l diesel/kNm 
(Johan Arvidsson, SLU, pers. comm.) and each litre of diesel was assumed to emit 2.6 kg carbon 
dioxide during combustion (Lindgren et al., 2002). 
 
In 2007, the consumption of RME in agricultural machinery was just over 1% of the energy 
supplied in the form of diesel (Swedish Energy Agency, 2008). However, the Swedish Petroleum 
Institute estimates the share of biodiesel to be higher, around 5%, i.e. similar to the blend in 
Swedish MK1-diesel (Ebba Tamm, SPI, pers. comm.). Therefore, the share of biofuel in the 
calculations was set to 5% in the year 2010. The emissions of GHG from the production and 
use of RME was calculated according to Bernesson (2004).  
 
 

3.8 Crop drying 

After harvesting the crop, drying is necessary before storage. Grain should be dried to a moisture 
content of 14% if it is to be stored for one year (Jonsson, 2006). Winter rapeseed should be dried 
to 8% moisture content (Wallenhammar, 2009). Data on moisture content at harvest were taken 
from crop variety trials at SLU (SLU Fältforsk, 2009). The moisture content at harvest varies 
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between 18.3% and 20.8% in the Swedish counties where winter wheat is cultivated. A 
corresponding variation has been found for spring barley (17.5-18.6%) and triticale (15.5-21.1%). 
For winter rapeseed, the variation between counties could not be determined and therefore an 
average value of 12.3% moisture content at harvest was assumed for all counties.  
 
There are several possible systems for crop drying. Grain can be dried in on-farm dryers or 
delivered wet to a central drying plant. For on-farm drying, the most common system is oil 
fuelled hot air dryers, but there are also unheated air dryers and a few biofuelled hot air dryers. 
According to the Swedish government’s climate policy proposal, farmers will no longer be 
exempt from the national carbon dioxide tax. In the year 2010, it is therefore likely that the share 
of biofuelled dryers will have increased. However, replacing oil as the fuel is not a simple task, 
since crop drying requires high power output during a short period of time. Investing in a 
biofuelled boiler with sufficient power output can be expensive. Another possibility is that more 
farmers will deliver to central drying plants, with better possibilities to use biofuels. 
 
According to the Swedish Institute of Agricultural and Environmental Engineering (JTI), 10-15% 
of central grain drying plants are biofuelled today, most of them using low-quality grain and 
waste products separated from the grain before drying (Gunnar Lundin, JTI, pers. comm.). In 
2005, an estimated 40% of all grain was dried in central plants (Figure 2), which would mean that 
a total of 5% of all grain was dried in biofuelled plants in that year.  
 
In spite of the number of central drying plants diminishing, the total capacity has increased. Thus, 
more grain is expected to be dried in central plants in 2010. Given the policy incentives steering 
consumers away from fossil fuels that are expected in the future, a higher share of biofuels in 
central drying plants can also be expected. In the base scenarios, it was therefore assumed that 
25% of total crops are dried in biofuelled dryers. For this, wood pellet was assumed to be the fuel. 
 
The energy requirement was assumed to be 5 MJ/kg evaporated water (Jonsson, 2006). Data on 
emissions from fuel oil and wood pellet production were taken from Uppenberg et al. (2001). 
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Figure 2. Preservation methods for Swedish grain, 2005 (Nils Jonsson, JTI, pers. comm.). 
 
 

3.9 Nitrous oxide emissions from cultivation 

When there is an excess of mineral nitrogen in the soil, microbial activity can produce nitrous 
oxide under certain conditions. The amount of mineral nitrogen converted to nitrous oxide 
depends on many factors, or example the initial form of the nitrogen, the supply of organic 
material, temperature, soil moisture content and oxygen supply (Kasimir Klemedtsson, 2001). 
Excess nitrogen in cultivated soil can also cause nitrogen leaching to groundwater or runoff 
water. A certain proportion of the nitrogen leaching out with the runoff water is also assumed to 
volatilize as nitrous oxide, giving indirect emissions of the gas.  
 
There are few published studies presenting measurements of nitrous oxide emissions from 
Swedish cultivated land over a significant period of time. On an international level, many 
different studies have been conducted, but the results show great variations (Åsa Kasimir 
Klemedtsson, pers. comm.). Very few studies show a statistically verifiable relationship between 
different parameters, for example nitrous oxide emissions and available nitrogen (Berglund et al., 
2009). In order to estimate the nitrous oxide emissions from Swedish agriculture, Kasimir 
Klemedtsson (manuscript) synthesized measurement series relevant for Swedish conditions and  
suggests an alternative method for calculation of nitrous oxide emissions from cultivation of 
crops on agricultural soil. This method is based on extensive, mainly international, base data. 
Calculations using this method show that the nitrous oxide emissions correspond to 4.1±2.5 and 
5.0±7.2 kg N2O/ha and year for fertilization with less than, and more than, 100 kg N/ha and year 
respectively.  
 
The Joint Research Centre (JRC) gathered measured data on nitrous oxide emissions from 
different studies and inserted these into a soil model (Edwards et al., 2007). They concluded that 



17 
 

there is a direct relationship between soil organic carbon and nitrous oxide emissions, with 
production of nitrous oxide increasing with soil organic carbon content. The nitrous oxide 
emissions from grain cultivation were quantified in a JRC study at 2.23 kg N2O per hectare and 
year on average for all EU member states, whereas cultivation of winter rapeseed emits 3.12 kg 
N2O per hectare and year based on the assumption that this crop is mainly cultivated in Northern 
Europe, where the carbon concentration in the soil is generally higher. For indirect emissions of 
nitrous oxide, JRC uses the IPCC model (see description below).  
 
Another way to calculate nitrous oxide emissions from agriculture is the so-called ‘top-down’ 
method developed by Crutzen et al. (2008). By studying air bubbles in ice cores, a pre-industrial 
level of nitrous oxide in the atmosphere could be determined. By assuming that the increase in 
nitrous oxide levels in the atmosphere since then is anthropogenic and deducting the documented 
emissions from industrial activities, the contribution from agriculture can be calculated. Using 
this method, the emissions of nitrous oxide are estimated to be 3-5% of added nitrogen. However, 
the method is very coarse – for example, no differentiation between different soil types is possible 
– but it can be suitable for estimations of greenhouse gas emissions on a national level. 
 
IPCC (2006) has developed a method for estimating direct emissions of nitrous oxide from 
agriculture, intended for national reporting of greenhouse gas emissions. The method is based on 
assumption of a linear relationship between nitrous oxide emissions and the amount of nitrogen 
added to the soil in the form of commercial fertilizers, farmyard manure and nitrogen-fixing 
crops. With measurements as base data, IPCC (2006) assumes that 1% of applied nitrogen is 
emitted as nitrous oxide. However, an unfertilized soil also emits nitrogen, which to a large extent 
is assumed to stem from crop residues above and below ground. Therefore, the contribution of 
crop residues to nitrous oxide emissions is also included in the calculations, and 1% of the 
nitrogen in crop residues (above-ground and below-ground) is assumed to volatilize as nitrous 
oxide. Mineralization of nitrogen from depletion of soil organic matter due to cultivation, for 
example crop cultivation on organic soils (in this study only applied in the sensitivity analysis), is 
also included. Moreover, IPCC has developed a method for the calculation of indirect emissions 
of nitrous oxide. The method takes into account nitrous oxide emissions produced when nitrogen 
leaches out with runoff water from the field, as well as the proportion of added nitrogen that 
volatilizes as ammonia and is re-deposited on the ground, causing the formation of nitrous oxide. 
 
