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ABSTRACT 
 
 
 
Low ethanol-content diesel blends (E-diesel) have been studied in the present report. E-diesel can, 
in principle, provide an alternative energy source and, by displacing diesel (a fossil fuel), reduce its 
environmental burden. However, E-diesel production process itself consumes energy and has 
emissions to air. 
 
To identify whether there are real savings in energy and emissions, a Life Cycle Assessment (LCA) 
has been carried out in order to thoroughly evaluate from cradle to grave all stages involved in E-
diesel production and use, i.e. all by-products, transportation, raw materials production, disposal 
scenarios, etc. Two different E-diesel compositions (E-10 diesel and E-15 diesel) used in heavy duty 
diesel engines have been studied in the present report. Furthermore, the LCA covers two case 
studies: a bus fleet driven under urban traffic conditions and a truck fleet run mainly on highways. 
 
Ethanol has been considered to be based on lignocellulosic material, more specifically on 
woodchips. E-diesel needs a fuel additive to enable a stable ethanol-diesel blend. The emulsifier 
used in this LCA is Akzo Nobel’s Beraid® ED10. 
 
Advantages and drawbacks of E-diesel implementation as fuel for captive fleets in Sweden have 
been identified in this report. On the one hand, negative aspects have been mainly referred to the 
issue that E-diesel is an experimental fuel yet. It is currently undergoing a very active 
demonstration stage towards governmental and engine manufactures acceptance, which is crucial 
to further steps aiming its commercialisation. On the other hand, there are many positive facts 
regarding the environmental performance of E-diesel. Impact on global warming diminish with 
about 10% in CO2 emissions compared to ordinary diesel by replacing “fossil” CO2 emissions with 
bioethanol’s “green” CO2. Air quality at the local level is either improved (20% and 10% decrease in 
particulate matter and SO2 emissions) or remains stagnant (NOx, CO and HC emissions, which may 
be reduced after fixing an optimised exhaust gases aftertreatment). 
 
Results from this study present thus E-diesel as an attractive option due to its environmental 
behaviour and engine performance (it can be successfully implemented in unmodified diesel 
engines). Moreover, a future competitive market price makes this fuel a real and feasible alternative 
to traditional diesel. 
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SAMMANFATTNING 
 
 
 
Diesel med en låg inblandning av etanol (E-diesel) har studerats i denna rapport. E-diesel är ett 
alternativt drivmedel som ersätter diesel (ett fossilt bränsle) och minskar miljöbelastningen. 
Produktionen av E-diesel är dock energikrävande  och ger upphov till emissioner till luft. 
 
För att undersöka om användningen av E-diesel medför miljövinster i form av minskad 
energianvändning och minskade utsläpp har en livscykelanalys (LCA) genomförts. Alla steg, från 
vaggan till graven, vad gäller produktion och användning av E-diesel, inklusive råvaror, biprodukter, 
transporter, avfall etc., har utvärderats ingående. Två olika typer av E-diesel (E-10 diesel och E-15 
diesel) som används för tunga dieselmotorer har studerats. Två fallstudier ingår i studien: bussar i 
stadstrafik och lastbilar på motorvägar. 
 
Denna studie omfattar enbart etanol framställd från cellulosa, närmare bestämt träflis. För att 
möjliggöra en stabil blandning av etanol och diesel måste ett tillsatsmedel användas. Det 
tillsatsmedel som används i denna livscykelanalys är Akzo Nobels produkt Beraid® ED10. 
 
Fördelar och nackdelar med att börja använda E-diesel som bränsle för stora transportföretag i 
Sverige har identifieras i denna rapport. De negativa aspekterna beror huvudsakligen på det faktum 
att E-diesel fortfarande är ett bränsle på experimentstadiet. Det testas för närvarande i olika slutna 
flottförsök (bussbolags och transportörers egna tankställen) för att bli accepterat av myndigheter 
och motorfabrikanter. Detta är avgörande för ytterliggare steg mot en etablering på marknaden. 
Det finns många miljöfördelar med E-diesel. Den globala miljöpåverkan minskar genom att “fossil” 
koldioxid från diesel ersätts med “grön” koldioxid från etanol, vilket leder till en minskning av 
koldioxidutsläppen med 10%. Luftkvaliteten på lokal nivå blir i några fall bättre (20% minskning av 
partikelhalten och 10% minskning av svaveldioxidutsläppen) eller förblir oförändrad (utsläppen av 
kväveoxider, kolmonoxid och kolväten blir i stort sett oförändrade, men kan reduceras efter 
optimering av avgasreningen). 
 
Resultaten av denna studie visar att E-diesel är ett attraktivt bränslealternativ på grund av dess 
miljöfördelar och möjligheten av att kunna använda bränslet i vanliga dieselmotorer utan att dessa 
måste modifieras. Vidare kan ett framtida konkurrenskraftigt pris leda till att detta bränsle blir ett 
reellt alternativ till traditionell diesel.  
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1 INTRODUCTION 
 
 
 

1.1 Aim 
 
The main goal of this Life Cycle Assessment (LCA) is to evaluate low ethanol-content diesel blends 
(E-diesel) use as automotive fuel. Ethanol included in the study is produced from lignocellulosic raw 
materials, more specifically from woodchips. The LCA was carried out under a cradle-to-grave 
perspective. Therefore, all activities involved in the production of diesel, ethanol and additives, 
mixing of the different components and final use of the chosen fuel were taken into account. 
 
Two case studies were applied to compare E-diesel vs. diesel under different traffic conditions: 
buses in a city and trucks on a highway. Results are compared in order to determine strengths and 
weaknesses of ethanol-diesel blends as a renewable biomass-based alternative to traditional 
transportation fuels. In order to achieve this, inventories of emissions will undergo an assessment 
and will be grouped as global or local environmental impacts for further interpretation of results. 
 
 
 

1.2 Background 
 
Over the past several decades, a growing vehicle fleet has spurred escalating fuel use, air 
pollutants in traffic fumes have sickened and killed people, while highways and urban development 
has devoured nature’s lebensraum. Gases continuously coming out from exhaust pipes are 
considered to be a major role player in main target environmental problems such as global warming 
(due to uncontrolled emissions of greenhouse gases) and air pollution. The environmental burden 
of road transportation is very important and can be estimated as high as 5% of a country’s GDP 
(see table 1) [Brown et al., 2001]. Therefore, it is not the fuel combustion alone, but its whole life 
cycle that has an impact upon nature and society and consequently has to be properly addressed. 
 

Costs Included in the Study Country, 
region or city 

Year 
Share of 
GDP (%) Accidents Smog Climate Noise  Roads 

Land & 
Parking 

Congestion  

United States 1989 5.50 X X X X X X  

European Union Early 1990s 4.63 X X X X X  X 

United Kingdom 1993 4.68 – 5.79 X X X X X  X 

Mexico City 1993 5.60 X X    X X 

Santiago, Chile  1994 6.71 X X  X X X X 

Table 1. Estimates of societal costs of road transport as share of GDP. [Brown et al., 2001]  
 
Renewable fuels or so-called “biofuels” can, in principle, provide a renewable energy source and, by 
displacing fossil fuels, reduce greenhouse gas emissions to the atmosphere. However, biofuels 
production process itself consumes energy and emits polluting gases. To identify whether there are 
real savings in energy and emissions, thorough evaluation from cradle to grave must be carefully 
carried out, including all stages involved in the studied fuel production and use, i.e. all by products, 
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transportation, raw materials production, disposal, etc. An optimal tool to carry out such a thorough 
study is LCA, a methodology explained in ISO 14040s international standards. 
 
There is a varied palette of biofuels available today (e.g. biodiesel, reformulated gasoline, etc.). 
From all different options, E-diesel has been chosen to be the target of the present study. Low 
ethanol-content diesel blends (i.e. E-diesel) reduce the formation of some pollutants by adding 
oxygenates to the fuel matrix [Ahmed, 2001] [Spreen, 1999]. Two fuel configurations are the most 
popular nowadays: E-10 diesel (10% ethanol, 88% diesel and 2% fuel additive) and E-15 diesel 
(15% ethanol, 83% diesel and 2% fuel additive). 
 
Renewable fuels have to be biomass-based, hence ethanol in E-diesel is produced from biological 
feedstocks. From the various available options, lignocellulosic raw materials were selected as aim of 
the study. More specifically, ethanol is produced from woodchips, i.e. a waste generated at 
sawmills. And this is precisely the most attractive advantage of the technology taken into account, 
it is very flexible regarding possible feedstocks and most of them are considered to be residues: 
corn stover or wheat straw (agricultural waste), garden waste, paper waste, etc. 
 
E-diesel use has been limited to captive fleets1 in the present LCA, as many experts agree upon 
[McCormick, Parish, 2001]. Two different types of heavy duty diesel vehicles were taken into 
account: buses (driven under urban traffic conditions) and trucks (run under highway traffic 
conditions).  
 
E-diesel has been recognised to be an attractive option due to its environmental behaviour and 
engine performance (it can be used in unmodified diesel engines). Moreover, a competitive market 
price makes this fuel a real and feasible alternative to traditional diesel. 
 
Nevertheless, E-diesel is still an experimental fuel, which has not reached its commercialisation 
stage yet. This situation is due to some drawbacks that have been identified as: 

• E-diesel cannot be safely handled as conventional diesel, but as gasoline due its physical 
properties. 

• Engine manufactures are already waiting for more operation performance data to award E-
diesel with an OEM warranty acceptance. 

• Environmental officers have not recognised E-diesel as fuel yet. [AFDC, 2002] 
 
 

                                                 
1 Captive fleets are those with their own centralised fuel distribution infrastructure. 
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2 LIFE CYCLE ASSESSMENT (ISO 14040 SERIES) 
 
 
 

2.1 Definition 
 
LCA is a technique, which assists in assessing the environmental aspects and potential impacts 
associated with a product, by: 

• Compiling an inventory of relevant inputs and outputs of a product system. 
• Evaluating the potential environmental impacts associated with the selected inputs and 

outputs. 
• Interpreting the results of the inventory analysis and impact assessment phases in relation 

to the objectives of the study. [ISO, 1997] 
 
LCAs study the environmental aspects and potential impacts throughout a product’s life (i.e. cradle-
to-grave) from raw material acquisition through production, use and disposal. The general 
categories of environmental impacts needing consideration include resource use, human health and 
ecological consequences. [ISO, 1997] 
 
A framework for LCA includes (see figure 1): 

• Definition of goal and scope. 
• Inventory analysis. 
• Impact assessment. 
• Interpretation of results. [ISO, 1997] 
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Figure 1. Overview of all LCA phases. [ISO, 1997] 
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The performance of an LCA can assist in: 
• The identification of improvement opportunities for the studied product’s environmental 

aspects throughout its whole life. 
• Decision-making in industry, governmental and non-governmental organisations (e.g. 

strategy planning, priority setting, etc.). 
• The selection of relevant environmental performance indicators and adequate 

measurement techniques. 
• Marketing opportunities for “greener” products (e.g. eco-labelling, environmental product 

declaration, etc.). [ISO, 1997] 
 
 
 

2.2 Methodology 
 
ISO 14040 compiles all methodological requirements needed for conducting LCA studies. Further 
details regarding different phases of LCA can be found in a collection of supplementary 
International Standards (ISO 14041, ISO 14042 and ISO 14043). [ISO, 1997] 
 
 
2.2.1 Definition of goal and scope 
 
2.2.1.1 Goal and scope 
 
The goal of an LCA will clearly define the intended application, the reasons for carrying out the 
study and the intended audience. [ISO, 1998] 
 
The scope of an LCA must consider and describe the following items: 

• The functions of the product system, or, in case of comparative studies, the systems. 
• The functional unit. 
• The product system to be studied. 
• Allocation procedures. 
• Types of impact and methodology, impact assessment and interpretation to be used. 
• Data requirements. 
• Assumptions. 
• Limitations. 
• Initial data quality requirements. 
• Type of critical review. 
• Type and format of the report required for the study. [ISO, 1997] 

 
 
2.2.1.2 Functional unit  
 
The functions (performance characteristics) of the product shall be clearly specified. The functional 
unit quantifies these functions. Thus, the necessary amount of product to fulfil the function can be 
measured. [ISO, 1998] 
 



 

LCA  OF WOOD-BASED  ETHANOL-DIESEL BLENDS (E-DIESEL) 
 

LIFE CYCLE ASSESSMENT (ISO 14040 SERIES)  
 

- 5 - 

 
2.2.1.3  System boundaries 
 
The system must be delimited by boundaries, which encapsulate all processes and activities that 
will be included in the study. These boundaries can be set according to different dimensions: 

• Boundaries between the technological system and nature. A life cycle usually begins at the 
extraction point of raw materials and energy carriers from nature. Final stages normally 
include waste generation (in any state, i.e. gaseous, liquid or solid) and/or heat production. 

• Geographical area. Geography plays a crucial role in most LCA studies, e.g. infrastructures, 
such as electricity production, waste management and transport systems, vary from one 
region to another. Moreover, ecosystems sensitivity to environmental impacts differs 
regionally too. 

• Time horizon. Boundaries must be set not only in space, but also in time. Basically LCAs are 
carried out to evaluate present impacts and predict future scenarios. Limitations to time 
boundaries are given by technologies involved, pollutants lifespan, etc. 

• Production of capital goods. Economic feasibility of new and more environmentally friendly 
processes can be evaluated in comparison with currently used technology. 

• Boundaries between the current life cycle and related life cycles of other products. Most 
activities are interrelated, and therefore must be isolated from each other for further study. 
[Tillman et al., 1994] 

 
 
2.2.1.4 Data quality requirements 
 
Reliability of results from LCA studies strongly depends on the extent to which data quality 
requirements are met. Data must take into account the following parameters: 

• Time-related coverage: age of data and period of time available for data collection. 
• Geographical coverage: geographical area where data should be collected in order to fulfil 

the goal of the study. 
• Technology coverage: technology mix. 
• Data precision: variability of data values. 
• Completeness: percentage of data retrieved in comparison to the previously expected. 
• Representativeness: degree to which data reflect the studied scenario. 
• Consistency: uniformity in the methodology application to the study. 
• Reproducibility: extent to which results can be reproduced by independent practitioners. 

[ISO, 1998] 
 
 
2.2.2 Life Cycle Inventory Analysis (LCI) 
 
LCI comprises all stages dealing with data retrieval and management (see Figure 2). Forms must be 
properly designed for optimal data collection. Henceforth data are validated and related to the 
functional unit in order to allow the aggregation of results. 
 
A very sensitive step in this calculation process is the allocation of flows and releases. Most of the 
existing technological systems yield more than one product. Therefore, materials and energy flows 
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as well as environmental releases must be allocated to the different products according to a given 
procedure: 

• Wherever possible, allocation should be avoided. 
• Where allocation is not avoidable, inputs and outputs should be partitioned between its 

different functions or products in a way that reflects the underlying physical relationships 
between them. 

• If the latter is not possible, allocation should be carried out based on other existing 
relationships (e.g. in proportion to the economic value of products). [ISO, 1998] 
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Figure 2. Flowchart with steps needed for inventory analysis. [ISO, 1998] 
 
 
2.2.3 Life Cycle Impact Assessment (LCIA) 
 
LCIA aims to evaluate the significance of potential environmental impacts using the results coming 
out from the LCI phase. This phase of a LCA can be divided into three main steps: 

• Classification, i.e. assignation of inventory data to impact categories. 
• Characterisation, i.e. conversion of LCI results to common units, so that results can be 

aggregated into category indicator results. 
• Optional elements. 
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- Normalisation. The magnitude of indicator results is calculated relative to reference 
information (often referred as normalisation). 