None of the methods described above can exactly determine how much nitrous oxide is emitted 
from cultivation of different crop types in different counties in Sweden. SLU opted to apply the 
IPCC method for this study. The IPCC method is a tool intended for national estimations of 
greenhouse gases, but is still the most detailed of the methods described in the sense that it can 
reflect the differences between counties in nitrogen application, nitrogen leaching, the amount of 
crop residues, etc. Nitrous oxide emissions from organic soils can be calculated using a separate 
factor for such soils. In the calculations, the emission factors provided in the IPCC guidelines are 
applied, but with national base data (the so-called Tier 1 method). The emission factors provided 
have a very large uncertainty range, which is taken into account in the sensitivity analysis. 
 
In order to determine the nitrous oxide emissions from cultivation of biofuels, there must be a 
reference system. In this study, the nitrous oxide emissions were compared with emissions 
stemming from extensive grasslands (see section 2.1 for definition). This approach was discussed 
with Keith Smith (co-author of IPCC 2006, pers. comm.), who recommended that a deduction be 
made for nitrous oxide emissions from the grassland in order to calculate the difference between 
the two cultivation systems. Based on data from a study by Stehfest and Bouwman (2006), 
Kasimir Klemedtsson (manuscript) has synthesized the published measurement data from 
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unfertilized, ungrazed grasslands that resemble Swedish conditions. On average, the nitrous oxide 
emissions from these grasslands are 0.32 ± 0.09 kg N2O-N per hectare and year. This value was 
subtracted from the calculated direct emissions of nitrous oxide. The direct emissions were 
calculated as (IPCC, 2006): 
 
N2O (direct) = (FN + FVO*NVO + FVU*NVU )* EFN*44/28  (kg N2O/ha) 
 
where: 
 
FN = Amount of mineral nitrogen added (kg N/ha) 
EFN = Emission factor, see Table 7 
FVO = Amount of crop residues above-ground (kg DM/ha) 
FVU = Amount of crop residues below-ground (kg DM/ha) 
NVO = Nitrogen content in crop residues above-ground (% of DM) 
NVU = Nitrogen content in crop residues below-ground (% of DM) 
 
For conversion of N2O-N emissions to N2O emissions, the factor 44/28 is used. 
 
The amount of crop residues above-ground, FVO (straw), was calculated as a factor of the grain 
yield for each crop type (Table 6) based on data from the Swedish Environmental Protection 
Agency (SEPA) (Naturvårdsverket, 2009). A proportion of the straw (varying between counties) 
is removed from the fields (SCB, 1999). The amount of crop residues below-ground, FVU, was 
calculated in accordance with the IPCC method (IPCC, 2006). Data on the nitrogen content in 
straw above-ground, NVO, for different straw types were taken from SEPA (Naturvårdsverket 
2009) and the nitrogen content below-soil, NVU, from IPCC (2006).  
 

Table 6. Parameters chosen for calculation of direct nitrous oxide emissions caused by crop 
residues 

 
Winter 
wheat 

Spring 
barley Triticale 

Winter 
rapeseed 

Amount of crop residues relative to (DM) 
harvested grains   0.87   0.83   1.08   0.47 
N content in crop residues above-ground (% of 
DM)   0.51   0.77   0.60   1.07 
Crop residues below-ground (% of crop residues 
above-ground) 22 22 22 22 
N content in crop residues below-ground (% of 
DM)   0.9   0.9   0.9   0.9 

 
 

Table 7. Emission factors for calculation of nitrous oxide emissions (IPCC, 2006) 
Factor Value 
EFN = Emission factor for added nitrogen (kg N2O-N/kg N) 0.01 
EFL = Emission factor for leaked nitrogen (kg N2O-N/kg N) 0.0075 
EFD = Emission factor for volatilization and re-deposition (kg N2O-N/kg NH3-N) 0.01 
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Indirect nitrous oxide emissions are calculated as (IPCC, 2006): 
 
N2O (indirect) = FL*EFL + FA*EFD *44/28 (kg N2O/ha) 
 
where: 
 
FL  = Amount of nitrogen emitted via leaching (kg N/ha) 
FA = Amount of ammonia emitted from mineral fertilizer application  
EFL = Emission factor, see Table 7 
EFD = Emission factor, see Table 7   
  
Data on nitrogen leaching, FL, from crops fertilized with mineral fertilizers were based on 
Johnsson et al. (2008) and were recalculated from PO18* to county level (Table 8). The leaching 
from crops fertilized only with mineral fertilizers is generally slightly lower than leaching from 
crops to which a combination of farmyard manure and mineral fertilizers is applied. Leaching 
from triticale is not included in the base data from Johnsson et al. (2008), but was considered 
equal to that from rye after discussions with Kristina Mårtensson, SLU (pers. comm.). The 
nitrogen leaching calculated in accordance with Johnsson et al. (2008) is the extra leaching from 
cultivation of a crop compared with extensive grassland (see section 2.1 for a definition). The 
nitrogen deposition on the soil via air pollution also contributes to leaching. However, the 
contribution of nitrogen deposition was deducted from the results, based on the assumption that 
the deposited nitrogen leaches to the same extent as added mineral nitrogen. The grassland also 
receives deposition of nitrogen via air pollution, but this deposition is not considered to contribute 
to leaching as the soil is covered all year round, and therefore efficiently takes up the extra 
nitrogen added via deposition. Data on the amount of nitrogen deposited were taken from 
Johnsson et al. (2008). Nitrogen leaching from the respective crop type and county are presented 
in Table 8.  
 
The amount of ammonia, FA, emitted from mineral fertilizers was assumed to be 1.2% of the 
nitrogen fertilizer applied, according to data from SEPA (Naturvårdsverket 2009). The IPCC 
factor (IPCC, 2006) is 10% of applied nitrogen, but this is considered to be an unrealistic figure 
for Swedish conditions. This high figure could possibly be applied in an international perspective, 
as urea and even pure ammonia are used as fertilizers in some countries.  
 

                                                
* PO18: Production area 18, which is a commonly used division of the country into 18 agricultural regions. 
The division PO8 is also frequently used. 
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Table 8. Average nitrogen leaching (kg N/ha yr) from fertilization of winter wheat, spring barley, 
Triticale (rye) and winter rapeseed with commercial fertilizers only, as an average value for all 
soil types occurring in the respective counties. Data from Johnsson et al. (2008), re-calculated 
from PO18 to county level, with nitrogen leaching caused by nitrogen deposition and nitrogen 
leaching from extensive grasslands deducted.  Figures in brackets show leaching without 
deductions   

  County Winter 
wheat 

Spring 
barley Triticale 

Winter 
rapeseed 

Stockholm 12 (15) 11 (14) 9 (12)  
Uppsala 12 (15) 11 (14) 9 (12)  
Södermanland 12 (15) 11 (14) 9 (12) 18 (21) 
Östergötland 29 (32) 27 (31) 23 (27) 35 (38) 
Jönköping 24 (32) 25 (34) 18 (27)  
Kronoberg 24 (32) 25 (34) 18 (27)  
Kalmar 22 (27) 23 (29) 20 (25) 34 (39) 
Gotland 24 (29) 22 (28) 18 (24) 25 (30) 
Blekinge 23 (30) 25 (34) 23 (31) 35 (43) 
Skåne 26 (34) 30 (38) 25 (33) 46 (54) 
Halland 21 (28) 26 (34) 24 (32) 35 (43) 
V:a Götaland 27 (35) 26 (34) 21 (29) 30 (37) 
Värmland 29 (35) 24 (31) 22 (29)  
Örebro 13 (17) 13 (17) 9 (13)  
Västmanland 12 (15) 11 (14) 9 (12)  
Dalarna 22 (26) 20 (25)   
Gävleborg  18 (24)   
Västernorrland  17 (23)   
Jämtland  14 (20)   
Västerbotten  18 (25)   
Norrbotten  18 (25)   

 
 
To summarize, SLU opted to use the method described in IPCC (2006) for calculation of nitrous 
oxide emissions from cultivation. Direct emissions were calculated with the assumption that 1% 
of added mineral nitrogen is volatilized as nitrous oxide. Crop residues left on the fields were also 
assumed to contribute to the nitrous oxide emissions. Indirect emissions of nitrous oxide were 
calculated with the assumption that 0.75% of the nitrogen leached is volatilized as nitrous oxide. 
Application of mineral fertilizers was also assumed to contribute to the indirect emissions, via 
volatilization of ammonia re-deposited on the ground. The following changes were made to the 
IPCC methodology:  
 

• Deductions were made from direct nitrous oxide emissions for corresponding emissions 
from the reference system (extensive grassland) 

• When calculating indirect nitrous oxide emissions from leached nitrogen, deductions were 
made for nitrogen leaching from the extensive grassland 

• The emission factor for the amount of ammonia volatilized from applied mineral fertilizer 
was assumed to be 1.2% instead of 10%, based on Swedish common fertilization 
practices 
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3.10 Energy balance and allocation 

The results of the calculations are presented as g CO2-equivalents per MJ fuel. However, the task 
description to SLU did not include instructions on how to determine the energy balance per unit 
mass of the crop. The following assumptions were therefore made: 
 

• Grain is cultivated for ethanol production. From 1 kg grain, 7.93 MJ ethanol is obtained 
(2.67 kg grain for 1 litre ethanol) (Bernesson et al., 2006) 

• Allocation to ethanol is 60.8%, based on the energy content in ethanol and the co-
product, DDGS (dried distillers’ grains with solubles), with 9% moisture content 
(Bernesson et al., 2006) 

• Rapeseed is cultivated for RME-production. From 1 kg rapeseed, 16.3 MJ RME are 
obtained (Bernesson et al., 2004) 

• Allocation to RME is 64.4% based on the energy content in RME, rapeseed meal and 
glycerin (Bernesson et al., 2004) 

 
The emissions per MJ fuel have thus been calculated as: 
Result (gCO2-eq/MJ) = Total emissions per hectare (gCO2 -eq/ha)/yield (kg/ha)*fuel 
obtained (kg crop/MJ fuel)*allocation factor 
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4. INPUT DATA FOR BIOGAS PRODUCTION 

 

4.1 System description of biogas plant 

Three different substrates for biogas production were analysed; solid and liquid manure from 
cattle, and liquid manure from swine. For each substrate, the greenhouse gas emissions were also 
calculated for the reference system, i.e. a system in which the respective manure type is not 
digested in a biogas reactor but collected in a storage tank to be spread on the fields. Figure 3 
shows a schematic diagram of the essential steps in the biogas production system and in the 
reference system. The biogas production system follows the full line (to the left) and the reference 
system follows the dotted line (to the right).  
 

 
Figure 3. Schematic image of the biogas production system and the reference system. 
 
Manure is collected and stored in an open tank. In the reference system, the manure is stored until 
spread on the fields (dotted line). In the biogas production system, the manure passes through 
digestion chambers 1 and 2 before being pumped to a storage tank for digestion residues and 
spread on the fields (full line).  
 
The substrates are fed to the biogas plant, which consists of a continuously mixed primary 
digestion chamber, a secondary digestion chamber and a storage tank (Figure 4). In the first case 

 

 

Digestion 
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Digestion 
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Manure 

   Storage 
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(solid manure from cattle), the substrate passes through a mixing tank where a process liquid is 
added, in order to lower the DM content from 16% to 9%. In systems 2 and 3, the DM content of 
the substrate is initially 9% and the substrate is fed directly to the digestion chamber.  
 
In the primary digestion chamber, mesophilic temperature (37ºC) is maintained using a biofuelled 
boiler. The retention time is 20 days and the biogas produced is collected in the double membrane 
which constitutes the top of the chamber. The gas, at this stage ‘raw gas’, is led in pipelines from 
the individual farms via a central pipeline to an upgrading plant located a few tens of kilometres 
away. Between the farm and the upgrading plant the gas passes through a gas dryer. In the 
upgrading plant, it is cleaned to vehicle gas quality via water absorption and compressed, ready to 
be delivered to the gas station. 
 
After approximately 20 days in the primary digestion chamber, the digested material is pumped to 
an unheated secondary digestion chamber, where it is retained for another 20 days in order to 
extract as much methane as possible from the substrate. This system is preferable to a single, 
large digestion chamber because it decreases the risk of substrate passing through the system 
undigested in the continuously mixed system. The biogas produced in the secondary digestion 
chamber is collected and led to the same pipeline for raw gas as the gas from the primary 
digestion chamber, and the digestion residues are diverted to a storage tank. Both manure and 
digestion residues are assumed to be stored in an open storage tank before spreading.  
 

 
Figure 4. Schematic image of the biogas plant. Image: Kim Gutekunst (Edström et al., 2008). 
 
The amount of manure produced per animal unit and year and the corresponding nutrient content 
are presented in Table 9, while the corresponding data for digestion residues are presented in 
Table 10. The amount of faeces and urine produced per animal unit and year and the 
corresponding N and P content were taken from Steineck et al. (2000). Nutrient losses during 
digestion were assumed to be negligible (Edström et al., 2008).  
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Table 9. Amount of manure produced per year and cow/swine stall place, and corresponding 
nutrient content. Reworked data from Steineck et al. (2000) 

Origin 

Manure  
(kg 
ww/yr) 

Manure  
(kg 
DM/yr) P (kg/yr) N (kg/yr) 

P (% of 
DM) 

N (% of 
DM) 

Per dairy cow, 
solid manure 12450 1990 14 38 0.7 1.9 
Per dairy cow, 
liquid manure 19810 1780 14 96 0.8 5.4 
Per swine stall 
place, liquid 
manure   1540   140   1.5   7 1.1 5.1 
 

Table 10. Amount of digestion residues produced per year and cow/swine stall place, and 
corresponding nutrient content. Reworked data from Steineck et al. (2000) 

Origin 

Digestion 
residues 
(kg ww/ 
yr) 

Digestion 
residues  
(kg DM/ 
yr) P (kg/yr) N (kg/yr) 

 
P (% of 
DM) 

N (% of 
DM) 

Per dairy cow, 
solid manure 21270 1060 14 38 1.3   3.6 
Per dairy cow, 
liquid manure 18970   950 14 96 1.5 10.1 
Per swine stall 
place, liquid 
manure   1460     60   1.5   7 2.5 12.0 
 
 

4.2 System description of upgrading plant 

The upgrading of raw gas was assumed to take place via absorption of water in a water scrubber, 
which is currently the most commonly used technology in Sweden (Persson, 2003). A schematic 
image of the technology is shown in Figure 5.  
 