- Weighting. Indicator results coming from the different impact categories are converted 
by using factors based on value-choices. 

- Grouping. Impact categories are assigned into one or more sets (on a nominal  or an 
hierarchical basis). [ISO, 1997] [ISO, 2000a] 

 
 
2.2.4  Life cycle interpretation 
 
The aim of the interpretation phase is to reach conclusions and recommendations within the 
defined goal and scope of the study. Results from the LCI and LCIA are combined together and 
reported in order to give a complete and unbiased account of the study. [ISO, 2000b] 
 
The life cycle interpretation of an LCA or an LCI comprises three main elements: 

• Identification of the significant issues based on the results of the LCI and LCIA phases of a 
LCA. 

• Evaluation of results, which considers completeness, sensitivity and consistency checks. 
• Summary of conclusions and recommendations. [ISO, 2000b] 
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3 ETHANOL PRODUCTION 
 
 
 

3.1 Ethanol 
 
Ethanol is an alcohol otherwise known as ethyl alcohol, alcohol, grain spirit or neutral spirit. Its 
chemical formula is C2H5OH and it is catalogued under the CAS No. 64-17-5. It is a clear colourless 
liquid with the following characteristics [NTP, 2000]: 
 

Molecular weight 46.07 
Density 790 kg/m3 

Boiling point 78 °C 
Heat of evaporation 890 kJ/kg 
Energy content 5.9 kWh/l 
Vapour pressure (25 °C)  50 mm Hg 
Octane index 113 
Water solubility 100% (infinite solubility) 

Blending properties 
Cannot pre -blend at refinery 
Cannot ship via pipeline 
Requires separate storage 

Biodegradation potential Readily biodegradable under 
most conditions 

Safety issues Highly flammable  

Table 2. Some properties of ethanol. [NTP, 2000] [KEMI, 2003] 
 
 
 

3.2 Ethanol production and use 
 
All beverage ethanol and a large proportion of industrial ethanol are produced following the 
traditional process of fermenting simple sugars. Starches from potatoes, corn, wheat and other 
plants are used as feedstock. They must be broken down to simple sugars before entering an 
enzymatic process, where these simple sugars are turned into ethanol and carbon dioxide. 
 
Other raw materials can be waste products from the beverage, food and forestry industries. 
Processes have been developed to benefit from lignocellulosic materials, such as waste biomasses 
(e.g. straw, woodchips, garden waste, etc.) and other wastes containing cellulose (e.g. paper 
products).  
 
The rest of the ethanol production takes place in the petrochemical industrial sector, where ethanol 
is synthetically made either from acetaldehyde (made from acetylene), or from ethylene (made 
from petroleum). 
 
Ethanol is used as a solvent, in alcoholic beverages and denatured alcohols manufacture, as anti-
freeze agent, as chemical intermediate, in synthetic rubber, coatings, cosmetics, disinfectants and 
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pharmaceuticals. It can also be used as a fuel and fuel component (e.g. like in gasoline-ethanol 
blends and diesel-ethanol blends) [Buchheit, 2002]. 
 
Ethanol ought to be biomass-originated in order to be able to address the resulting blend as an 
alternative and renewable fuel. This biomass-based ethanol is usually called “bioethanol”. The 
production and use of bioethanol as a fuel varies from one place to another. A brief outlook of the 
worldwide current situation is presented in the following table: 
 

Brazil 

World’s biggest ethanol producer and consumer. 
More then 15 mil m3 ethanol fuel used per year. 
40% of cars are run on pure ethanol, while the rest of cars 
are run on 22% ethanol – 78% gasoline blends. AMERICA 

United 
States 

Ethanol production (2000): 6.7 mil m3. 
12% used in fuel, typically in 10% ethanol – 90% gasoline 
blends. 

Australia 

Greenhouse Gas Abatement Programme (2002-04) to assess 
the introduction of biofuels. 
Broad strategy aiming to increase the production of biofuels 
to 350,000 m3 per year. 

China 
Ethanol is seen to be the solution for a more efficient use of 
grain surpluses and a reduction of oil imports. 

ASIA & 
PACIFIC 

India 
Ethanol production: 1.8 mil m3. 
Fuel blends contain around 5% ethanol. 

France 
Ethanol production (2000): 91,000 tonnes. 
Alcohol is mainly transformed into fuel oxygenate ETBE. 

Spain Ethanol production (2000): 80,000 tonnes. EUROPE 

Sweden 
Ethanol production (2000): 20,000 tonnes. 
About 10,000 tonnes are used for 300 buses run on ethanol. 

Table 3.  International outlook of ethanol production and use. [Platts, 2002] 
 
 
 

3.3 Ethanol from corn  
 
Corn kernels have starch2, which can be broken down to glucose monomers and furthermore 
fermented to ethanol. Fibre and moisture (about 15%) are also to be found in kernels [McAloon, 
2000]. Mainly, two processes are extensively used: wet milling and dry milling. 
 
 
 
3.3.1 Wet milling 
 
The feedstock (corn kernels) is pre-soaked in order to produce three different flows of germ, fibre 
and starch. Afterwards kernels are softened before milling at a conditioning step called “steeping”, 
which also helps to break down proteins and removing soluble constituents. 

                                                 
2 Starch is an alpha-linked glucose polymer. 
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Germ is separated downstream, while the starch fraction is taken to the grinding step. Corn oil, 
which is the most valuable co-product of this process, is obtained from germ. After centrifugation 
and saccharification, a gluten wet cake is obtained. Finally, the fermentation takes place (coupled 
with a yeast-recycling step) yielding carbon dioxide and (after distillation and dehydration) ethanol. 
[Buchheit, 2002]  [McAloon et al., 2000] 
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Figure 3. Flowchart of the wet milling process. [Buchheit, 2002] 
 
 
3.3.2 Dry milling 
 
Firstly, corn kernels are broken down into fine particles using a hammer mill. The resulting flour 
contains germ, fibre, gluten and other impurities, which come together with the starch. The 
separation of the latter from the rest is achieved at a hydrolysis step. This process is carried out by 
enzymes in a slightly acid medium. 
 
The resulting mash is transferred to the fermentation unit (also coupled with a yeast-recycling 
step). After distillation and dehydration, ethanol is separated from solids and water. These undergo 
centrifugation and the liquid coming out the centrifuge is concentrated in evaporators. Dried solids 
and syrup from the evaporators are blended yielding DDGS 3. [Buchheit, 2002] [McAloon et al., 
2000] 
 

                                                 
3 Distiller's Dried Grains with Solubles (DDGS) are high value feed stuff for livestock and poultry. 
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Figure 4. Flowchart of the dry milling process. [Buchheit, 2002] 
 
 
 

3.4 Ethanol from lignocellulosic materials 
 
Lignocellulosic ma terials are all those that contain lignocellulose such as paper waste, corn stover, 
wheat straw, wood chips, garden waste, etc. State-of- the-art technology for the conversion of 
lignocellulosic biomass to ethanol is at the final stage of its research and facing its first attempts of 
commercial implementation. Pilot-scale projects have been successfully run and full-scale plants will 
be operative in Europe and North America by 2004. 
 
Three from all available technologies will be looked at:  

- Combined bioethanol4 and biogas production. 
- Concentrated acid hydrolysis. 
- Diluted acid hydrolysis. 

 
 
3.4.1 Combined bioethanol and biogas production 
 
The overall process is the result of coupling both a bioethanol plant and a biogas reactor. 

1) Bioethanol plant. 
•  Pre-treatment (wet oxidation). 

- Lignin is broken up and removed by oxidation. 
- Cellulose’s structure is broken down. 

                                                 
4 Bioethanol is ethanol produced from waste biomass.  
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•  Enzymatic treatment and ethanol fermentation. 
- Hexoses (glucose) are fermented by traditional baker’s yeast into ethanol (SSF, 

Simultaneous Saccharification and Fermentation). 
- Pentoses (xylose) are fermented into ethanol by thermophilic anaerobic bacteria. 

2) Biogas reactor.  
•  Wastewater with oxidation products and fermentation by-products are a valuable 

resource for the biogas reactor, where methane is produced. 
• Final wastewater (with limited organic material) can be: 

- either used as a fertiliser; 
- or recirculated in the process. [Thomsen, 2001] 
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Figure 5. Flowchart of the combined bioethanol and biogas production process. [Tho msen, 2001] 
 
This process is very flexible regarding the variety of raw materials, which can be input (wheat 
straw, woodchips, garden waste, paper waste, etc.). [Thomsen, 2001] 
 
 
3.4.2 Concentrated acid hydrolysis 
 
The process accepts a varied palette of biomass feedstocks such as agricultural residues (e.g. 
straws, bagasse, corn stalks and cobs, etc.), energy crops (e.g. grasses, sweet sorghum, fast 
growing trees, etc.), paper waste (e.g. recycled paper, sludge from paper mills, etc.), wood wastes 
(e.g. prunings, woodchips, sawdust, etc.) and green wastes (e.g. leaves, grass clippings, etc.). 
 
Firstly, biomass raw materials are pre-treated (cleaning and grinding) and then dried to a moisture 
content suitable for the decrystallisation process (separation of cellulose and hemicellulose from 
lignin under acid conditions). The following hydrolysation brakes down the cellulose producing 
hexose and pentose. The hydrolysate undergo a separation into insoluble materials (e.g. lignin), 
which are separated and processed into fuel, and an acid mixture of sugars. Acid is separated with 
an ion-exchanger and recirculated, while the sugars mix is fermented (producing carbon dioxide). 
Ethanol is obtained by means of distillation. [Arkenol, 1999] 
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Figure 6. Flowchart of the concentrated acid hydrolysis process. [Arkenol, 1999] 
 
 
3.4.3 Diluted acid hydrolysis 
 
This process was selected to describe ethanol production in the LCA. The decision was mainly 
based upon the quality of the data from this technology and the fact that it is the technology used 
in the first Swedish lignocellulose-based ethanol plant, which is being constructed in Örnsköldsvik. 
Lignocellulosic feedstock is considered to be constituted of woodchips coming from the forest 
industry located in the Domsjö area. A full-scale plant is based on the following operation units: 

• Feedstock reception. Sawmill woodchips are cleaned and homogenised. They have a dry 
content of 50% before entering the plant. 

• Cooking. Woodchips are heated using primary steam at 100 °C during 20 minutes. 
• Feeding. Pressure is increased in order to meet optimal conditions for the pre-hydrolysis 

and to feed the reaction vessel with finely divided woodchips, which are now ready for the 
addition of acid and steam. 

• Pre-hydrolysis. Sulphuric acid is added and the temperature is increased until 175 °C by 
introducing steam into the vessel. Dry content of the stream coming out has decreased to 
15-20%. 

• Washing step. Glucose and pentose will be removed at the highest possible extent from the 
dry fraction coming after the pre-hydrolysis. 

• Drying of pre-hydrolysate. Removal of moisture is done by pressing the mixture in order to 
extract water from the pre-hydrolysate. Dry content is 35%. 

• Hydrolysis. Sulphuric acid and steam at 225 °C are added. Hydrolysate is recovered at the 
bottom of the reactor (a cyclone effect is created by a decrease in pressure after 
operation). 

• Washing. Rests of lignin are washed away. Dry content increases from 7% until 40%. 
Separated lignin is taken into a hot-air drier. After reducing its moisture content, it can be 
used as a fuel. 
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• Detoxification. By-products (e.g. furfural and hydroxyl-methyl-furfural) from the hydrolysis 
step are inhibitors in the fermentation process. Therefore, they must be removed. In order 
to achieve this detoxification, calcium hydroxide is used at 95 °C (pH increases to 10). 
Before entering the fermentators pH is decreased to 7 using sulphuric acid. 

• Fermentation. The substrate for the fermentation is cooled down to 35 °C. Carbon dioxide 
is produced. 

• Separation. Ethanol’s fraction is separated from distiller’s waste through evaporation. 
• Distillation and dehydrogenisation of ethanol’s fraction in order to produce concentrated 

ethanol. 
• Evaporation. Mash of distiller’s waste is introduced in evaporation columns. From the 

bottom a dry waste is recovered, which can be burned as a fuel. Condensate is taken to a 
biological wastewater treatment unit. 

• Sulphuric acid unit. Sulphuric acid is diluted before entering each of the hydrolysis steps. 
Recirculated water from the system is used for this purpose. By means of the dilution 
process, the acid reaches the suitable temperature to enter the hydrolysation vessels. 
[Fransson et al., 2000] 
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Figure 7. Flowchart of diluted acid hydrolysis process. [Fransson et al., 2000] 
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4 DIESEL PRODUCTION 
 
 
 

4.1 Diesel 
 
Diesel is a fuel designed to be used in a self-igniting process, which requires molecules with 
different structures than used in gasoline. Diesel fuel components must decompose easily at high 
temperature and pressure. Therefore, normal n-paraffins are ideal diesel fuel components if 
compared with olefins and aromatics. N-paraffins give diesel good ignition performance and low 
smoking tendency. However, some olefinic and aromatic chains must be added to the diesel pool in 
order to improve characteristics such as low-temperature behaviour. [Fabri et al., 2002] 
 
Mandatory characteristics of diesel fuel for Europe are included in the European Norm EN 
590:1999. Some of these properties are included in the following table: 
 

PROPERTIES Unit  VALUE 
Density at 15°C kg/m3 820 – 845 
Cetanic number , min.   51,0  
Cetanic index, min. — 46,0  

Cold filter plugging point, max.5 °C 
Summer Clase 
 A      B     C 
+5     0    - 5 

Winter Clase 
D      E 

  -10    -15 
Flash point (Pensky-Martens), min. °C > 55 
Sulphur content, max. ppm 350 
Polycyclic Aromatic Hydrocarbons, max. % m/m 11 
Viscosity at 40°C mm2/s 2.00 – 4.50 
Lubricity, Corrected wear scar diameter 
(wsd 1.4) at 60°C, max. 

mm 460 

Table 4. Properties of diesel fuel according to EN 590:1999. [CEN, 1999] 
 
A very important property of diesel as a transportation fuel is its sulphur content. New requirements 
lowering its value from 350 ppm (previously 500 ppm) to 50 ppm will be in force by January 2005 
as a European standard. 
 
 
 

4.2 Crude oil extraction 
 
The scenario for crude oil extraction, which was modelled and included in this study, corresponds to 
the extraction activities in the North Sea. The facilities needed for  offshore recovery of crude oil are 
similar to those used onshore. The main difference lies on the supporting structures needed to 
recover liquid and gaseous hydrocarbons in reservoirs under the sea bottom. 
 

                                                 
5 There are five different filterability qualities. Summer: (01.04 – 30.09) / Winter (01.10 – 31.03 ). 
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Figure 8. Present development of production depths [Weggen et al., 2002] 
 
Firstly, drilling rigs must be temporarily installed. There are several technologies available 
depending on depth and sea conditions. The most popular facilities (see figure 9) are: 

• Submersibles (water depth to 300 m). Floating self-propelled platforms. They use sea water 
as ballast to lower their centre of gravity and ease their anchorage to the sea bottom. 