The technology is based on the fact that carbon dioxide, hydrogen sulphide and, to a certain 
extent, methane dissolve in pressurized water. The raw gas is compressed and led into the 
absorption column from the bottom, where it meets the water which is led in from the top. The 
cleaned gas leaves the column at the top and continues to an adsorption dryer. The gas is then 
odorized and compressed under high pressure, ready to be pumped to gas stations. The water is 
led to a flash tank with lower pressure, where methane is separated (and returned to the clean gas) 
and then to a desorption column, where it is cleaned from carbon dioxide. It is then ready to be 
used again in the absorption column.  
 
The upgrading plant was assumed to have a capacity of 10 000 MWh upgraded biogas per year, 
corresponding to 1.02 million Nm³ of clean gas or 1 million litres of diesel.  
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Figure 5. Absorption with recirculating water (Persson, 2003). 
 
 

4.3 Emissions of methane and nitrous oxide 

During the upgrading process, some methane will leak out. For a recirculating water scrubber, the 
methane losses can be as high as 18%, but leakage corresponding to less than 2% has also been 
reported (Persson, 2003). The methane leakage at an upgrading facility in Boden where the water 
scrubber technique is applied (estimated at 3% at the facility) was used here. The methane is 
eliminated via catalytic combustion which simultaneously provides heating for the plant 
buildings. This results in methane leakage to the atmosphere of less than 0.1% of the vehicle gas 
produced (Held et al., 2008), and the value 0.1% was therefore used in this calculation.  
 
Methane will also volatilize during storage of the digestion residues or, in the reference case, 
storage of the manure. The difference in methane emissions between these two systems is the 
final result. These emissions were calculated in accordance with the IPCC (2006) method: 
 
Methane emissions MCFBGOM ×××= 71,00  (kg CH4) 

 
Nitrous oxide is emitted in small quantities during storage of manure and digestion residues and 
these were also calculated using the IPCC (2006) method: 
 
 

Nitrous oxide emissions = EFFracG totNDM ×







××

− 28
44

  (kg N2O) 

 
where G OM and G DM  are the amount of substrate (manure or digestion residues) per kg organic 

matter (OM), i.e. dry matter minus ash, and per kg dry matter (DM), respectively. The organic 
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matter was assumed to be 80% of the dry matter (Edström et al., 2008). B0 is the maximum 
methane producing capacity of the substrate, given in Nm³/kg OM. In the digestion residues, B0 
is lower than for manure as most of the methane has already been extracted in the digestion 
chambers. Values for B0 were taken from Edström et al. (2008). totNFrac

−
is the share of nitrogen 

(N-tot) in the substrate, calculated based on data on nutrient content in faeces and urine from 
dairy cows and swine, see Tables 9 and 10. 
 
The emission factors Methane Conversion Factor (MCF) and Emission Factor (EF) give the 
proportion of the maximal production of methane and the available nitrogen in the substrate, 
respectively, that is volatilized.  In these calculations the nitrogen is converted to nitrous oxide 
via the conversion factor 44/28 and the methane is converted to weight units via the density 0.71 
kg/m3. The emission factors are different for solid and liquid manure, as shown in Table 11. The 
digestion residues were assumed to have the same emission factor as liquid manure, as 
comparable emission factors for digestion residues were not available.   

Table 11. Emission factors for methane (MCF) and nitrous oxide (EF) during storage of solid 
manure and liquid manure/digestion residues respectively (IPCC, 2006; Dustan 2002) 
  MCF (%) EF (%) 
Solid manure   1 2 
Liquid manure  10 0.1 
Digestion residues 10 0.1 
 
 
Methane emissions from the system can in theory also occur via leakage of raw gas from tanks 
and pipelines. However, the construction of the system was assumed not to allow for such losses. 
 

4.4 Process electricity and process heat 

Process electricity is required for the digestion process (pumps, macerators, mixers, etc.) and for 
the upgrading process. The electricity was assumed to be Swedish electricity mix with average 
emissions of 22.6 g CO2-eq/kWh (Tobias Persson, Swedish Energy Agency, pers. comm. I). The 
heat requirement for digestion was calculated according to the formula below. The heat was 
assumed to be produced in a biofuelled boiler with 90% efficiency. Emission data from the 
production and use of pellets were taken from Uppenberg et al. (2001) 
 
Process heat = ))0.1()2.4(()( ×+××−× DMwwstoragemesophilicww FracFracTTG   (kJ) 

 
where wwG  is the amount of manure (in kg) in the digestion chamber, T is the temperature in the 

digestion chamber (mesophilic temperature, ~37 ºC) and in the storage tank, i.e. the temperature 

of the manure before being fed into the digestion chamber. wwFrac  and DMFrac are the fractions 

of wet weight and dry matter, respectively, and the figures given in the formula are the specific 
heat capacity of water and manure dry matter in kJ/kg K.  
 

4.5 Diesel consumption during spreading of digestion residues/manure 

A blend of 5% biofuels was assumed in diesel used for spreading of digestion residues and 
manure, just as for machine operations during cultivation of biofuel crops. Emissions from the 
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production and distribution of RME was taken from Bernesson (2004). The diesel consumption 
(in litres) for spreading was calculated as: 
 

Diesel consumption = )()()( ,, XDC
LC

G
XDC

LC

G
DC

G

G
emptykm

tot
loadedkm

tot
ha

napplicatio

tot
××+××+×  

 
where G is the amount of manure or digestion residues (kg) calculated for this specific system, 
DC is the specific diesel consumption (l/ha or l/km) and X is the distance between storage and 
field, which was assumed to be 1.6 km based on interviews with farmers  (Rodhe et al., 2008). LC 
is the load capacity, which for the liquid manure spreader was assumed to be 15 000 l and for the 
solid manure spreader 12000 kg (Rodhe et al., 2008). Data on diesel consumption of the spreaders 
were taken from Lindgren et al. (2002). Emissions from the production (extraction, refinery and 
distribution) of diesel are included in the calculations (Blinge et al., 1997, reworked by Börjesson, 
2006). 
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5. RESULTS 

 

5.1 Greenhouse gas emissions from cultivation of crops for biofuel production 

The calculated direct and indirect nitrous oxide emissions per crop type and county are presented 
in Tables 12 and 13, respectively. The highest direct nitrous oxide emissions stemmed from 
cultivation of winter rapeseed and winter wheat. Emissions from spring barley were slightly 
lower and the lowest direct emissions were from triticale (Table 12). The highest indirect nitrous 
oxide emissions were from winter rapeseed and the lowest from Triticale (Table 13). Indirect 
emissions were about 10% of direct emissions.  
 
Table 12. Calculated direct emissions of nitrous oxide (kg N2O/ha yr) after deduction of reference 
scenario (extensive grasslands) emissions 

County 
Winter 
wheat 

Spring 
barley Triticale 

Winter 
rapeseed 

Stockholm 1.90 1.19 1.76  
Uppsala 2.25 1.20 1.83  
Södermanland 2.19 1.08 1.69 2.11 
Östergötland 2.15 1.59 1.74 2.11 
Jönköping 1.61 0.82 1.46  
Kronoberg 1.26 0.52 1.03  
Kalmar 1.85 1.05 1.50 1.64 
Gotland 1.62 0.94 1.26 2.12 
Blekinge 1.92 0.99 1.37  
Skåne 2.53 1.36 1.79 2.48 
Halland 2.23 1.08 1.33 2.54 
V:a Götaland 2.38 1.42 1.72 2.26 
Värmland 2.00 1.23 1.78  
Örebro 2.09 1.29 1.90  
Västmanland 2.04 1.21 1.66  
Dalarna 1.63 0.90   
Gävleborg  0.55   
Västernorrland  0.52   
Jämtland  0.60   
Västerbotten  0.59   
Norrbotten  0.54   
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Table 13. Calculated indirect emissions of nitrous oxide (kg N2O/ha yr) after deduction of 
reference scenario (extensive grasslands) emissions 

County 
Winter 
wheat 

Spring 
barley Triticale 

Winter 
rapeseed 

Stockholm 0.17 0.15 0.13  
Uppsala 0.17 0.15 0.13  
Södermanland 0.17 0.15 0.13 0.25 
Östergötland 0.37 0.34 0.29 0.45 
Jönköping 0.30 0.31 0.23  
Kronoberg 0.30 0.31 0.23  
Kalmar 0.27 0.28 0.24 0.41 
Gotland 0.30 0.27 0.23 0.32 
Blekinge 0.29 0.31 0.28 0.42 
Skåne 0.33 0.35 0.31 0.57 
Halland 0.27 0.31 0.30 0.45 
V:a Götaland 0.36 0.32 0.28 0.38 
Värmland 0.37 0.30 0.29  
Örebro 0.19 0.17 0.14  
Västmanland 0.17 0.15 0.13  
Dalarna 0.28 0.25   
Gävleborg  0.23   
Västernorrland  0.21   
Jämtland  0.18   
Västerbotten  0.24   
Norrbotten  0.23   

 
 
Tables 14-17 show total greenhouse gas emissions for the different cultivation steps for each crop 
type and county (NUTS 3). In Table 18, the total emissions of greenhouse gases for the four crop 
types are presented on regional level (NUTS 2). 
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Table 14. Emissions of greenhouse gases from cultivation of winter wheat (g CO2-eq/MJ ethanol) 

County Fi
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Stockholm 2.33 1.46 5.45 0.01 7.86 0.70 17.8 
Uppsala 2.30 1.60 5.74 0.02 8.43 0.65 18.7 
Södermanland 2.41 1.46 6.14 0.02 8.90 0.70 19.6 
Östergötland 2.06 1.60 5.35 0.02 7.88 1.35 18.3 
Jönköping 1.85 2.38 5.32 0.00 7.08 1.32 18.0 
Kronoberg 2.02 2.38 5.37 0.01 6.16 1.45 17.4 
Kalmar 1.76 1.53 5.46 0.05 7.21 1.10 17.1 
Gotland 1.93 0.90 5.38 0.03 7.19 1.33 16.8 
Blekinge 1.63 1.53 5.17 0.05 7.28 1.12 16.8 
Skåne 1.37 1.53 5.40 0.07 7.92 1.07 17.4 
Halland 1.63 1.53 5.91 0.04 8.26 1.00 18.4 
V:a Götaland 1.80 1.53 6.15 0.02 8.95 1.31 19.8 
Värmland 2.14 1.60 6.11 0.03 8.62 1.56 20.1 
Örebro 1.98 1.60 5.54 0.02 7.89 0.69 17.7 
Västmanland 2.42 1.60 5.75 0.04 8.15 0.69 18.6 
Dalarna 2.12 1.60 5.56 0.02 7.40 1.27 18.0 
Gävleborg        
Västernorrland        
Jämtland        
Västerbotten        
Norrbotten        
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Table 15. Emissions of greenhouse gases from cultivation of spring barley (g CO2-eq/MJ ethanol) 

County Fi
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Stockholm 3.30 1.57 5.20 0.04 6.97 0.85 17.9 
Uppsala 3.11 1.39 4.32 0.03 6.04 0.73 15.6 
Södermanland 3.23 1.56 4.39 0.02 5.84 0.78 15.8 
Östergötland 2.76 1.39 5.57 0.03 7.76 1.67 19.2 
Jönköping 3.08 1.50 5.54 0.09 5.93 2.20 18.3 
Kronoberg 3.18 1.50 4.63 0.10 4.00 2.28 15.7 
Kalmar 2.91 1.32 6.07 0.04 6.71 1.83 18.9 
Gotland 2.55 1.18 5.02 0.03 5.47 1.58 15.8 
Blekinge 2.52 1.32 5.03 0.10 5.76 1.83 16.6 
Skåne 1.97 1.31 4.68 0.07 6.03 1.65 15.7 
Halland 2.28 1.32 4.58 0.05 5.61 1.67 15.5 
V:a Götaland 2.60 1.32 5.87 0.03 7.69 1.75 19.3 
Värmland 3.08 1.39 6.06 0.04 7.60 1.86 20.0 
Örebro 2.67 1.39 4.88 0.03 6.54 0.83 16.3 
Västmanland 3.12 1.39 4.50 0.04 6.20 0.76 16.0 
Dalarna 3.14 1.39 5.70 0.06 6.02 1.68 18.0 
Gävleborg 3.97 1.40 4.85 0.05 4.51 1.81 16.6 
Västernorrland 4.65 1.40 5.65 0.10 4.96 1.99 18.8 
Jämtland 3.55 1.40 4.58 0.00 4.51 1.34 15.4 
Västerbotten 4.42 1.41 6.34 0.06 5.84 2.21 20.3 
Norrbotten 4.23 1.40 5.69 0.00 5.02 2.08 18.4 
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Table 16. Emissions of greenhouse gases from cultivation of Triticale (g CO2-eq/MJ ethanol) 

County Fi
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Stockholm 2.44 1.21 5.16 0.01 7.65 0.56 17.0 
Uppsala 2.60 1.32 5.51 0.01 7.76 0.55 17.7 
Södermanland 2.55 1.21 5.00 0.01 7.24 0.55 16.6 
Östergötland 2.31 1.32 4.83 0.01 7.13 1.20 16.8 
Jönköping 2.21 2.49 6.09 0.03 7.68 1.20 19.7 
Kronoberg 2.24 2.49 4.30 0.05 5.56 1.21 15.9 
Kalmar 2.33 1.32 5.97 0.03 7.76 1.29 18.7 
Gotland 2.19 0.49 4.93 0.07 6.33 1.17 15.2 
Blekinge 2.15 1.32 5.20 0.02 6.86 1.43 17.0 
Skåne 1.90 1.32 5.46 0.05 7.75 1.36 17.8 
Halland 1.84 1.32 3.93 0.03 5.61 1.27 14.0 
V:a Götaland 2.03 1.32 5.15 0.03 7.30 1.12 16.9 
Värmland 2.13 1.32 5.36 0.03 7.62 1.21 17.7 
Örebro 2.26 1.32 5.69 0.03 8.21 0.56 18.1 
Västmanland 2.56 1.30 4.79 0.02 7.03 0.54 16.2 
Dalarna        
Gävleborg        
Västernorrland        
Jämtland        
Västerbotten        
Norrbotten        
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Table 17. Emissions of greenhouse gases from production of winter rapeseed (g CO2-eq/MJ 
RME) 