• Jack-up platforms (water depth to 100 m). Flat multi-storey barges fixed with several legs 
to the sea bottom. Legs are lowered up to 32 metres in order to avoid storm waves under 
the barge. Together with submersibles, they have a big logistic demand (transportation of 
crew, catering, engineering equipment, crude oil, etc.) from and to the land base. 

• Drillships (water depth to 500 m). Used in the early times of offshore extraction. Currently 
they are being used more in the research and prospecting. Under fairly stable weather 
conditions they are still a good option due to their mobility a carrying capacity. 

 

 
Figure 9. Offshore drilling rigs. (A) Submersible. (B) Jack-up platform. (C) Drill ship. [Weggen et al., 2002] 
 
Afterwards, supporting structures for the offshore production facilities are installed. A concrete 
casing between the platform and the sea bottom (the so-called “riser”) is required to resist weather 
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conditions and sea currents. Normally, three conical hollow bodies of concrete are set down on the 
sea bottom. Two of them configure a casing for the wells, whereas the remaining leg contains the 
supply and energy line. 
 
Oil extraction and production operations involve use of both energy (with its associated emissions 
of CO2 and NOx) and chemicals (used to improve operational effectiveness and maintenance of 
equipment). Transportation and logistics (e.g. boats, pipelines, etc.), loading activities, drilling, 
production, flaring, venting, etc. generate a wide range of environmental impacts ranging from 
accidental oil spills, wastewater (containing used chemicals and oil), atmospheric emissions, etc. All 
these contamination sources must be properly managed. [MPE, 2002] 
 
Other environmental impacts associated with offshore operations are: 

• Accidental oil spills. 
• Produced water, which is found in oil and gas reservoirs and comes to the surface together 

with oil. It is separated from hydrocarbons and further treated. 
• Chemicals used for drilling (to ensure safe and environmentally friendly operation), 

production (e.g. efficiency improvers) and pipeline maintenance (e.g. corrosion inhibitors). 
They range from hazardous to benign products. For instance in the Norwegian petroleum 
sector, more than 99% can be considered to have little or no environmental impact. 

• Drill cuttings. Rocks removed when the well is being drilled. [MPE, 2002] [Statoil, 2002] 
[UKOOA, 2002b] 

 
 
 

4.3 Diesel production 
 
Diesel is produced at a crude oil refinery (see figure 10) by blending different output flows of crude 
oil distillation products. The following list comprises the different components to be found in the 
diesel fuel pool: 

• Straight-run middle distillates (gas oils). Valuable diesel fuel component due to its high 
cetane number6. Although middle distillates could be directly used as fuel for diesel 
engines, they have to undergo a desulphurisation process known as hydrotreating7. 

• Thermally cracked gas oil originated from the coking process. It has a lower cetane number 
than middle distillates. It must be hydrotreated as well. 

• Catalytically cracked gas oil (very low cetane number). It is produced in the vacuum gas oil 
cracking unit. 

• Kerosene. It is added to improve cold flow properties of diesel. Due to kerosene’s high 
price, its addition is limited to diesel, which will be used under low climatic conditions. 
[Fabri et al., 2002] 

 
Air pollution is mainly due to: 

• Combustion of fuel gas or diesel for power generation producing CO2 and NOx emissions. 

                                                 
6 The cetane number represents the ignition quality of a fuel. Reference numbers are 0 (very low quality) and 100 (very high 
quality). 
7 Unsaturated hydrocarbons are hydrogenated to reduce the coking tendency, to remove sulphur from gas oils and to 
improve the colour stability. 
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• Use of gas-turbine compressors to export gas to onshore terminals and consumers. 
• Flaring or venting of hydrocarbon gas. Gas flaring accounts for 20-25% of overall 

atmospheric emissions. There are two main reasons why gas is flared: due to safety 
reasons (to safely burn off diverted gas flows) or oil extraction activities (to manage 
pressure whilst in the reservoir).  

• Offshore loading of oil generating non-methane VOCs. [MPE, 2002] [UKOOA, 2002a]  
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Figure 10. Simplified flowchart of the crude oil distillation process. [Irion, Neuwirth, 2002] 
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5 ETHANOL-BASED FUELS 
 
 
 

5.1 Biofuels 
 
Exhaust gases from traditional fuel combustion is a major contributor to air pollution (e.g. carbon 
dioxide, nitrogen oxides, particulate matter, carbon monoxide, etc.). New concepts, like new 
generation fuels (e.g. ultra low sulphur diesel fuels) and different kind of fuels and fuel blends (with 
more environmental friendly combustible substances) have been lately developed. 
 
Unlike other renewable energy sources, biomass can be converted directly into liquid fuels, i.e. 
biofuels, to meet the transportation needs of nowadays society. Most popular biofuels are: 

• Ethanol. Alcohol that can be used either as a fuel or as a fuel additive in fuel blends to cut 
down pollutants emitted. 

• Biodiesel. Fatty acid alkyl esters obtained from many vegetable oils, animal fats, algae or 
even recycled cooking greases. It is used as an additive (blends) or in its pure form. 

• Methanol. Commonly called “wood alcohol”, methanol is produced through gasification of 
biomass. 

• Reformulated gasoline components based on biomass (e.g. ETBE and MTBE) are usually 
introduced in the fuel mix in order to reduce emissions. 

 
 
 

5.2 Ethanol -based fuels 
 
It has been demonstrated that the formation of pollutants can be reduced by adding oxygenates to 
the fuel matrix. Ethanol accounts as one of these substances that enable a cleaner burning of fuels. 
[Ahmed, 2001] [Spreen, 1999] 
 
There is a big number of different ethanol-based fuels, ranging from pure ethanol to ethanol blends 
with different fuels like biodiesel, diesel, gasoline, etc. 

• Ethanol fuels. Ethanol can be independently used as a transportation fuel together with 
additives (e.g. ignition improver, denaturing agents, etc.). In Sweden the so-called ETAMAX 
D ethanol fuel is being used for urban buses (see figure 11). These fuels must be handled 
in the same way as gasoline. [Ericsson, Odéhn, 1999] 

• Ethanol-gasoline blends. There are two main groups of blends: high ethanol-content and 
low-ethanol content blends (see figure 11). 

- High ethanol-content blends. The most popular blend is the so-called E85, which has 
an 85% ethanol content, whereas the remaining 15% is unleaded gasoline. It must be 
used in a special type of vehicles known as flexible fuel vehicles (FFV) 8. 

                                                 
8A FFV is specially designed to run on any ethanol blend up to 85% ethanol. Special onboard diagnostics "read" the fuel 
blend, enabling drivers to fuel with E85 or gasoline in any combination from a single tank. The computer adjusts the FFV’s 
fuel injection and ignition timing to compensate for the different fuel mixtures.  
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- Low ethanol-content blends. Different ethanol-gasoline blends that can add up to 22% 
ethanol9. These blends can be used in any gasoline-driven vehicle without entering any 
changes in the engine. Other popular fuel mixes are: E5 (5% ethanol and 95% 
gasoline) and E10 (10% ethanol and 90% gasoline). [Löfvenberg, 2002] [Platts, 2002] 

• Ethanol-diesel blends. Low ethanol-content blends with up to 15% ethanol, which are 
commonly addressed as E-diesel. There are two fuel compositions that are currently 
considered as “standards” (see figure 11): E-10 Diesel (10% ethanol, 2% additive and 88% 
diesel) and E-15 Diesel (15% ethanol, 2% additive and 83% diesel). This fuel is still at its 
experimental phase waiting to be recognized for further commercialisation. Main issues 
towards this commercialisation in the U.S.10 are: 

- Low flashpoint and tank vapour flammability. E-diesel cannot be safely handled like 
conventional diesel but must be handled like gasoline. Some modifications must be 
introduced in storage and handling equipment, as well as in vehicle fuel systems. Some 
stakeholders believe that this fact limits the market for E-diesel to centrally refuelled 
fleets (e.g. urban bus fleets, transportation fleets, etc.). 

- OEM warranty acceptance. Currently engine manufacturers will not warrant their 
engines for use with E-diesel because of concerns about safety and liability. They will 
not warrant materials and component compatibility either, so far a larger number of 
data from tests is not available. 

- EPA fuel registration requirements. E-diesel will be required to undergo Tier 1 and Tier 
2 emission and health effects testing. 

- In addition to these major concerns there are issues related to quantifying the stability, 
water tolerance, and other fuel properties of E-diesel. [AFDC, 2002] [McCormick, 
Parish, 2001] 
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Figure 11. Overview of all ethanol-based fuels currently available. [Löfvenberg, 2002]  

                                                 
9 60% of Brazilian cars are driven on this 22% ethanol blend (see section 3.2).  
10 U.S. is used as a reference since it is the country where more a bigger steps towards E-diesel standardisation are currently 
being taken. 
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6 LCI OF DIESEL FUEL IN TRUCKS 
 
 
 

6.1 Goal definition 
 
This LCI aims to evaluate air emissions of diesel use in trucks at the global and local level. Results 
have been calculated taking into account the whole life cycle of diesel as an automotive fuel. 
Stages, where the environmental burden turns heavier, can be thus identified.  
 
The analysed fuel is Danish diesel ULSD11. Therefore, this LCA specially focuses on impacts due to: 

• Diesel combustion in trucks. 
• Diesel production. 

 
 
 

6.2 Functional unit 
 
The main purpose of burning fuel in a vehicle is to transport either people or goods through a given 
distance. Therefore, the chosen functional unit is one kilometre. 
 

Functional Unit = 1 km driven by truck 

 
This functional unit was chosen for many reasons: 

• Representing the environmental burden per driven kilometre, directly relates impacts to the 
main purpose why the vehicle is being used. 

• It is easy to evaluate fuel performance in terms of fuel economy. The less fuel the vehicle 
consumes per kilometre, the better for the environment, since less fuel is being combusted. 

 

Fuel Economy = 0.316 l/km 

 
 
 

6.3 Allocation 
 
Allocation of the final output function was done on volume basis. Volumetric and mass allocation 
methods were mostly used in all single sub-scenarios throughout the whole LCA12.  
 

1 km driven by truck ⇔  0.316 l diesel ULSD 

                                                 
11 Miljødiesel 50 (Ultra Low Sulphur Diesel). 
12 Allocation on volume basis is equivalent to the mass-based, since the conversion factor between both is density.  
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Other allocation techniques, like the energy-based or the economical allocation, were discarded as 
the standard allocation method due to the huge diversity of products involved upstream in the 
whole life cycle. Differences in their nature and final use gave a too varied palette which 
complicated the application of any of these allocation procedures. However, economic allocation 
was used in some sub-scenarios, like those that were modelled to describe both diesel production 
and crude oil extraction. 
 
 
 

6.4 System boundaries 
 
A broad description of the boundaries delimiting this LCA is included in the following sub-sections. 
More detailed data can be found in the description of all sub-scenarios included in the main 
flowchart for the whole LCA (see section 6.5). 
 
 
6.4.1 Nature boundaries 
 
This study was carried out under a cradle to grave perspective. Therefore, boundaries between 
nature and system have been set at the raw material acquisition point (crude oil extraction from 
the sea bottom). Moreover, the same boundaries were also established at upstream sub-scenarios 
included in the study. The same was considered for electricity and energy production as well, so 
that resources used were taken into account (e.g. coal, oil, nuclear fuel, etc.). 
 
On the other hand, boundaries were also placed to include the disposal of waste flows generated at 
the different activities included in the study. 
 
 
6.4.2 Geographical boundaries 
 
This LCA covers the production, distribution and use of diesel in Sweden. Crude oil extraction 
activities included in the study take place in the North Sea. The refinery, where diesel is produced, 
has been located at Lysekil, on the Swedish West Coast . The receptors of the diesel fuel are 
transportation truck fleets with a centralised refuelling system. Bases for these captive fleets are 
sited in the three main Swedish cities: Stockholm, Göteborg and Malmö. 
 
 
6.4.3 Time-related boundaries 
 
Most of the volumes included in the study were rather recently updated (no data are older than 10 
years). More specifically, data regarding oil extraction, diesel refining and diesel combustion are not 
more than 1 or 2 year/s older. It can be stated that they accurately represent the current situation. 
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6.4.4 Other boundaries 
 
Energy production is based in the countries (electricity production) and production sites (heat and 
steam production) involved. Most of the transportation scenarios involve mainly road and sea 
transport.  
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Figure 12. Flowchart of the whole scenario designed for the LCA on Diesel in trucks.  
 
 
 
 



 

LCA  OF WOOD-BASED  ETHANOL-DIESEL BLENDS (E-DIESEL) 
 

LCI OF DIESEL FUEL IN TRUCKS   
 

- 24 - 

6.5 Flowchart 
 
The given flowchart (see figure 12) describes schematically the whole scenario for diesel production 
and use, which was modelled for this LCA. It was developed regarding to everything stated in the 
goal and scope and within the boundaries previously set. 
 
 
6.5.1 Crude oil extraction 
 
The scenario for crude oil extraction included in this LCA is based on data for activities in the North 
Sea. During oil and gas exploration and production activities, gaseous emissions are produced at 
both offshore production plants and mobile drilling rigs. Air emissions consist predominantly of CO2 
coming mostly from energy production on extraction platforms. This energy is used for drilling, 
pumping and transporting of crude oil via pipeline to onshore bases. The rest of discharges to air 
come from flaring and some diffuse emissions. 
 
Other impacts, like oil and chemicals spills are also included in the scenario in order to complete 
according to real extraction operations. 
 
An economic allocation has been carried out among the main products obtained: crude oil and gas. 
Values used were October 2002 average prices for Brent oil13 and gas [OILNERGY, 2003] and 
overall production rates of Statoil in 2001 [Statoil, 2002]. 
 

 Price Economic Output ($/yr) Allocation (%) 

Crude Oil 27.36 $/BBL14 1.67 E+10 99.96 
Gas 4.08 $/MMBtu15 6.14 E+07 00.04 

Table 5. Figures describing the economic allocation procedure for crude oil extraction. 
 
Activities included in this scenario (see figure 13) are: 

• Electricity (Norway). Electricity production based on the Norwegian national grid. 
• Heat (Flare Gas). Heat production based on flaring operations. . Emissions are included in 

the crude oil extraction. 
• Heat (Diesel). Heat production based on diesel supplied by a North Sea-based refinery. 
• Heat (Fuel Gas). Heat production based on fuel gas. Emissions are included in the crude oil 

extraction. 
• Hazardous Waste Incineration. Two different flows coming out: 

- Oily cuttings and mud coming from drilling operations. 
- Unspecified hazardous waste. 

• Non Hazardous Waste Landfill. Two different flows coming out: 
- Waste coming out the recovery phase (68% is recovered). Waste that cannot be 

recycled is disposed to landfill. 
- Waste to landfill. 

                                                 
13 Crude oil produced in the North Sea. 
14 1 BBL = 159 litres 
15 1 MMBtu = 1.05 GJ 
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• Transportation: Only transportation by boat for half of the diesel input is included. The 
other half is supposed to be pumped via pipeline. Transportation for waste volumes is not 
included, since only 0.40 kg are produced per tonne of crude oil. Thus it is assumed that 
waste is transported onshore together with crude oil. 
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Figure 13. Flowchart of the crude oil extraction scenario. 
 