County Fi
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Stockholm        
Uppsala        
Södermanland 2.32 0.65 6.80 0.03 9.14 1.06 20.0 
Östergötland 1.81 0.65 5.56 0.06 7.55 1.56 17.2 
Jönköping        
Kronoberg        
Kalmar 1.52 0.65 5.09 0.07 6.29 1.62 15.2 
Gotland 1.51 0.65 6.23 0.04 8.44 1.28 18.2 
Blekinge        
Skåne 1.32 0.65 6.30 0.06 8.57 1.98 18.9 
Halland 1.43 0.65 7.03 0.05 9.54 1.68 20.4 
V:a Götaland 1.54 0.65 6.16 0.05 8.24 1.39 18.0 
Värmland        
Örebro        
Västmanland        
Dalarna        
Gävleborg        
Västernorrland        
Jämtland        
Västerbotten        
Norrbotten        
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Table 18. Total emissions of greenhouse gases on region level (NUTS 2) as g CO2-eq/MJ ethanol 
for winter wheat. spring barley and Triticale, and as g CO2-eq/MJ RME for winter rapeseed. The 
average results on county level (NUTS 3) are weighted in proportion to the area cultivated with 
each crop type in the respective region (NUTS 2) 

 
Winter 
wheat 

Spring 
barley Triticale 

Winter 
rapeseed 

Stockholm 18 18 17  
Eastern Mid-Sweden 19 16 17 17 
Småland and the Islands 17 17 17 17 
Southern Sweden 17 16 18 19 
Western Sweden 20 18 16 18 
Northern Mid-Sweden 19 18 18  
Mid-Norrland  18   
Northern Norrland  20   
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5.2 Greenhouse gas emissions from production of biogas from solid and liquid 

manure  

Table 19 presents the total emissions of greenhouse gases from production of biogas and the 
emissions from the corresponding amount of manure in the reference system. Table 19 also 
shows net emissions, i.e. the difference between the biogas system and the reference system. The 
largest difference between the biogas production system and the reference system as regards 
digestion of solid manure was the nitrous oxide emissions during storage, whereas the largest 
difference between the biogas production system and the reference system as regards digestion of 
liquid manure was the emissions of methane during storage. 
 

Table 19. Emissions of greenhouse gases (g CO2-eq/MJ vehicle gas) from biogas production, and 
emissions when the corresponding amount of manure is spread directly on the fields without 
passing through the digestion system (the reference system)  
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Solid manure 
(cattle) 

        

Biogas production    0.75    1.29 0.48 0.28 0.22 0.30  0.50    3.8 
Reference system    4.13  24.50      0.80  29.4 
Net emissions   -3.38 -23.21 0.48 0.28 0.22 0.30 -0.30 -25.6 
         
Liquid manure 
(cattle) 

        

Biogas production    0.71    3.21 0.48 0.46 0.22 0.30  0.48    5.8 
Reference system  41.50    3.22      0.49  45.2 
Net emissions -40.79   -0.01 0.48 0.46 0.22 0.30 -0.02 -39.4 
         
Liquid manure 
(swine) 

        

Biogas production    0.51    2.72 0.48 0.39 0.22 0.30  0.44    5.1 
Reference system  42.66    2.57      0.46  45.7 
Net emissions -42.15    0.15 0.48 0.39 0.22 0.30 -0.02 -40.6 
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6. SENSITIVITY ANALYSIS 

All life cycle assessment have embedded uncertainties, including the model chosen here. A 
number of sensitivity analyses were performed in order to clarify how the assumptions regarding 
system design, system boundaries and choice of data affected the results. 
 

6.1 Cultivation 

6.1.1 Nitrous oxide 

Nitrous oxide emissions from soil have a major impact on the greenhouse gas emissions from 
cultivation of crops for biofuel production. However, there are great uncertainties in estimation of 
these emissions. Not only are there several different methods that give different results, but every 
method has large uncertainties associated with it. In the IPCC (2006) method used for these 
calculations, the emission factors have a given uncertainty range (Table 20). The impact of 
variations on the final results is shown in Figure 6. As can be seen from this figure, the final 
result can be significantly higher or significantly lower if the entire uncertainty range for the 
IPCC emission factors is taken into account. For example, for winter wheat in Skåne County the 
result varies between 10 and 39 g CO2-eq/MJ ethanol. 
 

Table 20. Emission factors for calculation of nitrous oxide emissions including the uncertainty 
range (IPCC, 2006) 
 Default value Uncertainty range 
EFN = Emission factor for added nitrogen  
          (kg N2O-N/kg N) 0.01 0.003 - 0.030 
EFL = Emission factor for leaked nitrogen 
          (kg N2O-N/kg N 0.0075 0.0005 - 0.025 
EFD = Emission factor for volatilization and     
           re-deposition (kg N2O-N/kg NH3-N) 0.01 0.002 - 0.050 
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Figure 6. Greenhouse gas emissions (g CO2-eq/MJ ethanol) from cultivation of winter wheat, 
including the uncertainty range for calculation of nitrous oxide emissions (IPCC, 2006). The bars 
represent the values calculated by SLU and the intervals show net emissions from the highest and 
lowest emission factor for nitrous oxide. 
 
 

6.1.2 Fertilizers 

As mentioned above, the nitrogen fertilizer industry has lowered the emissions from production 
of fertilizers significantly over the last few years by introducing catalytic cleaning of nitrous 
oxide. In the base scenario, emissions of 2.9 kg CO2-eq/kg fertilizer-N were assumed based on 
data from Yara (Erlingsson, 2009). However, it is important to note that not all factories are 
equipped with this technology yet. The average emissions value for European production of 
nitrogen fertilizers in 2003 was 6.8 kg CO2-eq/kg fertilizer-N (Jenssen and Kongshaug, 2003). 
Today, the average is probably lower, and this value can be considered a ‘worst case’. At the 
other end of the scale is a study by Ahlgren et al. (2008) on the possible future production of 
mineral nitrogen fertilizers based on gasification of biomass. If straw were used as raw material, 
the emissions would be reduced to 0.5 kg CO2-eq/kg fertilizer-N. Variations in the results due to 
the assumptions on greenhouse gas emissions from production of nitrogen fertilizer are shown in 
Figure 7.  
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Figure 7. Greenhouse gas emissions (g CO2-eq/MJ ethanol) for winter wheat, cultivated with 
nitrogen fertilizers produced by various production methods. Nitrogen fertilizers produced with 
best available technology are values used in the base scenarios, which are compared in the 
diagram with values for European average production and the more futuristic option of straw 
gasification.  
 
The results are clearly sensitive to the assumption on nitrogen type used for cultivation (Figure 7). 
On average for all counties, the total greenhouse gas emissions increased by 40% for cultivation 
of winter wheat using European average nitrogen compared with nitrogen from a factory 
equipped with best available technology (base scenario). Using nitrogen fertilizers produced via 
gasification of straw, however, would decrease total emissions of greenhouse gases by an average 
of 24%. 
 
It is also feasible that a certain proportion of the grain and oilseeds for biofuel production would 
be cultivated with animal manure as fertilizer. Although most farms with animals produce grain 
for feed, some of it is sold. Including manure in the calculations would have a large impact on the 
results. According to the EU Directive, production of farmyard manure does not have to be 
burdened with any greenhouse gas emissions for the calculation and is thereby considered to be 
‘for free’ from a climate perspective. However, it is not clear from the Directive how far into the 
system it should be considered as being for free. Up until the manure is collected in a storage tank 
it can be considered to be for free, but after that the situation becomes more complicated. Should 
the emissions from the storage, the energy consumed during spreading of the manure and the 
nitrogen emissions stemming from spreading be included? Or should emissions associated with 
the use of manure be accounted for in milk/meat production? If this were the case, crop 
cultivation would have a ‘free’ fertilizer and total emissions would be lowered. However, due to 
the many unanswered questions, SLU opted not to present any calculations for cultivation 
systems fertilized with manure. 
 