 
6.5.2 Diesel production 
 
The scenario for diesel production was designed to represent a Swedish refinery. More specifically 
the production site has been placed in Lysekil, on the West Coast of Sweden. Hence Flint Hills 
Resources Pine Bend refinery in Rosemount (Minnesota, USA) was selected, since it is a modern 
and rather big16 refinery, providing accurate and proper data on production, energy consumption 
and generation of environmental impacts [FHR, 2000]. 
 
Refining is practically “boiling” crude oil to obtain final products like diesel. Therefore, it is a highly 
energy consuming process. Carbon dioxide and other air emissions are mostly related to heat, 
electricity and steam production both in- and off-site. 
 
An economical allocation procedure was applied to products coming out the refinery (see table 6). 
Output economic flows were calculated based on actual production flows at FHR Pine Bend refinery 
and market prices of the different products [Nyboer, 2001]: diesel, gasoline, jet-fuel and other 
products (asphalt, petroleum coke, naphtas, heavy fuel oil, etc.). 
 

                                                 
16 12 million gallons of crude oil are processed daily at FHR Pine Bend refinery (i.e. 1.66x107 m3 per year).  
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 Price ($/m3) Economic Output ($/yr) Allocation (%) 

Diesel 188.30 7.41 E+08 26.9 
Gasoline 100.23 1.51 E+09 55.0 
Jet-fuel 192.23 1.32 E+08 04.8 
Others 140.02 3.68 E+08 13.3 

Table 6. Figures describing the economic allocation procedure for diesel refining17. 
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Figure 14. Flowchart of the diesel production scenario. 
 
Activities included in this scenario (see figure 14) are: 

• Electricity (Sweden). Electricity production based on the Swedish national grid. 
• Heat (Natural Gas). Heat production based on both internal and external resources of 

natural gas. 
• Heat (Heavy Oil). Heat production based on both internal and external resources of heavy 

oil. 
• Heat (Refinery). Waste heat produced internally and reutilised inside the refinery. 
• Steam (Europe). Steam production based on European average data. 
• Hazardous Waste Incineration. 6% of total waste produced at the site have to be 

incinerated. It is mainly composed by by-products that can pose a substantial or pote ntial 
hazard to human health or the environment18. 

• Non Hazardous Waste Landfill. 19% of total waste produced at the site. It represents solid 
waste and industrial waste, which can be treated as non hazardous. 

                                                 
17 Prices from 2000 recalculated into US dollars from 1986. [Nyboer, 2001] 
18 They posses at last one of four characteristics (ignitability, corrosivity, reactivity or toxicity) or appear on special EPA list. 
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• Non Hazardous Waste Recycling. 75% of total waste produced at the site. It mainly 
comprises cardboard, office paper and metals to be recycled. 

• Transportation: Crude oil is transported onshore by boat. Only half is included in this 
transportation activity, since the other half is supposed to be pumped via pipeline. Waste 
volumes are taken by truck to treatment plants. 

 
 
6.5.3 Captive fleet (trucks) 
 
This scenario represents the consumption of diesel by a truck captive fleet (see figure 15). Air 
emissions are generated from diesel combustion in truck engines under highway traffic conditions. 
Transportation from the refinery to the centralised refuelling station of the captive fleet is taken 
into account. 
 

3

GATE-TO-GRAVE
SCENARIO

GATE-TO-GATE
SCENARIO

CRADLE-TO-GATE
SCENARIO

LEGEND

Diesel
(Sweden)

Captive Fleet
(Sweden)

Km

Trp

 

Figure 15. Flowchart describing diesel consumption by a truck captive fleet. 
 
 
 

6.6 Data quality 
 
6.6.1 Data on crude oil extraction 
 
Data were retrieved from annual reports from Statoil, the UKCOOA, the Norwegian Ministry of 
Petroleum and Energy [MPE, 2002] [Statoil, 2002] [UKOOA, 2002a] [UKOOA, 2002b]. The main 
goal was to describe extraction activities in the North Sea, therefore a research for aggregated data 
from the petroleum sector was conducted. 
 
 
6.6.2 Data on diesel refining 
 
Data are based on open information about Flint Hills Resources Pine Bend refinery. Very complete 
datasheets on raw materials, energy needs, waste and product outputs were available. Moreover all 
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data have been reviewed as part of a joint project between Flint Hills Resources and the Minnesota 
Centre for Environmental Advocacy. [FHR, 2000] 
 
 
6.6.3 Data on diesel combustion in trucks. 
 
Data on diesel combustion are based on the results coming from tests run on two identical Scania 
heavy duty trucks, which drove from Odense (Denmark) to Düsseldorf (Germany) forth and 
backwards. Two different fuels were used: pure Danish diesel ULSD and E-diesel based on this 
diesel (10% ethanol, 2% Beraid® ED10 and 88% Danish diesel ULSD). The trucks were Scania 
tank trucks powered by Euro II 380 hp engines. No exhaust after- treatment has been installed in 
the vehicles. Trucks were run on E-diesel for about 124,200 kilometres. [Hansen et al., 2002] 
[Löfvenberg, 2002] 
 
This demo test is the result of an international joint project involving: 

• Akzo Nobel Surface Chemistry, as fuel additive (Beraid® ED10) provider. 
• Statoil, as Danish diesel ULSD producer. 
• Scania Danmark A/S, providing technical support regarding engine performance and 

maintenance. 
• Johannes Rasmussen Svebølle A/S, transportation company, whose trucks were used for 

the tests. [Hansen et al., 2002] [Löfvenberg, 2002] 
 
Data on emissions per kWh from the tests were recalculated to emissions per km using the SEEK 
simulation tool19. Driving profiles, which were measured under real traffic conditions, are entered 
into the software together with actual data on releases to air. Thus, results from SEEK, are based 
on real measurements and consistent with the chosen functional unit. Hence, they are more 
suitable for the present study. [Hansen et al., 2002] 
 
 
 

6.7 EcoLab 
 
EcoLab is a LCA software package, which has been developed by Nordic Port AB. EcoLab works as 
a link between the user and data stored in the database. These data are those essential for LCA, 
i.e. figures of energy and matter inflows and outflows (technical flows), natural resources used as 
well as emissions and wastes generated (environmental flows). Then, the program can create the 
so-called atomic activities, where these essential data are entered and related to an outgoing 
product. More complex scenarios can be build based on these activities. Thus, connecting technical 
outflows to other technical inflows, activities are linked by producer-consumer relationships. 
 
A scenario is therefore a group of interlinked activities, which are interlinked and related to the 
functional flow coming out of the scenario. EcoLab can analyse the whole scenario gathering all 
data from all the atomic activities and giving out results based on this functional flow. 
 

                                                 
19 Simulation tool developed by the Danish Technological Institute. 
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Data must be entered following the SPINE model, since the database is SPINE-structured. This 
standardisation enables exchange of data between different databases. 
 
This software has been used in all LCIs included in the present report. 
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7 LCI OF E-DIESEL FUEL IN TRUCKS 
 
 
 

7.1 Goal definition 
 
This LCI aims to evaluate air emissions of E-diesel use in trucks at the global and local level. 
Results have been calculated taking into account the whole life cycle of E-diesel as an automotive 
fuel. Stages, where the environmental burden turns heavier, can be thus identified.  
 
The analysed fuel is E-10 diesel, i.e. 10% ethanol, 2% Beraid® ED10 and 88% . Therefore, this 
LCA specially focuses on impacts due to: 

• E-diesel combustion in trucks. 
• E-diesel production (including diesel, ethanol and Beraid® ED10 production processes). 

 
 
 

7.2 Functional unit 
 
The main purpose of burning fuel in a vehicle is to transport either people or goods through a given 
distance. Therefore, the chosen functional unit is one kilometre. 
 

Functional Unit = 1 km driven by truck 

 
This functional unit was chosen for many reasons: 

• Representing the environmental burden per driven kilometre, directly relates impacts to the 
main purpose why the vehicle is being used. 

• It is easy to evaluate fuel performance in terms of fuel economy. The less fuel the vehicle 
consumes per kilometre, the better for the environment, since less fuel is being combusted. 

 

Fuel Economy = 0.324 l/km 

 
 
 

7.3 Allocation 
 
Allocation of the final output function was done on volume basis. Volumetric and mass allocation 
methods were mostly used in all single sub-scenarios throughout the whole LCA.  
 

1 km driven by truck ⇔ 0.324 l E-10 diesel 

 



 

LCA  OF  WOOD-BASED  ETHANOL-DIESEL BLENDS (E-DIESEL) 
 

LCI OF E-DIESEL FUEL IN TRUCKS  
 

- 31 - 

Other allocation techniques, like the energy-based or the economical allocation, were discarded as 
the standard allocation method due to the huge diversity of products involved upstream in the 
whole life cycle. Differences in their nature and final use gave a too varied palette which 
complicated the application of any of these allocation procedures. However, economic allocation 
was used in some sub-scenarios, like those that were modelled to describe both diesel production 
and crude oil extraction. 
 
 
 

7.4 System boundaries 
 
A broad description of the boundaries delimiting this LCA is included in the following sub-sections. 
More detailed data can be found in the description of all sub-scenarios included in the main 
flowchart for the whole LCA (section 7.5). 
 
 
7.4.1 Nature boundaries 
 
This study was carried out under a cradle to grave perspective. Therefore, boundaries between 
nature and system have been set at the raw material acquisition point. That is, crude oil extraction 
and wood logging (biomass for ethanol production) activities were included. Moreover, the same 
boundaries were also established at upstream sub-scenarios in the study (e.g. components of 
Beraid® ED10, i.e. products A, B and C). The same was considered for electricity and energy 
production as well, so that resources used were taken into account (e.g. coal, oil, nuclear fuel, 
etc.). 
 
On the other hand, boundaries were also placed to include the disposal of waste flows generated at 
the different activities included in the study. 
 
 
7.4.2 Geographical boundaries 
 
This LCI covers the production, distribution and use of E-diesel in Sweden. Like in the previous LCI 
(section 6.4.2) crude oil extraction takes place in the North Sea and the diesel production at Lysekil 
(Sweden). Ethanol is produced at a biorefinery located at Örnsköldsvik, in the Domsjö area (North 
of Sweden). Woodchips come from sawmills situated within a radius ranging from 150 and 400 km. 
Beraid® ED10 is produced by Akzo Nobel Surface Chemistry at their site in Stenungsund (near 
Göteborg, Sweden). All three E-diesel components (diesel, ethanol and fuel additive) are 
transported to Örebro, where they are mixed and further supplied by fuel retailers. 
 
End users of E-diesel are the same transportation truck fleets used in the previous LCI (section 
6.4.2). Therefore, these captive fleets are also based in the three main Swedish cities: Stockholm, 
Göteborg and Malmö. 
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Figure 16. Flowchart of the whole scenario desig ned for the LCA on E-diesel in trucks. 
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7.4.3 Time-related boundaries 
 
Most of the volumes included in the study were rather recently updated (no data are older than 10 
years). More specifically, data regarding oil extraction, diesel refining and diesel combustion are not 
more than 1 or 2 year/s older. It can be stated that they accurately represent the current situation. 
 
 
7.4.4 Other boundaries 
 
Energy production is based in the countries (electricity production) and production sites (heat and 
steam production) involved. Most of the transportation scenarios involve mainly road and sea 
transport.  
 
 
 

7.5 Flowchart 
 
The given flowchart (see figure 16) describes schematically the whole scenario, which was 
modelled for this LCA study. It was developed regarding to everything stated in the goal and scope 
and within the boundaries previously set. 
 
A more detailed explanation of the different parts in the overall flowchart is given in the 
forthcoming sections. 
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Figure 17. Flowchart of the Beraid® ED10 production scenario. 
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7.5.1 Beraid® ED10 production 
 
The scenario describes the production of Beraid® ED10 at Akzo Nobel Surface Chemistry site in 
Stenungsund. It is basically a batch mixing process of three components (products A, B and C), 
which demands some energy (steam and electricity). [Svensson, 2002] 
 
Activities included in this scenario (see figure 17) are: 

• Product A (Finland). Production of A in Finland. 
• Product B (Stenungsund). Production of B at Akzo Nobel Surface Chemistry in 

Stenungsund. 
• Product C (Stenungsund). Production of C at Stenungsund. 
• Electricity (Sweden). Electricity production based on the Swedish national grid. 
• Steam (Sweden). Steam supplied via pipeline by surrounding plants at Stenungsund’s 

industrial estate. 
• Wastewater Incineration. Water used for cleaning the mixing vessel after every batch. It is 

internally incinerated in Stenungsund. 
• Transportation. All main raw materials, i.e. products A, B and C, have to be delivered to 

Akzo Nobel Surface Chemistry by truck and boat from their production plants. 
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Figure 18. Flowchart of the product A production scenario. 
 
 
7.5.2 Product A production 
 
This scenario evaluates the production of A at a plant in Hanko (Finland). Activities included in this 
scenario (see figure 18) are: 

• Electricity (Finland). Electricity production based on the Finnish national grid. 
• Sodium Carbonate (Finland). Production of Na2CO3 in Finland. 
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• Product C (Sweden). Product C comes from Stenungsund (see section 7.5.4). 
• Nitric Acid (Finland). Production of HNO3 in Finland. 
• Sulphuric Acid (Finland). Production of H2SO4 in Finland. 
• Transportation. All raw materials are delivered by truck but product C, which is transported 

by boat from Stenungsund. [Cavonius, Hytti, 2002] 
 
 
7.5.3 Product B production 
 
The following scenario describes the production process of B (see figure 19). It takes place at Akzo 
Nobel Surface Chemistry facilities in Stenungsund. Activities included in this scenario are: 

• Electricity (Sweden). Electricity production based on the Swedish national grid. 
• Steam (Sweden). Steam supplied via pipeline by surrounding plants at Stenungsund 

industrial estate. 
• Ethylene Oxide (Stenungsund). Production of ethylene oxide by a nearby plant in 

Stenungsund. It is supplied via pipeline. 
• Product D (Stockvik). Production of D at Akzo Nobel’s facilities in Stockvik. 
• Wastewater Incineration. Water used for cleaning the mixing vessel after every batch. It is 

internally incinerated in Stenungsund. 
• Transportation. Product D is delivered fro m Stockvik by truck. [Svensson, 2002] 
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Figure 19. Flowchart of the product B production scenario. 
 
 
7.5.4 Product C production 
 
The scenario includes all unit operations involved in the production of C at a Perstop OXO plant in 
Stenungsund (see figure 20). Activities, which were taken into account, are: 
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• Electricity (Sweden). Electricity production based on the Swedish national grid. 
• Propylene (Stenungsund). Propylene produced by Borealis and supplied to Perstop OXO via 

pipeline. 
• Fuel Gas (Stenungsund). Energy carrier supplied by Borealis. 
• EO Oil 0.1%S (Möndal). Heavy oil refined 40 km away from Göteborg. 
• Hydrogen (Stenungsund). Hydrogen  is mainly (94%) produced at Borealis cracker in 

Stenungsund an delivered via pipeline. The rest (6%) is obtained from the chloridic acid 
process. 

• Oxygen (Stenungsund). Oxygen produced by Aga and supplied to Perstop OXO via pipeline 
[Hårderup, 2002]. 

• Hazardous Waste Incineration. Heavy oil waste that has to be incinerated as hazardous 
waste at Sydkraft SAKAB facilities. [Svärd, 2002] 
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Figure 20. Flowchart of the product C production scenario. 
 