6.1.3 Use of biofuels in crop drying plants 

In the base scenario, 25% biofuels was assumed for crop drying but this figure is uncertain. A 
sensitivity analysis tested the impact on production of winter wheat of assuming 5% or 50% 
biofuels compared with the 25% assumed in the base scenario. The results showed that the 
assumption of 50% biofuels for drying of winter wheat (for all counties) lowered the total 



39 
 

greenhouse gas emissions by on average 3% (Figure 8). A more conservative assumption of 5% 
biofuels led to a 2% increase in emissions. This means that the proportion of biofuels used in the 
crop drying plants had a relatively limited impact on the results. 

 

0

5

10

15

20

25
S

to
ck

ho
lm

U
pp

sa
la

S
ö

de
rm

an
la

n
d

Ö
st

er
gö

tla
nd

Jö
nk

öp
in

g

K
ro

no
be

rg

K
al

m
ar

G
ot

la
nd

B
le

ki
ng

e

S
kå

n
e

H
al

la
nd

V
:a

 G
öt

al
an

d

V
ä

rm
la

nd

Ö
re

br
o

V
ä

st
m

an
la

n
d

D
al

a
rn

a

g
 C

O
2
-e

q
/M

J

50% biofuel

25% biofuel

5 % biofuel

 
Figure 8. Greenhouse gas emissions (g CO2-eq/MJ ethanol) for winter wheat assuming different 
proportions of biofuels used for crop drying. In the base scenario, 25% biofuels was assumed. 
 

6.1.4 Dedicated ethanol grains 

Today, most of the wheat cultivated in Sweden is bread wheat. If the protein content is not high 
enough, the wheat is used as fodder or for ethanol production. However, it is feasible that a larger 
proportion of dedicated ethanol wheat will be cultivated in the future with varieties developed 
especially for ethanol production. Such varieties include Harnesk, Tulsa and Ellvis that have 
lower protein content and higher starch content. The yields are also higher relative to the amount 
of nitrogen applied than for conventional bread wheat varieties such as Olivin (Gruvaeus, 2007). 
The optimal nitrogen addition is lower if maximizing the protein content is not the main aim.  
 
According to the Swedish Rural Economy and Agricultural Society in Skara (Gruvaeus, 2007), 
the optimal nitrogen addition for the variety Harnesk is 58 kg N/ha (25%) lower when producing 
ethanol wheat instead of bread wheat, which reduces the yield by 370 kg/ha (4%). In a variety 
trial (Krijger, 2008), the optimal nitrogen addition for the variety Tulsa was shown to be 8 kg 
N/ha (4%) lower when aiming for ethanol wheat instead of bread wheat, which reduced the yield 
by 71 kg/ha (1%). A study by SLU and JTI analysed the potential for improving the profitability 
of grain cultivation (Gunnarsson, 2008) on three fictitious farms. It was concluded that the 
optimal nitrogen addition for winter wheat dedicated to ethanol was 25 kg/ha lower than for bread 
wheat, reducing the yield by 200 kg/ha. 
 
According to the sensitivity analysis, using dedicated ethanol grain as the base scenario would 
affect (lower) the greenhouse gas emissions in the present study. The sensitivity analysis assumed 
that nitrogen addition was reduced by 25% and yield by 4% (Figure 9). Using dedicated cereal 
cultivars for ethanol production would reduce total greenhouse gas emissions by 3 g CO2-eq/MJ 
ethanol (6%), on average for all counties. 
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Figure 9. Greenhouse gas emissions (g CO2-eq/MJ ethanol) for conventional wheat compared 
with dedicated ethanol wheat (lower nitrogen addition and lower yields).  
 
 

6.1.5 Organic soils 

In Sweden, some organic soils are cropped with annual crops, although leys are the dominant 
crop type on such soils (Berglund and Berglund, 2008). On average, 2.2% of Swedish arable land 
consists of organic soils cropped with annual crops (Table 21). ‘Organic’ normally refers to a soil 
with more than 30% soil organic matter (Kerstin Berglund, SLU, pers. comm.). A sensitivity 
analysis for greenhouse gas emissions from organic soil was conducted for spring barley in 
Örebro County (Figure 10). Winter crops are very rare on this soil type due to problems with root 
freezing (Anna Redner, Swedish Rural Economy and Agricultural Society in Örebro, pers. 
comm.). Data on nitrogen leaching from organic soils in the county have not been reported. The 
Department of Soil and Environment at SLU provided data for this purpose from the type area 
T10 (Husön) in Örebro County, which is dominated by organic soils (75%). The area is 
surrounded by embankments and the runoff water is pumped off. The runoff level is uncertain, 
and an estimated runoff value (target runoff, 200 mm/year) was used in the calculation of 
nitrogen transport (Johnsson et al., 2008). The average content of total nitrogen in runoff water 
during the runoff season 2005/06-2007/08 (15.4 mg tot-N/l) was used for the calculation. The 
total nitrogen transport so calculated was 30.8 kg N/ha and year.  
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Table 21. Area and proportion of organic soils in each county, and area and proportion of 
organic soils cropped with annual crops. Recalculated data from Berglund & Berglund (2008) 

County 

Area organic soils 
(ha)/proportion 
organic soils (%) 

Proportion organic 
soils cropped with 
annual crops (%) 

Proportion organic soils 
cropped with annual crops in 
relationship to total arable 
area (%) 

Stockholm 12237/10.9 33.8 3.7 
Uppsala 18817/10.3 37.8 3.9 
Södermanland 16961/10.7 38.5 4.1 
Östergötland 19547/7.1 27.4 2.0 
Jönköping 14099/9.5 9.1 0.9 
Kronoberg 12202/14.7 11.9 1.8 
Kalmar 18523/8.2 19.7 1.6 
Gotland 12610/9.9 29.5 2.9 
Blekinge 5950/11.0 22.0 2.4 
Skåne 25504/5.0 24.4 1.2 
Halland 7312/5.0 26.9 1.3 
Västra 
Götaland 47109/7.9 26.5 2.1 
Värmland 2934/2.2 21.2 0.5 
Örebro 16958/13.3 55.4 7.4 
Västmanland 12256/8.7 50.0 4.3 
Dalarna 10649/12.6 24.8 3.1 
Gävleborg 5635/6.6 24.1 1.6 
Västernorrland 1874/2.9 16.7 0.5 
Jämtland 980/1.8 10.2 0.2 
Västerbotten 3494/3.8 25.3 1.0 
Norrbotten 4750/9.2 13.2 1.2 
Total/mean 270238/7.7 28.6 2.2 

 
 
Nitrogen addition to organic soils varies greatly and in this study was assumed to be 20 kg N/ha 
and year. However, phosphorus and potassium were assumed to be applied in the same amounts 
as on mineral soils in the area. The draught force requirement for soil preparation was assumed to 
be the same as for sandy soils. Nitrous oxide emissions were calculated according to the IPCC 
(2006) method.  
 
Carbon dioxide emissions caused by mineralization of organic material from cultivation of 
organic soils were not included in this study. Organic soils in the area were made available for 
cultivation when the drainage ditches were installed, which took place long before the 20 year-
limit stipulated in the EU Directive.  
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Figure 10. Greenhouse gas emissions (g CO2-eq/MJ ethanol) from cultivation of spring barley on 
organic soils and mineral soils in Örebro County. 