 
7.5.5 Ethanol production 
 
This scenario represents the production of ethanol from woodchips (see figure 21). The biorefinery 
is located in Örnsköldsvik. A more detailed description of the process can be found in section 3.4.3. 
Waste produced in the bioethanol production was not included. Lignin is used for co-generation of 
energy on-site, whereas the condensate and dry waste coming out the last evaporation stage are 
either treated at the site (small biological wastewater treatment pond for the condensate), or 
considered as a by-product (it can be used as fertiliser due to its high content in nutrients and 
biological origin). 
 
Activities included in this scenario are: 

• Ammonia (Sweden). Production of NH3 in Southern Sweden. 
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• Sulphuric Acid (Sweden). Production of H2SO4 in Southern Sweden. 
• Phosphoric Acid (Sweden). Production of H3PO4 in Southern Sweden. 
• Nitric acid (Sweden). Production of HNO3 in Southern Sweden. 
• Sodium Hydroxide (Sweden). Production of NaOH in Southern Sweden. 
• Woodchips (Domsjö). Woodchips coming out from sawmills sited in the Domsjö area. All 

activities from the forestry industry are included in this scenario, i.e. logging, transportation 
of wood, etc.  

• Calcium Oxide (Sweden). Production of CaO in Southern Sweden. 
• Heat (Domsjö). Waste heat provided by plants located at the Domsjö industrial estate. It is 

mainly used to produce steam. 
• Transportation. No transportation was included. In previous studies it was proved that only 

the massive transportation of woodchips (biggest inflow to the biorefinery) has an impact 
that can be considered as representative [Blinge et al., 1997]. Since sawmills are located 
700 metres away from the ethanol production plant, they were not taken into account. 
Moreover, the emissions due to the transportation of the rest of raw materials were 
considered negligible. Even if all the Swedish production of chemicals is mostly found at 
and average distance of 1000 km from Örnsköldsvik, aggregated emissions for the whole 
transportation demand of these raw materials would be less than 1% of the overall air 
pollution allocated to ethanol production. 
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Figure 21. Flowchart of the ethanol production scenario. 
 
 
7.5.6 Crude oil extraction 
 
Identical scenario to the one described in section 6.5.1. 
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7.5.7 Diesel production 
 
Identical scenario to the one described in section 6.5.2. 
 
 
7.5.8 E-diesel production 
 
This scenario was designed to describe an E-diesel blending plant. It was placed in Örebro. Mixing 
the three components found in E-Diesel (diesel, ethanol and Beraid® ED10) is a very easy process, 
since the presence of fuel additive allows splash blending. Thus, only electricity is needed for 
stirring, but no additional mixing operations or heat are needed. 
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Figure 22. Flowchart of the E-diesel blending scenario. 
 
Activities included in this scenario are (see figure 22): 

• Electricity (Sweden). Electricity production based on the Swedish national grid. 
• Ethanol (Sweden). Production of ethanol at Örnsköldsvik (see section 7.5.5). 
• Diesel (Sweden). Diesel refining at Lysekil (see section 6.5.2). 
• Beraid® ED10 (Sweden). Production of fuel additive at Akzo Nobel Surface Chemistry 

facilities in Stenungsund (see section 7.5.1). 
• Transportation of all three components to the E-diesel blending plant. 

 
 
7.5.9 Captive fleet (trucks) 
 
This scenario represents the consumption of E-diesel by a truck captive fleet (see figure 23). Air 
emissions are generated from E-diesel combustion in truck engines under highway traffic 
conditions. 
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Transportation of E-diesel from the blending plant at Örebro to the centralised refuelling station of 
the captive fleet is taken into account. Emissions due to E-diesel transportation are based on trucks 
run on normal diesel. E-diesel cannot be delivered as pure diesel fuel. However, there is no need 
for special risk management considerations regarding tanking, storage and refuelling, since E-diesel 
has to be handled like gasoline due to its physical properties. Therefore, this scenario was designed 
as similar to the one for diesel distribution. 
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Figure 23. Flowchart describing E-diesel consumption by a truck captive fleet. 
 
 
 

7.6 Data quality 
 
7.6.1 Data on Beraid® ED10 production 
 
Data were retrieved from personal contacts with Akzo Nobel Surface Chemistry personnel in charge 
[Svensson, 2002]. They are based on estimations, since this fuel additive is not yet being produced. 
 
 
7.6.2 Data on product A production 
 
Data were retrieved from personal contacts with personnel in charge [Cavonius, Hytti, 2002]. No 
information from the production process was obtained, but a LCI datasheet provided by the 
producer of A. 
 
 
7.6.3 Data on product B production 
Data were retrieved from personal contacts with Akzo Nobel Surface Chemistry personnel in charge 
[Svensson, 2002]. They are based on real production data. 
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7.6.4 Data on product C production 
 
Data were retrieved from personal contacts with Perstop OXO personnel in charge [Svärd, 2002]. 
They are based on real production data. Data on production of raw materials were also confirmed 
by personnel in charge at Borealis AB and Aga AB [Andersson, 2002] [Hårderup, 2002]. 
 
 
7.6.5 Data on ethanol production 
 
The scenario was mainly based on a report from a joint project carried out by EnergiCentrum Norr 
and Svensk Etanolkemi AB (SEKAB). The aim of this project is to build and start up a pilot plant for 
ethanol production based on the diluted acid hydrolysis technology (see section 3.4.3). Data are 
therefore based on estimations. [Fransson et al., 2000] 
 
Although results are actually estimations, they were found satisfactory, since data are based on a 
thorough study prior to constructing SEKAB pilot biorefinery in Örnsköldsvik. Furthermore, they 
have been compared with results from another study carried out in Sweden [Blinge et al., 1997]. 
Results from both studies were congruent with each other. 
 
 
7.6.6 Data on crude oil extraction 
 
See section 6.6.1. 
 
 
7.6.7 Data on diesel production 
 
See section 6.6.2. 
 
 
7.6.8 Data on E-diesel production 
 
The design of the E-diesel blending process was based on information facilitated by personnel from 
the Bio-Alcohol Fuel Foundation (BAFF) [Lindstedt, 2002]. BAFF works together with SEKAB in their 
Örnsköldsvik project and longer-term projects aiming the introduction of ethanol as an alternative 
fuel. 
 
 
7.6.9 Data on diesel combustion in trucks 
 
Data on E-diesel combustion are based on the results coming from the same test, which was 
described in section 6.6.3. E-diesel used in this demo test had the following composition: 10% 
ethanol, 2% Beraid® ED10 and 88% Danish diesel ULSD. [Hansen et al., 2002] 
 
A very important fact is that drivers were aware of the fuel they were driving their trucks on. 
Therefore, results on E-diesel are believed to be worse than if the drivers had not known which fuel 
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they were using. Knowing that they were driving on a fuel with lower power than pure diesel, 
drivers tended to follow over-accelerated driving profiles, rocketing fuel consumption rates and thus 
increasing releases. [Löfvenberg, 2003] 
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8 COMPARISON BETWEEN DIESEL AND E-DIESEL IN TRUCKS 
 
 
 

8.1 Carbon dioxide 
 
Results from CO2 emissions for both diesel fuel and E-10 diesel are shown in figure 24. There is a 
8% reduction in CO2 emissions at the local level (engines combustion), whereas a 3% reduction is 
observed if the whole life cycle of E-diesel is taken into account. 
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Figure 24. Comparison of CO2 emissions in trucks run on diesel and E-10 diesel. 
 
The specific amounts of CO2 released to the atmosphere at the different stages of both fuels life 
cycles can be found in table 7. Most of the CO2 is emitted at the fuel combustion in trucks (more 
than 80%). Diesel production is the second biggest contributor with more than a 10%. It is 
important to observe that even if emissions due to fuel production increase (ethanol and fuel 
additive contributions together contribute to almost a 5% of the overall impact) the final result for 
E-diesel is a slight decrease of 3%. 
 

CO2 Emissions (%) 
Fuel Trp. 0.7 0.6 
Diesel 12.0 11.1 
Ethanol  3.5 
Beraid® ED10  1.1 
Other  0.7 
Trucks 87.3 83.0 

Diesel E-10 

Table 7. Different contributors (%) to overall CO2 emissions.  
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Since CO2 is a major contributor to global warming, no increase in global environmental impacts 
(regarding atmospheric contamination) is observed if E-diesel is introduced as a substitute for ULSD 
diesel. 
 
 
 

8.2 Carbon monoxide 
 
Results from CO emissions for both diesel fuel and E-10 diesel are shown in figure 25. There is a 
8% reduction in CO emissions at the local level (engines combustion), whereas a 3% reduction is 
observed if the whole life cycle of E-diesel is taken into account. 
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Figure 25. Comparison of CO emissions in trucks run on diesel and E-10 diesel. 
 
More than 90% of the CO emissions are generated when the fuel is combusted at the engines (see 
table 8). Ethanol production is the second contributor (4%) to the whole fuel life cycle (even over 
diesel production, which is a 2.5%). It is important that even if the environmental impact due to 
fuel production is bigger for E-diesel than for diesel, overall CO release is 3% lower. 
 

CO Emissions (%) 
Fuel Trp. 0.7 0.7 
Diesel 2.7 2.5 
Ethanol  3.9 
Beraid® ED10  0.8 
Other  0.7 
Trucks 96.6 91.4 

Diesel E-10 

Table 8. Different contributors (%) to overall CO emissions. 
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Carbon monoxide has an impact both at the local level (photo-oxidant formation) and at the global 
level (indirect contributor to global warming). It will be considered as affecting only the local 
environment. Thus E-diesel means no decrease in air quality when introduced as a ULSD diesel 
substitute. 
 
 
 

8.3 Nitrogen oxides 
 
Results from NOx emissions for both diesel fuel and E-10 diesel are shown in figure 26. There is a 
2% reduction in NOx emissions at the local level (engines combustion), whereas a less than 1% 
increase is observed if the whole life cycle of E-diesel is taken into account. 
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Figure 26. Comparison of NOx emissions in trucks run on diesel and E-10 diesel. 
 
Most of the NOx (more than 90%) is emitted at the fuel combustion in trucks (see table 9). Diesel 
production is the second biggest contributor with more than a 3.5%. It is important to observe that 
even if emissions due to fuel production increase (ethanol contributes to 2% of the overall impact) 
the final result for E-diesel is a slight increase of less than 1%. 
 

NOx Emissions (%) 
Fuel Trp. 0.4 0.3 
Diesel 4.0 3.6 
Ethanol  2.1 
Beraid® ED10  0.2 
Other  0.3 
Trucks 95.6 93.4 

Diesel E-10 

Table 9. Different contributors (%) to overall NOx emissions.  
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Nitrogen oxides are recognized to represent an 89% of the overall transportation emissions in the 
acidification impact category [EEA, 2002b]. That would have an impact on the global level. 
Nevertheless, it is known that global warming dominates overwhelmingly at that level. Therefore, 
NOx have been considered to contribute mainly for photo-oxidant formation (“Los Angeles” smog), 
which has an impact on the local environment. Therefore, slight variations in NOx releases due to 
the substitution of diesel by E-diesel will not introduce any noticeable changes regarding NOx 
presence in air. 
 
 
 

8.4 Sulphur dioxide 
 
Results from SO2 emissions for both diesel fuel and E-10 diesel are shown in figure 27. There is a 
12% reduction in SO2 emissions at the local level (engines combustion), whereas a 4% increase is 
observed if the whole life cycle of E-diesel is taken into account. 
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Figure 27. Comparison of SO2 emissions in trucks run on diesel and E-10 diesel. 
 
Between 75% (E-diesel) and 86% (diesel) of the SO2 emissions are generated when ULSD diesel is 
produced (see table 10). On the one hand, emissions due to fuel combustion at the engines are 
more than 10%. On the other hand, Beraid® ED10 production is an important contributor (11.2%) 
to the whole fuel life cycle as well. It is important that even if the environmental impact due to fuel 
production is bigger for E-diesel than for diesel, SO2 release is only 4% higher. 
 
Sulphur dioxide as a global pollutant contributes to the acidification impact category. However, 
since its contribution to the overall acidifying emissions is only 9% [EEE, 2002b], SO2 has been 
considered to have a local impact as a major role player in “classical” or “London” smog20 
formation. This smog affects the local environment under poor weather conditions (rather common 
in Northern countries like Sweden). This is a major concern regarding human health issues. 

                                                 
20 The so-called "London smog" designates a mixture of smoke containing sulphur dioxide and fog.  
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SO2 Emissions (%) 
Fuel Trp. 0.8 0.7 
Diesel 85.8 74.5 
Ethanol  0.4 
Beraid® ED10  11.2 
Other  1.9 
Trucks 13.4 11.3 

Diesel E-10 

Table 10. Different contributors (%) to overall SO2 emissions. 
 
 
 

8.5 Hydrocarbons 
 
Results from HC emissions for both diesel fuel and E-10 diesel are shown in figure 28. There is a 
16% increase in HC emissions at the local level (engines combustion), whereas a 5% decrease is 
observed if the whole life cycle of E-diesel is taken into account. 
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Figure 28. Comparison of HC emissions in trucks run on diesel and E-10 diesel. 
 
More than 80% of HC emissions are generated when ULSD diesel is produced (see table 11). 
Emissions due to fuel combustion at the engines range from 14% to 17%. It is important HC 
releases to air are 5% lower if fuels whole life cycle is taken into account. 
 
Hydrocarbons are mostly released in the local environment (emissions decrease 5% at the global 
level). Since the presence of HC contributes to local photo-oxidants formation (“Los Angeles” 
smog), this is a major concern. However, some authors believe that these emissions can be 
avoided by a proper fixing of catalysts [Ahmed, 2001] [Spreen, 1999]. It is important to remember 
that there is no exhaust after-treatment installed in the vehicles. 
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HC Emissions (%) 
Fuel Trp. 0.2 0.2 
Diesel 86.1 81.5 
Ethanol  0.9 
Beraid® ED10  0.6 
Other  0.2 
Trucks 13.7 16.6 

Diesel E-10 

Table 11. Different contributors (%) to overall HC emissions. 
 
 
 

8.6 Particles 
 
Results from particle emissions for both diesel fuel and E-10 diesel are shown in figure 29. There is 
a 18% reduction in particle emissions at the local level (engines combustion), whereas 1% 
decrease is observed if the whole life cycle of E-diesel is taken into account. 
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Figure 29. Comparison of particle emissions in trucks run on diesel and E-10 diesel. 
 
Most of the particles (75% to 90%) are emitted at the fuel combustion in trucks (see table 12). On 
the one hand, emissions due to diesel production range from 7.5% to 12%. On the other hand, 
ethanol production is an important contributor (almost 12%) to the whole fuel life cycle as well. It 
is important that even if the environmental impact due to fuel production is bigger for E-diesel than 
for diesel, emission remain the same for the whole life cycle. 
 
Particles have an impact on human health, i.e. their effect is heavily focused in the local level. 
Therefore, they present a combination of an 18% decrease at tailpipe emissions together with no 
impact at the global level. 
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Particle Emissions (%) 
Fuel Trp. 0.6 0.5 
Diesel 12.0 7.5 
Ethanol  11.8 
Beraid® ED10  3.5 
Other  1.3 
Trucks 91.2 75.4 

Diesel E-10 

Table 12. Different contributors (%) to overall particle emissions. 
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9 LCI OF DIESEL FUEL IN BUSES 
 
 
 

9.1 Goal definition 
 
This LCI aims to evaluate air emissions of diesel use in buses at the global and local level. Results 
have been calculated taking into account the whole life cycle of diesel as an automotive fuel. 
Stages, where the environmental burden turns heavier, can be thus identified.  
 
The analysed fuel is average Euro II diesel 21. Therefore, this LCA specially focuses on impacts due 
to: 

• Diesel combustion in buses. 
• Diesel production. 

 
 
 

9.2 Functional unit 
 
The main purpose of burning fuel in a vehicle is to transport either people or goods through a given 
distance. Therefore, the chosen functional unit is one kilometre. 
 

Functional Unit = 1 km driven by bus 

 
This functional unit was chosen for many reasons: 

• Representing the environmental burden per driven kilometre, directly relates impacts to the 
main purpose why the vehicle is being used. 

• It is easy to evaluate fuel performance in terms of fuel economy. The less fuel the vehicle 
consumes per kilometre, the better for the environment, since less fuel is being combusted. 

 

Fuel Economy = 0.628 l/km 

 
 
 

9.3 Allocation 
 
Allocation of the final output function was done on volume basis. Volumetric and mass allocation 
methods were mostly used in all single sub-scenarios throughout the whole LCA22.  
 

                                                 
21 Sulphur content = 500 ppm.  
22 Allocation on volume basis is equivalent to the mass-based, since the conversion factor between both is density.  
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1 km driven by bus ⇔  0.628 l diesel  

 
Other allocation techniques, like the energy-based or the economical allocation, were discarded as 
the standard allocation method due to the huge diversity of products involved upstream in the 
whole life cycle. Differences in their nature and final use gave a too varied palette which 
complicated the application of any of these allocation procedures. However, economic allocation 
was used in some sub-scenarios, like those that were modelled to describe both diesel production 
and crude oil extraction. 
 
 
 

9.4 System boundaries 
 
System boundaries of this system are identical to those described in section 6.4. The only 
difference is the captive fleet. In this LCI, bus fleets for urban mass traffic in the three main 
Swedish cities (Stockholm, Göteborg and Malmö) were chosen as aim of the study. 
 
 
 

9.5 Flowchart 
 
The flowchart for this LCI describes schematically the whole scenario for diesel production and use. 
It was developed regarding to everything stated in the goal and scope and within the boundaries 
previously set. It is identical to the model designed for the previous LCI in section 6.5. 
 
Therefore, only the captive fleet scenario is somewhat different to the one described in section 
6.5.3. In this study a bus fleet is the destination of the fuel. 
 
 

9.6 Data quality 
 
Data quality requirements applied to all sub-scenarios included in this LCI are identical to those in 
section 6.6. Only those on diesel consumption are different in this case. 
 
Data on diesel combustion are based on the results coming from tests run on Belgian in-service 
buses, type Van Hool A600, with a 160kW DAF diesel engine (Euro II certified). No exhaust after-
treatment has been installed in the vehicles. Buses were driven on average Euro II diesel. 
[Pelkmans, 2001] 
 
Results are based on real traffic measurements of emissions from Brussels line 59 buses23. The 
behaviour of a vehicle under real traffic conditions depends on the vehicle acceleration capability, 
the traffic conditions and the actual driving profile. Since traffic conditions may vary from hour to 

                                                 
23 Line 59 drives through Brussels business district. 
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hour and from day to day, tests were run at the same time (from 11 a.m. to 2 p.m.) on working 
days. [Pelkmans, 2001] 
 
This demo test is the result of a research project run by the Flemish Institute for Technological 
Research in the frame of IEA-AMF project “Real Impact of New technologies for Heavy Duty 
Vehicles”. [Pelkmans, 2001] 
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10 LCI OF E-DIESEL FUEL IN BUSES 
 
 
 

10.1 Goal definition 
 
This LCI aims to evaluate air emissions of E-diesel use in buses at the global and local level. Results 
have been calculated taking into account the whole life cycle of E-diesel as an automotive fuel. 
Stages, where the environmental burden turns heavier, can be thus identified.  
 
The analysed fuels are E-10 diesel, i.e. 10% ethanol, 2% Beraid® ED10 and 88% diesel, and E-15 
diesel, i.e. 15% ethanol, 2% Beraid® ED10 and 83% diesel. Therefore, this LCA specially focuses 
on impacts due to: 

• E-diesel combustion in buses. 
• E-diesel production (including diesel, ethanol and Beraid® ED10 production processes). 

 
 
 

10.2 Functional unit 
 
The main purpose of burning fuel in a vehicle is to transport either people or goods through a given 
distance. Therefore, the chosen functional unit is one kilometre. 
 

Functional Unit = 1 km driven by bus 

 
This functional unit was chosen for many reasons: 

• Representing the environmental burden per driven kilometre, directly relates impacts to the 
main purpose why the vehicle is being used. 

• It is easy to evaluate fuel performance in terms of fuel economy. The less fuel the vehicle 
consumes per kilometre, the better for the environment, since less fuel is being combusted. 

 

Fuel Economy (E-10 diesel) = 0.659 l/km 
Fuel Economy (E-15 diesel) = 0.672 l/km 

 
 
 

10.3 Allocation 
 
Allocation of the final output function was done on volume basis. Volumetric and mass allocation 
methods were mostly used in all single sub-scenarios throughout the whole LCA.  
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1 km driven by bus ⇔ 0.659 l E-10 diesel 
1 km driven by bus ⇔ 0.672 l E-15 diesel 

 
Other allocation techniques, like the energy-based or the economical allocation, were discarded as 
the standard allocation method due to the huge diversity of products involved upstream in the 
whole life cycle. Differences in their nature and final use gave a too varied palette which 
complicated the application of any of these allocation procedures. However, economic allocation 
was used in some sub-scenarios, like those that were modelled to describe both diesel production 
and crude oil extraction. 
 
 
 

10.4 System boundaries 
 
System boundaries of this system are identical to those described in section 7.4. The only 
difference is the captive fleet. In this LCI, bus fleets for urban mass traffic in the three main 
Swedish cities (Stockholm, Göteborg and Malmö) were chosen as aim of the study. 
 
 
 

10.5 Flowchart 
 
The flowchart for this LCI describes schematically the whole scenario for diesel production and use. 
It was developed regarding to everything stated in the goal and scope and within the boundaries 
previously set. It is identical to the model designed for the previous LCI in section 7.5. 
 
Therefore, only the captive fleet scenario is somewhat different to the one described in section 
7.5.9. In this study a bus fleet is the destination of the fuel. 
 
 
 

10.6 Data quality 
 
Data quality requirements applied to all sub-scenarios included in this LCI are identical to those in 
section 7.6. Only those on E-diesel consumption are different in this case. 
 
There was a lack of real traffic measurements in this field. Therefore some assumptions (increase 
or decrease in emission rates) based on laboratory results and tests used in section 9.6 were 
merged together.  
 
Tests on E-diesel were run at the Southwest Research Institute (San Antonio, Texas) on 12.7 litres 
Detroit Diesel DCC Series engines. From these tests data on particles, NOx, CO and HC emissions 
were retrieved [Spreen, 1999]. Data on fuel economy and CO2 emissions were calculated as shown 
in appendix A. 
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11 COMPARISON BETWEEN DIESEL AND E-DIESEL IN BUSES 
 
 
 

11.1 Carbon dioxide 
 
Results from CO2 emissions for diesel fuel and both E-10 diesel and E-15 diesel are shown in figure 
30. There is a 14% reduction (E-10 diesel) and a 19% reduction (E-15 diesel) in CO2 emissions at 
the local level (engines combustion), whereas an 8% reduction (E-10 diesel) and an 11% reduction 
(E-15 diesel) are observed if the whole life cycle of E-diesel is taken into account. 
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Figure 30. Comparison of CO2 emissions in buses run on diesel, E-10 diesel and E-15 diesel. 
 
The specific amounts of CO2 released to the atmosphere at the different stages of both fuels life 
cycles can be found in table 13. Most of the CO2 is emitted at the fuel combustion in trucks (ca. 
80%). Diesel production is the second biggest contributor with a 12%. It is important to observe 
that even if emissions due to fuel production increase (ethanol and fuel additive contributions 
together range from 5% to 7% of the overall impact) the final results for both E-diesel 
compositions are decreasing release rates (from 8% to 11%). 
 

CO2 Emissions (%) 
Fuel Trp. 0.7 0.7 0.7 
Diesel 12.2 12.2 12.2 
Ethanol  3.8 6.0 
Beraid® ED10  1.2 1.2 
Other  0.8 0.8 
Trucks 87.1 81.3 79.0 

Diesel E-10 E-15 

Table 13. Different contributors (%) to overall CO 2 emissions. 
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Since CO2 is a major contributor to global warming, a 10% reduction may have effects on global 
environmental impacts regarding atmospheric contamination. Therefore, some improvement in air 
quality at the global level could be expected if E-diesel is introduced as a substitute for diesel  
 
 
 

11.2 Carbon monoxide 
 
Results from CO emissions for diesel fuel and both E-10 diesel and E-15 diesel are shown in figure 
31. There is a 20% reduction (E-10 diesel) and a 27% reduction (E-15 diesel) in CO emissions at 
the local level (engines combustion), whereas a 17% reduction (E-10 diesel) and an 23% reduction 
(E-15 diesel) are observed if the whole life cycle of E-diesel is taken into account. 
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Figure 31. Comparison of CO emissions in buses run on diesel, E-10 diesel and E-15 diesel. 
 
Around 95% of the CO emissions are generated when the fuel is combusted at the engines (see 
table 14). Ethanol production is the second contributor (2.1% to 3.4%) to the whole fuel life cycle 
(even over diesel production, which is less than 1.5%). It is important that even if the 
environmental impact due to fuel production is bigger for E-diesel than for diesel, CO release is 
about 20% lower. 
 

CO Emissions (%) 
Fuel Trp. 0.3 0.4 0.4 
Diesel 1.2 1.4 1.4 
Ethanol  2.1 3.4 
Beraid® ED10  0.4 0.5 
Other  0.4 0.4 
Trucks 98.5 95.4 93.8 

Diesel E-10 E-15 

Table 14. Different contributors (%) to overall CO emissions. 
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Carbon monoxide has an impact both at the local level (photo-oxidant formation) and at the global 
level (indirect contributor to global warming). It will be considered as affecting only the local 
environment. In this particular case big improvements are achieved after introducing E-diesel as 
fuel. However, there are big differences between different studies regarding CO [Hansen et al., 
2001b] [Spreen, 1999] [Wang et al., 1999] [WVU, 1999]. Therefore, it is very difficult to state a 
definitive answer on this topic. It can only be affirmed that no major changes in air quality are 
introduced if E-diesel is used as a diesel substitute. 
 
 
 

11.3 Nitrogen oxides 
 
Results from NOx emissions for diesel fuel and both E-10 diesel and E-15 diesel are shown in figure 
32. There is a 4% reduction (E-10 diesel) and a 5% reduction (E-15 diesel) in NOx emissions at the 
local level (engines combustion), whereas a less than 1% increase (E-10 diesel and E-15 diesel) are 
observed if the whole life cycle of E-diesel is taken into account. 
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Figure 32. Comparison of NOx emissions in buses run on diesel, E-10 diesel and E-15 diesel. 
 

NOx Emissions (%) 
Fuel Trp. 0.5 0.7 0.5 
Diesel 5.7 12.2 5.0 
Ethanol  3.8 4.6 
Beraid® ED10  1.2 0.3 
Other  0.8 0.5 
Trucks 93.8 81.3 89.1 

Diesel E-10 E-15 

Table 15. Different contributors (%) to overall NO x emissions. 
 
Most of the NOx (80% to less than 95%) is emitted at the fuel combustion in trucks (see table 15). 
Diesel production is the second biggest contributor ranging from 5% to 12%. It is important to 
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observe that even if emissions due to fuel production increase (ethanol contributes to almost the 
same as diesel production in E-15 diesel) the final result for E-diesel is a slight increase of less than 
1%. 
 
Nitrogen oxides are recognized to represent an 89% of the overall transportation emissions in the 
acidification impact category [EEA, 2002b]. That would have an impact on the global level. 
Nevertheless, it is known that global warming dominates overwhelmingly at that level. Therefore, 
NOx have been considered to contribute mainly for photo-oxidant formation (“Los Angeles” smog), 
which has an impact on the local environment. Therefore, slight variations in NOx releases due to 
the substitution of diesel by E-diesel will not introduce any noticeable changes regarding NOx 
presence in air. 
 
 
 

11.4 Sulphur dioxide 
 
Results from SO2 emissions for diesel fuel and both E-10 diesel and E-15 diesel are shown in figure 
33. There is an 8% reduction (E-10 diesel) and a 11% reduction (E-15 diesel) in SO2 emissions at 
the local level (engines combustion), whereas a 3% reduction (E-10 diesel) and a 6% reduction (E-
15 diesel) are observed if the whole life cycle of E-diesel is taken into account. 
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Figure 33. Comparison of SO2 emissions in buses run on diesel, E-10 diesel and E-15 diesel. 
 
Between 65% (E-diesel) and 69% (diesel) of the SO2 emissions are generated when the fuel is 
combusted at the engine (see table 16). On the one hand, emissions due to diesel production 
contribute to about 30%. On the other hand, Beraid® ED10 production has an important effect 
(about 4.5%) in the whole fuel life cycle as well. It is important that even if the environmental 
impact due to fuel production is bigger for E-diesel than for diesel, SO2 releases undergo a slight 
decrease. 
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SO2 Emissions (%) 
Fuel Trp. 0.3 0.3 0.3 
Diesel 31.0 29.3 29.2 
Ethanol  0.1 0.2 
Beraid® ED10  4.4 4.6 
Other  0.7 0.8 
Trucks 68.7 65.1 64.9 

Diesel E-10 E-15 

Table 16. Different contributors (%) to overall SO2 emissions. 
 
Sulphur dioxide as a global pollutant contributes to the acidification impact category. However, 
since its contribution to the overall acidifying emissions is only 9% [EEE, 2002b], SO2 has been 
considered to have a local impact as a major role player in “classical” or “London” smog24 
formation. This smog affects the local environment under poor weather conditions (rather common 
in Northern countries like Sweden). This is a major concern regarding human health issues. 
 
 
 

11.5 Hydrocarbons 
 
Results from HC emissions for diesel fuel and both E-10 diesel and E-15 diesel are shown in figure 
34. There is neither an increase nor a decrease in HC emissions at the local level (engines 
combustion), whereas a 4% reduction (E-10 diesel) and an 8% reduction (E-15 diesel) are 
observed if the whole life cycle of E-diesel is taken into account. 
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Figure 34. Comparison of HC emissions in buses run on diesel, E-10 diesel and E-15 diesel. 
 
More than 70% of HC emissions are generated when diesel is produced (see table 17). Emissions 
due to fuel combustion at the engines range from 25% to 27%. It is important HC releases to air 
are 4% to 6% lower for E-diesel if the whole life cycle is taken into account. 
                                                 
24 The so-called "London smog" designates a mixture of smoke containing sulphur dioxide and fog.  
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HC Emissions (%) 
Fuel Trp. 0.2 0.2 0.2 
Diesel 74.5 71.9 70.8 
Ethanol  0.8 1.2 
Beraid® ED10  0.6 0.6 
Other  0.2 0.2 
Trucks 25.3 26.4 27.1 

Diesel E-10 E-15 

Table 17. Different contributors (%) to overall HC emissions. 
 