 
Crop production on organic soils causes large emissions of greenhouse gases. With the 
assumptions made in this study, spring barley on organic soils in Örebro, our example, caused 
emissions corresponding to 71 g CO2-eq/MJ ethanol compared with 16 g CO2-eq/MJ ethanol for 
mineral soils (Figure 10).  
 
 

6.2 Biogas 

In the base calculations for biogas, the emission factors for methane emissions from storage of 
manure used in the Swedish national inventory report on greenhouse gas emissions to the 
UNFCCC (Naturvårdsverket, 2007) were used. These are IPCC (2006) standard values for 
methane emissions (MCF) from storage of solid manure and recommended national values for 
Sweden for liquid manure (Dustan, 2002). The emission factors for nitrous oxide (EF) from 
storage and spreading of manure are from IPCC (2006) but they are highly uncertain and can vary 
with different conditions, as they are intended for estimations of greenhouse gas emissions on 
national level. The effects of variations in the emission factors for methane and nitrous oxide on 
the results are shown in Tables 22 and 23, respectively.  
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Table 22. Impact on the results of higher and lower emission factor for methane (MCF) during 
storage for the biogas system, with and without deduction for the reference system  
 Emissions of greenhouse gases 

without reference (g CO2-eq/MJ 
vehicle gas) 

Emissions of greenhouse gases with 
reference (g CO2-eq/MJ vehicle gas) 

  
Base scenario 

MCF 
+50% 

MCF              
-50% Base scenario 

MCF            
+50% 

MCF        
-50% 

Solid 
manure 
(cattle) 4 4 3 -26 -27 -24 
Liquid 
manure 
(cattle) 6 6 5 -39 -60 -19 
Liquid 
manure 
(swine) 5 5 5 -41 -62 -20 
 

    

Table 23. Impact on the results of higher and lower emission factor for nitrous oxide (EF) during 
storage for the biogas system, with and without deduction for the reference system  
 Emissions of greenhouse gases 

without reference (g CO2-eq/MJ 
vehicle gas) 

Emissions of greenhouse gases with 
reference (g CO2-eq/MJ vehicle gas) 

 

Base 
scenario 

EF nitrous 
oxide 
+50% 

EF 
nitrous 
oxide 
-50% Base scenario 

EF 
nitrous 
oxide 
+50% 

EF 
nitrous 
oxide  
-50% 

Solid 
manure 
(cattle) 4 4 3 -26 -37 -14 
Liquid 
manure 
(cattle) 6 7 4 -39 -39 -39 
Liquid 
manure 
(swine) 5 6 4 -41 -41 -41 
    
 

 

Methane leakage during upgrading was assumed to be as low, as can be achieved with the best 
available technology in Sweden today. For older plants, the leakage can be significantly higher. 
The leakage is often stated as 1-2% by suppliers, but up to 18% leakage has been reported 
(Persson, 2003). Therefore the impact on the results of one and two orders of magnitude higher 
methane leakage was analysed and is presented in Table 24.  
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Table 24. Impact on the results of different assumptions on methane leakage during upgrading, 
with and without deduction for the reference system 

 
Emissions of greenhouse gases without 
reference (g CO2-eq/MJ vehicle gas) 

Emissions of greenhouse gases with 
reference (g CO2-eq/MJ vehicle gas) 

  
Base 
scenario 

Methane 
leakage 1% 

Methane 
leakage 10% 

Base 
scenario 

Methane 
leakage 1% 

Methane 
leakage 
10% 

Solid 
manure 
(cattle) 4 8 51 -26 -22 19 
Liquid 
manure 
(cattle) 6 6 53 -39 -35 3 
Liquid 
manure 
(swine) 5 9 53 -41 -37 2 
 
 
 
The diesel consumption for spreading manure and digestion residues is relatively large. The 
impact on the results of higher or lower diesel consumption is presented in Table 25. 
 

Table 25. Impact on the results of different assumptions on diesel consumption for spreading, 
with and without deduction for the reference system 
 Emissions of greenhouse gases 

without reference (g CO2-eq/MJ 
vehicle gas) 

Emissions of greenhouse gases with 
reference (g CO2-eq/MJ vehicle gas) 

  Base 
scenario 

Diesel 
+50% 

Diesel 
-50% 

Base 
scenario Diesel +50% 

Diesel  
-50% 

Solid manure 
(cattle) 4 4 4 -26 -26 -25 
Liquid manure 
(cattle) 6 6 6 -39 -40 -39 
Liquid manure 
(swine) 5 5 5 -41 -41 -41 
    

 
 
Valuation of electricity in life cycle assessments is a debated issue. The integrated Nordic (via 
Nordpool) and to some extent European electricity markets means that the electricity produced in 
Sweden is not necessarily produced there. If the electricity consumed is produced in coal 
condensing plants in Denmark or Germany, the emissions from production are significantly 
higher than if the electricity had been produced in, for example, a Swedish hydropower station. 
However for the calculations, the EU Directive permits the assumption that the electricity is 
produced in a defined region (Annex V, Chapter C, Item 11), which was interpreted here as being 
Sweden. In addition, Sweden was a net exporter of electricity in 2008 (Swedish Energy Agency, 
2009). Emissions data for the Swedish electricity mix were therefore assumed for the base 
scenario. Table 26 shows the impact on the results of the assumption that the electricity is 
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produced with the Nordic electricity generation mix or in coal condensing plants, the latter 
frequently assumed to be the short-term marginal electricity in Europe.  
 

Table 26. Impact on the results of different assumptions on electricity production, with and 
without deduction for the reference system (the base scenario is the Swedish electricity mix)  

 
Emissions of greenhouse gases without 
reference (g CO2-eq/MJ vehicle gas) 

Emissions of greenhouse gases with 
reference (g CO2-eq/MJ vehicle gas) 

  

Base 
scenario, 
(23 g CO2-
eq/kWh)* 

Nordic 
mix, 
(88 g CO2-
eq/kWh)** 

Coal 
condensing 
plant, 
(850 g CO2-
eq/kWh)*** 

Base 
scenario, 
(23 g 
CO2-
eq/kWh) 

Nordic 
mix, 
(88 g CO2-
eq/kWh) 

Coal 
condensing 
plant, 
(850 g CO2-
eq/kWh) 

Solid manure 
(cattle) 4 5 23 -26 -24 -7 
Liquid manure 
(cattle) 6 7 25 -39 -38 -20 
Liquid manure 
(swine) 5 7 24 -41 -39 -22 
* Tobias Persson, Swedish Energy Agency, pers. comm. I 
** Tobias Persson, Swedish Energy Agency, pers. comm. II 
*** Elforsk (2007). 
 
 

6.3 Conclusions from the sensitivity analysis 

The sensitivity analyses performed showed that the choice of methodology and input data when 
calculating greenhouse gas emissions from cultivation of agricultural crops for biofuels has a 
significant impact on the results. For example, the analyses showed that crop cultivation on 
organic soils gives 3- to 4-fold higher values than those presented above for the base scenario. 
Moreover, the sensitivity analyses showed that the use of nitrogen fertilizer produced with old 
technology without catalytic cleaning of nitrous oxide would increase total emissions by 
approximately 40% in the case of winter wheat. However, cultivation of winter wheat dedicated 
to ethanol production, with a different choice of crop variety and reduced nitrogen addition, 
would reduce emissions by on average 6%. For biogas production, controlling the methane 
leakage from the production and distribution system is crucial for limiting the net emissions from 
the biogas production. The choice of electricity data is also of great significance.  
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