Hydrocarbons are mostly released in the local environment (no changes in emissions). Since the 
presence of HC contributes to local photo-oxidants formation (“Los Angeles” smog), this is a major 
concern. However, some authors believe that these emissions can be avoided by a proper fixing of 
catalysts [Ahmed, 2001] [Spreen, 1999]. It is important to remember that there is no exhaust 
after-treatment installed in the vehicles. 
 
 
 

11.6 Particles 
 
No data about particulate matter emissions were available for buses. 
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12 CONCLUSIONS 
 
 
 

12.1 Life Cycle Impact Assessment 
 
The transportation sector generates a big proportion of the overall emissions released to air. 
Moreover road transport of people and goods contribute to a great extent of the overall 
transportation-related emissions. [EEA, 2002a] [EEA, 2002b]  

 

TRUCKS BUSES % Diesel vs. E-10 Diesel vs. E-10 Diesel vs. E-15 

CO2 -8 -3 -14 -8 -19 -11 

CO -8 -3 -20 -17 -27 -23 

NOX -2 < 1 -4 < 1 -5 < 1 

SO2 -12 4 -8 -3 -11 -6 
HC 16 -5 --- -4 --- -6 

Particles -18 -1         

Vehicles Life Cycle 

Table 18. Comparison of decrease or increase emission rates for all fuels and vehicles included in this LCA. 
 
Aggregated figures of selected emissions from all LCIs are summarised in table 18. Variations (%) 
observed between the results from diesel and E-diesel use are presented. These results were 
classified into different impact categories (see sections 8 and 11), so that they could be grouped on 
a nominal basis into two main sets. Those two selected groups were emissions with an impact 
either at the global level (e.g. global warming) or at the local level (e.g. “London” and “Los 
Angeles” smog). Thus, in table 18 figures in red represent the effect of substituting diesel by E-
diesel at the local level, i.e. taking into account those emissions measured at vehicles’ exhaust. 
Figures in blue stand for the same, but taking into account the whole life cycle (i.e. global 
environmen tal impact) of the studied fuels. 
 
If an emission was found to be related to two or more impact categories, it was then assigned to 
that category that was found most relevant to be grouped according to the aim and scope of the 
present LCA. 
 
 
12.1.1 Global impact 
 
Global warming is the overwhelmingly major impact at the global level and carbon dioxide is the 
main greenhouse gas emitted by the transportation sector. In 2000, 92% of the CO2 emitted by 
transport media in Europe was due to road vehicles, i.e. 25% of the overall CO2 emissions were 
due to road transportation. [EEA, 2002a] 
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Better results regarding CO2 emissions were observed in buses (average 10% reduction) than in 
trucks (neutral). This is mainly attributable to the fact that releases from buses were calculated to 
include only “fossil” CO2. Tailpipe exhaust gases measurements in trucks include “green” CO2, 
which has been neglected in buses. This is a valid approach regarding global impacts, since it takes 
into account the existing closed carbon cycle when biomass-based fuels are used. 
 
 
12.1.2 Local impact 
 
Carbon monoxide emissions by road transportation represented 55% of the overall European CO 
emissions in 2000 [EEA, 2002b]. CO emissions are major contributors to photochemical smog. 
Hence they are considered to have an impact on the local level. Results vary considerably from one 
author to another [Hansen et al., 2001b] [Spreen, 1999] [Wang et al., 1999] [WVU, 1999]. 
Therefore it is quite hard to state any definitive conclusion on CO emissions. However, even if the 
improvement in the environment cannot be exactly evaluated, it can be affirmed that E-diesel yields 
no major changes in air quality when introduced as a diesel substitute. 
 
The main effect of both NOx and HC was assumed to be their contribution to photo-oxidant 
formation (“Los Angeles” smog). Average contribution to European emission rates in year 2000 
were 45% for NOx and 30% for HC [EEA, 2002b]. Therefore they have an impact on the local 
environment and human health. One the one hand, very slight decreases in NO x emissions show 
that no major changes are experienced at the exhaust pipe. On the other hand, E-diesel 
combustion does not increase HC releases. 
 
It is very important not to forget that no after-treatment was installed at any measurement test. 
Therefore, it is assumed that proper fixing of catalysts and fuel injection optimisation will decrease 
these emission rates. 
 
In cold and wet weather conditions, SO2 emissions play a major role regarding “London” smog 
formation. This phenomenon is a big concern regarding human health issues. In both cases 
emissions are reduced at the local level. In the trucks case it was due to the diesel quality (ultra 
low sulphur diesel), whereas in the buses the reduction was mainly due to the reduction of diesel 
content in the fuel matrix. 
 
27% of the overall particulate matter emissions in Europe were generated by road vehicles [EEA, 
2002b]. Particles are strongly linked to human-health issues and thus to impacts on the local 
environment. It is mostly agreed among all authors that reduction of particulate emissions is the 
strongest asset of E-diesel as an alternative fuel. [Ahmed, 2001] [Hansen et al., 2001b] [Hansen et 
al., 2002] [Löfvenberg, 2002] [Spreen, 1999] [Wang et al., 1999] [WVU, 1999]  
 
 
12.1.3 Ethanol production 
 
Ethanol production contributes significantly both to local and global environmental impact of E-
diesel (see figure 38 in appendix C). Carbon dioxide emissions attributable to ethanol range from 
3.5% to 6% of overall releases to air (depending on its concentration in the fuel matrix). If they are 
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compared with diesel production (11-12%), ethanol environmental impact regarding global 
warming is two, three times smaller, which is a rather big contribution. 
 
Local impacts due to ethanol production are NOx, CO and particulate matter emissions. NOx release 
to air because of ethanol is somewhat bigger than half of what is emitted while refining diesel. 
Contributions to both CO and particles are bigger than those due to diesel production. Carbon 
monoxide emissions are almost twice as big as those at the refinery. Ethanol contribution to overall 
particles release to air is 12% versus 7.5% coming out from diesel. 
 
All emissions are mainly allocated to heat generation (particles, NOx and CO2) and wood production 
(particles, NOx, CO and CO2). Heat comes from the surrounding factories at Domsjö industrial 
estate, whereas wood production operations include usage of machinery and transportation. 
 
 
12.1.4 Beraid® ED10 production 
 
Beraid® ED10 contributes only to local impacts attributable to E-diesel use (see figure 39 in 
appendix C). Particles released to air due to the production of Beraid® ED10 are important (about 
half of those generated at a diesel refinery). 
 
On the other hand, 11.2% and 4.5% of SO2 emissions are respectively allocated to Beraid® ED10 
in low sulphur content and high sulphur content E-diesel blends. The contribution of this fuel 
additive is bigger as sulphur content grows, because the lower the sulphur content is, the more 
demanding that the diesel refining process becomes. Therefore at high sulphur contents in diesel, 
most of emissions are due to fuel combustion in vehicles, whereas at low sulphur concentrations 
releases are originated at E-diesel production (mainly due to fuel additive and diesel production). 
 
All emissions are mostly generated at the production of B and C (Beraid® ED10 components found 
in bigger proportion). Product B contributes specially to global warming (CO2). Its contribution is 
also very important regarding CO, NOx and SO2. On the other hand, product C has a major role in 
HC emissions. Particles are mainly due to product B and A.  
 
 
 

12.2 Fuel performance of E-diesel 
 
Many studies have proved that engines and their parts are not affected by the use of E-diesel. 
Engine oil does not show any changes after being analysed. Furthermore, no modifications had to 
be introduced neither in diesel engines run on E-diesel, nor in their maintenance. Moreover, drivers 
have not reported any need for changing their driving behaviour. [CTA, 2000] [Hansen et al., 
2001b] [Löfvenberg, 2002] 
 
The two most referenced long-term durability tests on heavy duty diesel vehicles driven on-road 
are: 

• Archer Daniel’s Midland (ADM) Trucking demonstration program. This project was initiated 
in November 1998 and consisted of six trucks: four running on E-diesel and two as 
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reference vehicles operated on diesel. The program completed more than 400,000 km and 
succeeded in demonstrating good operational characteristics, excellent cold temperature 
performance, proper fuel economy and oil filters presented no problems. [Ahmed, 2001] 

• Chicago Transit Authority (CTA) “Oxygenated Diesel Project”. Thirty CTA buses were 
involved in this multi-stakeholder project during 1999 and 2000. It was demonstrated the 
ease of transition from diesel to E-diesel. During this project, some challenging problems 
arose regarding water contamination at E-diesel storage and how to tackle them. Results 
from emissions and driveability of buses driven on E-diesel were in line with those from 
ADM’s project. [CTA, 2000] 

 
Many interesting projects have been recently run, like the one the trucks case study is based on 
(see section 6.6.3). There are several interesting projects like the initiative of Waste Management 
Inc.25 to demonstrate E-diesel feasibility for off-road waste handling equipment. They have been 
running Brooklyn’s waste transfer station with satisfactory results. Other successful project has 
been the one run on John Deere 9400 and Caterpillar Challenger 95E tractors driven on E-diesel to 
check the applicability of this renewable fuel to off-road farming activities. No abnormal operation 
(based on oil analyses) was observed after 700 hours accumulated during two Spring and one 
Autumn seasons in each type of tractor. 
 
 
 

12.3 Economical feasibility of E-diesel 
 
Economical feasibility is usually addressed as the Achilles’ heel of alternative fuels. Higher 
production costs and lower energy contents (i.e. higher final prices) make them uncompetitive 
against traditional fuels. Therefore, a study based on data for Swedish diesel production was 
carried out to assess the market competitiveness of E-diesel. 
 
In order to compare E-diesel with diesel, the two typical ethanol-diesel blends (E-10 diesel and E-15 
diesel) were used. Moreover, three different scenarios (“low price”, “high price” and “future”) for 
lignocellulose-based ethanol production were also included and compared to diesel price (see figure 
36 and figure 37):  

• State-of-the-art technology ranging from low and high estimated production costs based on 
the dilute acid hydrolysis process. Figures are based on studies carried out in the U.S. 
applying the current price of Swedish lignocellulosic feedstock. Thus, ethanol’s final price 
ranges from 3 SEK/l to 4 SEK/l (i.e. 0.33 EUR/l to 0.44 EUR/l)26 [BAFF, 2003] [Graff, 2000]. 
Based on these prices, both “low price” and “high price” scenarios were designed (see 
figure 36 and figure 37). 

• Long-term future27 process optimisation yielding lower production costs, which could reach 
a bottom line of  1.08 SEK/l (i.e. 0.12 EUR/l) [BAFF, 2003] [Graff, 2000]. Based on this 
price, a “future” expected scenario was created (see figure 36 and figure 37). 

 

                                                 
25 Waste Management Inc. is the largest solid waste management companies in the USA. 
26 Conversion factor: 1 SEK = 0.109 EUR. [Oanda Corp., 2003] 
27 Ethanol production costs by year 2030 (maintaining nowadays raw material price). 



 

LCA  OF WOOD-BASED  ETHANOL-DIESEL BLENDS (E-DIESEL) 
 

CONCLUSIONS   
 

- 64 - 

Diesel price (0.803 EUR/l) was obtained as an average for the Swedish market including production 
costs, excise duty tax and the value-added tax (see figure 35). [EEA, 2002c] 
 

Swedish Diesel Pricing

38%

42%

20%

Cost price Excise Duty VAT

 

Figure 35. Swedish diesel price divided in cost price and taxes. [EEA, 2002c] 
 
Many researchers have suggested that, if lignocellulosic ethanol production technologies are 
improved significantly in the future, ethanol could displace a large portion of traditional 
transportation fuels from the market [Wang, 1999]. Better environmental performance together 
with a better price will make ethanol-diesel blends a very attractive option compared to diesel fuel. 
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Figure 36. Price comparison of different E-diesel compositions and Swedish diesel. 
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Figure 37. Price comparison of 1 km driven on different E-diesel compositions and Swedish diesel. 
 
 
 

12.4 Future challenges for E-diesel 
 
E-diesel has to face many technical barriers before its successful marketing (see section 5.2). Most 
problems are linked to safety issues. Its low flashpoint and tank vapour flammability hinders its 
handling as conventional diesel. As a matter of fact it has to be handled as gasoline. Therefore 
modifications have to be introduced in storage tanks an fuel handling equipment. Other physical 
properties like ethanol solubility in the fuel matrix, water tolerance and efficacy of fuel additives as 
emulsifiers must be properly studied and minimum requirements for these and safety-related issues 
must be established. [AFDC, 2002] [McCormick, Parish, 2001] 
 
This is most important for the fuel in order to obtain the recognition from environmental 
governmental bodies. This official approval will trigger the acceptance of E-diesel by engine 
manufactures, so that OEM warranties will be issued for low ethanol-content diesel blends. To 
achieve this recognition by major vehicle and parts manufactures, more data on engine long-term 
durability are needed (ethanol is chemically very different from diesel and will differently interact 
with elastomers and metal surfaces). [AFDC, 2002] [McCormick, Parish, 2001] 
 
Water contamination is a big issue as well, specially regarding fuel storage, since water will split the 
blend. If aqueous concentration grows too high, the fuel stratifies into various layers with varying 
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percentages of fuel and water. Therefore, systems for detection of water leakages in fuel vessels 
need to be designed and further implemented. [CTA, 2000] 
 
All issues come to limit somewhat the potential market available for E-diesel. It has been 
thoroughly discussed about hinders towards its broad commercialisation. Thus, many experts agree 
that it may be constrained into a narrower market, which includes captive, centrally refuelled fleets. 
Nevertheless this is still a very attractive market in terms of fuel consumption and willingness to 
shifting towards alternative environmentally friendlier fuels like E-diesel. [McCormick, Parish, 2001] 
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13 SUGGESTIONS 
 
 
 
Cleaner fuels can reduce local air pollution, whereas optimised and environmentally friendlier 
production processes can tackle global environmental issues. According to this LCA results, some 
recommendations for future studies can be given:  

• There is a need for more fuel tests, specially those including ULSD diesel, which will 
become the future standard for diesel both in Europe and North America. 

• More results on efficiency and performance of additives together with ULSD diesel would be 
very useful as well. 

• Better and more reliable data on emissions under real traffic conditions and results for full-
scale production of ethanol are needed for a more accurate design of scenarios. 

• Emissions from forestry industry must be checked. They contribute to a major extent to the 
environmental burden attributable to ethanol production. It is believed that they are 
somewhat imprecise due to their age. More recent data would probably yield better results. 

• Further research is needed to evaluate the real potential of the captive fleet market in a 
proper way.  

• Chances and barriers for E-diesel commercialisation towards private drivers should be 
investigated in detail to set where the real potentials for this market are. 

• Accurate measurements of particulate matter emissions (PM10 and PM2.5) should be 
performed to fully validate final results. 
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APPENDIX A  EMISSIONS AND FUEL ECONOMY (BUSES) 
 
 
 

A.1 E-diesel fuel economy 
 
In order to assume a reliable figure for fuel economy for both E-10 diesel and E-15 diesel, 
theoretical calculations based on heat content values were done. 
 
HDIESEL = 42.9 MJ/kg 
HETHANOL = 26.8 MJ/kg 
HBERAID® ED10 = 43.4 MJ/kg 
 

 Ethanol (%) Diesel (%) Beraid ED10 (%) 
E-10 diesel 10 88 2 
E-15 diesel 15 83 2 

Table 19. Composition of E-10 diesel and E-15 diesel. 
 
Ideal mixing conditions were assumed to ease calculations. Thus, heat content values for both E-
diesel compositions (see Table 19) were calculated: 
 

HE-10 DIESEL = 0.10 







kg
MJ

 26.8  + 0.88 







kg
MJ
 42.9  + 0.02 








kg
MJ

 43.4 = 41.3
kg
MJ

 

 

HE-15 DIESEL = 0.10 







kg
MJ

 26.8  + 0.83 







kg
MJ
 42.9  + 0.02 








kg
MJ

 43.4 = 40.50
kg
MJ

 

 
After comparing these results with pure diesel, the theoretical decrease in E-diesel mileage could be 
calculated: 4% (E-10 diesel) and 6% (E-15 diesel). 
 
Some authors have found slightly higher values during laboratory tests [Hansen et al., 2001a] 
[CTA, 2000]. Therefore, a 5% and a 7% decreases in fuel performance were assumed for E-10 
diesel and E-15 diesel respectively. 
 
 
 

A.2 Carbon dioxide emissions (E-diesel) 
 
CO2 emissions were calculated based on the C-content of diesel and ethanol (no data were found 
on Beraid ED10, but since it is only a 2% it was considered negligible). Data were taken from 
average values found in literature [Hellsten, 1992]. 
 
Diesel  ⇒ 85.9 %w ?DIESEL ⇒ 830 kg/m3 

Ethanol ⇒ 52.2 %w ?ETHANOL ⇒ 791 kg/m3 
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Diesel  ⇒ 0.859 
kg

CO kg 2 x 830
3m

 kg
= 712.97 

3
2

m

CO kg
 

 

Ethanol ⇒ 0.522 
kg

CO kg 2 x 791 3m

 kg
= 412.90 3

2

m

CO kg
 

 
CO2-content in E-10 diesel and E-15 diesel can be now calculated. Ideal mixing conditions were 
assumed, so that final results were: 
 

E-10 diesel  ⇒ 0.10 







3

2

m

CO kg
 412.90 + 0.88 








3

2

m

CO kg
  712.97 = 668.7 

3
2

m

CO kg
 

 

E-15 diesel  ⇒ 0.15 







3

2

m

CO kg
 412.90 + 0.83 








3

2

m

CO kg
  712.97 = 653.7 

3
2

m

CO kg
 

 
These figures include the contribution due to ethanol production. However, CO2  emissions from 
ethanol production should not be aggregated, since in this particular case it is biomass-based (i.e. 
“bioethanol”). Therefore, “green” CO2 must be removed so that only “fossil” CO2 remains in the 
final values. 
 

E-10 diesel  ⇒ 0.88 







3

2

m

CO kg
  712.97 = 627.4 3

2

m

CO kg
 

 

E-15 diesel  ⇒ 0.83 







3

2

m

CO kg
  712.97 = 591.8 3

2

m

CO kg
 

 
These figures cannot be compared with each other regarding the functional unit chosen for the 
present LCA. Therefore they must be combined with mileage results from the different fuels in 
order to obtain CO2 emissions per kilometre driven. 
 

Diesel  ⇒ 
km
l

 0.628
l

CO g
  712.97 2 ⋅  = 447.7 

km
CO g 2  

 

E-10 diesel  ⇒ 
km
l

 0.659
l

CO g
  627.4 2 ⋅  = 413.5 

km
CO g 2  

 

E-15 diesel  ⇒ 
km
l

 0.672
l

CO g
  591.8 2 ⋅  = 397.7 

km
CO g 2  

 
Using these theoretical results, CO2 emission decrease rates could be calculated for both E-10 diesel 
(7.7%) and E-15 diesel (11.2%). The actual figure for CO2 releases in buses is known: 1633 g/km 
[Pelkmans, 1999]. Thus, values based on this result from real traffic measurements can be now 
calculated:  
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E-10 diesel  ⇒  1507.9 
km
CO g 2  

 

E-15 diesel  ⇒  1450.4 
km
CO g 2  
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APPENDIX B ECO-PROFILES 
 
 
 

B.1 Diesel 
 
Cradle to gate inventory     (Functional unit = 1 litre of diesel) 
 
Natural Resources – Energy (including feedstock) 
Crude oil 170 MJ 
Natural gas 1.01 MJ 
Nuclear energy 0.24 MJ 
Hydro energy 0.11 MJ 
Biomass 0.02 MJ 
Coal 0.009 MJ 
Hydrogen 0.001 MJ 

 
 
Electricity Used (electricity production is accounted for) 
Electricity - hydro 0.02 kWh 
Electricity - nuclear 0.02 kWh 
Electricity - biomass 0.002 kWh 
Electricity - coal 0.001 kWh 
Electricity - unspecified 0.0004 kWh 
Electricity - natural gas 0.0003 kWh 

 
 
Natural Resources – Material 
Sodium chloride 0.60 g 
Ground water 0.02 g 

 
 
Refined Resources (not accounted for) 
Chemicals 28 0.008 l 

 
 
Emissions to Air 
CO2 365 g 
HC 7.8 g 
NOx 1.5 g 
CH4 0.85 g 
SO2 0.55 g 
CO 0.07 g 
Particles 0.03 g 

                                                 
28 Chemicals used to improve operational effectiveness and maintenance of equipment (crude oil extraction). [MPE, 2002] 
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NMVOC 0.02 g 
 
 
Emissions to Water 
Chemicals 29 3.7 g 
Oil30 0.09 g 
COD 0.02 g 
NO3

- 0.02 g 
 
 
Residue 
Non hazardous waste  2.6 g 
Inert chemical waste 0.70 g 
Slags and ash 0.64 g 

 
 
 

B.2 Ethanol 
 
Cradle to Gate Inventory     (Functional unit = 1 litre of ethanol)  
 
Natural Resources – Energy (including feedstock) 
Wood 187 MJ 
Biomass 19 MJ 
Crude oil 12 MJ 
Natural gas 1.2 MJ 
Hydro energy 0.91 MJ 
Coal 0.55 MJ 
Sulphur in ore 0.39 MJ 
Nuclear energy 0.08 MJ 
Hard coal 0.01 MJ 

 
 
Electricity Used (electricity production is accounted for) 

Electricity - hydro 0.20 kWh 
Electricity - nuclear 0.01 kWh 
Electricity - coal 0.001 kWh 
Electricity - unspecified 0.001 kWh 
Electricity - biomass 0.0004 kWh 

 
 
Natural Resources – Material 
Limestone 396 g 

                                                 
29 Chemicals used in drilling operations (crude oil extraction): 99% can be considered to have little or no environmental 
impact. [MPE, 2002] 
30 Accidental oil spills diluted in water. 
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Phosphate rock 9.3 g 
Sodium chloride 1.7 g 

 
 
Emissions to Air 
CO2 999 g 
NOx 7.3 g 
CO 0.93 g 
HC 0.77 g 
Particles 0.46 g 
SO2 0.02 g 
CH4 0.02 g 
H2SO4 0.002 g 
NMVOC 0.0004 g 

 
 
Emissions to Water 
COD 143 g 
Gypsum 11 g 
F- 0.28 g 
Cl- 0.06 g 
SO4

-2 0.01 g 
Halogenids 0.005 g 
NaCl 0.004 g 
Suspended solids 0.004 g 
Na+ 0.004 g 
Oil 0.002 g 
S total 0.001 g 

 
 
Residue 
Non hazardous waste 31 5.7 kg 
Mineral waste 0.29 g 
Slags and Ash 0.006 g 

 
 
 

B.3 Beraid® ED10 
 
Cradle to Gate Inventory    (Functional unit = 1 litre of Beraid® ED10) 
 
Natural Resources – Energy (including feedstock) 
Crude oil 26 MJ 
Natural gas 25 MJ 
Nuclear energy 3.6 MJ 
Hydro energy 1.5 MJ 

                                                 
31 1.7 kg are lignin. 
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Hydrogen 0.79 MJ 
Coal 0.51 MJ 
Sulphur in ore 0.30 MJ 
Hydrogen 0.22 MJ 
Biomass 0.16 MJ 
Hard coal 0.10 MJ 
Coke 0.08 MJ 
Lignite 0.01 MJ 
Wind energy 0.01 MJ 
Wood 0.002 MJ 

 
 
Electricity Used (electricity production is accounted for) 
Electricity - nuclear 0.34 kWh 
Electricity - hydro 0.33 kWh 
Electricity - unspecified 0.09 kWh 
Electricity - coal 0.02 kWh 
Electricity - biomass 0.01 kWh 
Electricity - natural gas 0.01 kWh 

 
 
Natural Resources – Material 
Rape seeds 379 g 
Sodium chloride 108 g 
Limestone 14 g 

 
 
Refined Resources (not accounted for) 
Catalyst 15 g 

 
 
Emissions – Air 
CO2 1.5 kg 
NOx 4.0 g 
SO2 3.6 g 
HC 2.8 g 
CH4 1.9 g 
CO 0.96 g 
Particles 0.69 g 
N2O 0.36 g 
Olefins 0.01 g 
Aromatics 0.01 g 
Benzene 0.01 g 
NH3 0.01 g 

 
 
Emissions to Water 
Cl- 8.5 g 
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COD 2.7 g 
Ca+2 1.9 g 
Ntotal 0.89 g 
Metals 0.84 g 
Na+ 0.11 g 
SO4

-2 0.11 g 
Suspended solids 0.08 g 
Halogenids 0.05 g 
Dissolved solids 0.03 g 
Chemicals 32 0.02 g 
BOD 0.01 g 
Oil 0.01 g 
S total 0.01 g 
TOC 0.01 g 
HC 0.01 g 
Ptotal 0.01 g 
CO3

-2 0.003 g 
 
 
Residue 
Non hazardous waste  36 g 
Slags and ash 0.17 g 
Solid waste 0.007 g 

 
 
 

B.4 E-10 diesel 
 
Cradle to Gate Inventory    (Functional unit = 1 litre of E-10 diesel)  
 
Natural Resources – Energy (including feedstock) 
Crude oil 152 MJ 
Wood 19 MJ 
Biomass 2.0 MJ 
Natural gas 1.5 MJ 
Nuclear energy 0.76 MJ 
Hydro energy 0.42 MJ 
Coal 0.09 MJ 
Sulphur in ore 0.04 MJ 
Hydrogen 0.03 MJ 
Hard coal 0.003 MJ 
Coke 0.003 MJ 

 
 
 

                                                 
32 Chemicals used in drilling operations (crude oil extraction): 99% can be considered to have little or no environmental 
impact. [MPE, 2002] 
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Electricity Used (electricity production is accounted for) 

Electricity - hydro 0.09 kWh 
Electricity - nuclear 0.07 kWh 
Electricity - biomass 0.005 kWh 
Electricity - coal 0.004 kWh 
Electricity - unspecified 0.002 kWh 
Electricity - natural gas 0.001 kWh 

 
 
Natural Resources – Material 
Limestone 40 g 
Rape seeds 7.6 g 
Sodium chloride 2.8 g 
Phosphate rock 0.9 g 
Copper in ore 0.2 g 
Uranium in ore 0.1 g 

 
 
Refined Resources (not accounted for) 
Chemicals 33 0.007 l 
Catalyst 0.3 g 

 
 
Emissions to Air 
CO2 472 g 
HC 7.2 g 
NOx 2.2 g 
CH4 0.79 g 
SO2 0.57 g 
CO 0.19 g 
Particles 0.09 g 
NMVOC 0.01 g 
N2O 0.01 g 

 
 
Emissions to Water 
COD 14 g 
Chemicals 34 3.3 g 
Gypsum 1.1 g 
Cl- 0.18 g 
Diluted Oil 0.08 g 
Ca+2 0.04 g 
F- 0.03 g 
Ntotal 0.02 g 

                                                 
33 Chemicals used to improve operational effectiveness and maintenance of equipment (crude oil extraction). [MPE, 2002] 
34 Chemicals used in drilling operations (crude oil extraction): 99% can be considered to have little or no environmental 
impact. [MPE,  2002] 
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NO3
- 0.02 g 

Metals 0.02 g 
Suspended solids 0.004 g 
SO4

-2 0.004 g 
Na+ 0.003 g 
BOD 0.002 g 
Oil 0.001 g 

 
 
Residue 
Non hazardous waste 35 575 g 
Inert chemical waste 0.60 g 
Slags and ash 0.57 g 
Mineral waste 0.03 g 

 
 
 

B.5 E-15 diesel 
 
Cradle to Gate Inventory    (Functional unit = 1 litre of E-15 diesel)  
 
Natural Resources – Energy (including feedstock) 
Crude oil 144 MJ 
Wood 28 MJ 
Biomass 2.9 MJ 
Natural gas 1.5 MJ 
Nuclear energy 0.75 MJ 
Hydro energy 0.46 MJ 
Coal 0.11 MJ 
Sulphur in ore 0.06 MJ 
Hydrogen 0.03 MJ 
Hard coal 0.004 MJ 
Coke 0.003 MJ 

 
 
Electricity Used (electricity production is accounted for) 

Electricity - hydro 0.10 kWh 
Electricity - nuclear 0.08 kWh 
Electricity - biomass 0.005 kWh 
Electricity - coal 0.004 kWh 
Electricity - unspecified 0.002 kWh 
Electricity - natural gas 0.001 kWh 

 
 
 

                                                 
35 171 g are lignin. 
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Natural Resources – Material 
Limestone 60 g 
Rape seeds 7.6 g 
Sodium chloride 2.9 g 
Phosphate rock 1.4 g 
Copper in ore 0.20 g 
Uranium in ore 0.10 g 

 
 
Refined Resources (not accounted for) 
Chemicals 36 0.006 l 
Catalyst 0.3 g 

 
 
Emissions to Air 
CO2 505 g 
HC 6.8 g 
NOx 2.5 g 
CH4 0.75 g 
SO2 0.54 g 
CO 0.23 g 
Particles 0.11 g 
NMVOC 0.01 g 
N2O 0.01 g 

 
 
Emissions to Water 
COD 22 g 
Chemicals 37 3.1 g 
Gypsum 1.7 g 
Cl- 0.18 g 
Diluted Oil 0.07 g 
Ca+2 0.04 g 
F- 0.04 g 
Ntotal 0.02 g 
NO3

- 0.02 g 
Metals 0.02 g 
Suspended solids 0.004 g 
SO4

-2 0.004 g 
Na+ 0.003 g 
BOD 0.002 g 
Oil 0.001 g 

 
 

                                                 
36 Chemicals used to improve operational effectiveness and maintenance of equipment (crude oil extraction). [MPE, 2002] 
37 Chemicals used in drilling operations (crude oil extraction): 99% can be considered to have little or no environmental 
impact. [MPE, 2002] 
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Residue 
Non hazardous waste 38 859 g 
Inert chemical waste 0.60 g 
Slags and ash 0.54 g 
Mineral waste 0.04 g 

 
 

                                                 
38 257 g are lignin. 
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APPENDIX C GRAPHS FOR OVERALL EMISSIONS 
 
 
 
Ethanol Production 
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Figure 38. Emissions related to ethanol production divided by sub-scenarios. 
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Beraid ED10 Production 
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Figure 39. Emissions related to Beraid® ED10 production divided by sub-scenarios. 
 
Note: CO2 emissions must be read at the right axis, while the rest are represented on the left axis. 
 



 

 

 


