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EXECUTIVE SUMMARY 

Supported by policies, biofuel production has been continuously increasing worldwide during re-

cent years owing to a scientific consensus that human-induced global warming is a reality and the 

need to reduce import dependency of fossil fuels. However, concerns have been raised that bio-

fuels, often advocated as the future substitute for greenhouse gas (GHG) intensive fossil fuels, may 

cause negative effects on the climate and the environment. When assessing GHG emissions from 

biofuels, the production phase of the biofuel crop is essential since this is the phase in which most 

of the GHG emissions occur during the life cycle of the fuel (not accounting for biogenic CO2 from 

the tailpipe). Much research has been focusing on the GHG performance of biofuels, but there are 

also a range of other possible environmental effects of biofuel production, often linked to land use 

and land management. 

Changes in land use can result from a wide range of anthropogenic activities including agriculture 

and forestry management, livestock and biofuel production. Direct effects of land-use change 

(LUC) range from changes of carbon stock in standing biomass to biodiversity impacts and nutrient 

leakage. Beside the direct effects, indirect effects can influence other uses of land through market 

forces across countries and continents. These indirect effects are complex to measure and observe. 

This report provides an overview of a much debated issue: the connection between LUC and bio-

fuel production and associated potential impacts on a wide range of aspects (i.e., soil chemistry, 

biodiversity, socioeconomics, climate change, and policy). The main purpose of the report is to 

give a broad overview of the literature on LUC impacts from biofuel production, not only taking 

into account the link between LUC and GHG, which has been addressed in many other studies. 

The report first presents a review of the literature in the different scientific areas related to LUC 

and biofuel production. Next, knowledge gaps related to LUC is compiled and, finally, a synthesis 

is developed highlighting major challenges and key findings. 

The synthesis identifies the following major challenges associated with biofuel-induced LUC that 

need to be addressed in policy-making processes: 

 Deforestation, forest management, and climate change  

Deforestation is a major contributor to GHG emissions and can contribute to soil erosion 

and carbon stock changes. Other effects include albedo changes and the timing of emiss-

ions which need to be better understood. 

 Degradation of biodiversity  

Land-use changes is one of the major threats to global biodiversity and it can be induced by 

most kinds of human activities. Forestry for timber or agricultural food production also in-

duces LUC, and great care must be taken to develop sustainable biofuel production to 

ameliorate this impact. 

 Nutrient leakage and removal  

Increased use of forest residues can influence the growth potential of nutrient pools, which 

is especially important when forestry residues are utilised for biofuel production. To avoid 

fertility losses in agricultural soils during biofuel production, crops with low fertilizer 

needs, high nutrient use efficiency and high yields should be given priority. 
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 Challenges in quantifying indirect land-use change (iLUC) 

Indirect effects on land use are extremely complex to quantify without great uncertainty. 

 Contribution to rising food prices and poverty 

Even more challenging than quantifying iLUC is trying to measure the impact on food 

prices and poverty from LUC. Results show that biofuel production can have an impact on 

such factors. 

 Other socioeconomic aspects 

Biofuel production can create jobs but also interfere with traditional ways of life and recre-

ational values. To avoid negative effects, biofuel production should be developed in 

collaboration with the stakeholders involved: farmers, land owners, tourists, and industry. 

Although biofuels can contribute to decreasing GHG emissions, there are other environmental con-

cerns associated with biofuel production that need to be addressed: e.g., nutrient leakage, biodiver-

sity loss, etc. The diversity of biofuel feedstock and the multiplicity of biofuel pathways lead to 

high uncertainty in measuring the resulting effects, especially when indirect effects are considered. 

Since biofuel feedstock interacts with other commodities on the market, it is a great challenge to 

develop relevant certification systems in order to avoid risks. The LUC caused by increasing use of 

biofuels can be negative to various degrees. However, the drawbacks can be mitigated through 

policy measures or technology developments. Examples include the cultivation of high-yielding 

crops, cultivation on abandoned arable land, and effective use of by-products and waste. Second 

generation biofuels derived from cellulosic feedstock, such as salix or poplar, also hold promises 

since they most likely offer higher biomass yields and increase carbon storage. 

Current methods of LUC assessments typically focus on GHG emissions. However, tools and 

approaches to account for effects other than greenhouse gases should be adopted. 

The literature review and synthesis presented in this report shows that land use on this planet is 

already placing high stress on ecosystems, atmosphere, soils and human life. Because of increased 

biofuel production, land use change is therefore at risk of aggravating these problems. To avoid 

these pitfalls and instead explore the opportunities that exist for beneficial land-use change, contin-

ued responsible and sensitive collaboration between industry, policy-makers, researchers and local 

communities is a prerequisite. 
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LIST OF ABBREVIATIONS 

LUC Land-use change. In this report, used as a broad term to describe 

both direct and indirect land-use change (the sum of dLUC and 

iLUC). Land-use change occurs when land use is changed from one 

state to another (e.g. conversion of forest to agricultural land). 

GHG Greenhouse gas 

dLUC Direct land-use change 

iLUC Indirect land-use change 

LCA Life cycle assessment 

CO2eq/MJ A measure to compare emissions from various greenhouse gases 

expressed per megajoule (MJ) of the biofuel. 

C:N-ratio Carbon-to-nitrogen ratio. A ratio of the mass of carbon to the mass 

of nitrogen in a substance. 

C3 plants A carbon fixation pathway for photosynthesis. C3 plants differ from 

C4 plants in that they tend to thrive in areas with moderate climate 

(moderate sunlight, temperature and so on). 

NPK (-fertilizer) Fertilizers containing the macronutrients Nitrogen, Phosphorous and 

Potassium 

RED Renewable Energy Directive (2009/28/EC) 

CEC Cation exchange capacity 

RF Radiative forcing 

GWP Global warming potential 

EC European Commissio 
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GLOSSARY 

1
st
 generation biofuels Biofuels derived from raw material containing sugar, starch, oil or 

animal fats. The majority of today’s commercial biofuels are of 1
st
 

generation origin based on raw material grown on arable land. 

2
nd

 generation biofuels Biofuels derived from lignocellulosic biomass such as wood, grasses 

and forest residues. 

Base cations The most prevalent cations in the soil. Base cations include ions 

such as calcium (Ca2+), magnesium (Mg2+) potassium (K+) and 

sodium (Na+). 

Biochar Charcoal generated by pyrolysis (burning) of biomass. Biochar can 

increase soil fertility and raise agricultural fertility. 

Biofuels Fuel derived from organic matter obtained directly from plants or 

from agricultural, commercial, domestic and/or industrial organic 

wastes. 

Biomass In this report: plant material intended as feedstock for biofuel 

production. 

Biome Regions with climatically and geographically similar conditions on 

the planet and characterized by their climate, flora and fauna, some-

times referred to as ecosystems. 

Bioremediation The use of microorganisms to remove pollutants. 

Coniferous forest Vegetation primarily composed of cone-bearing, needle-leaved, or 

scale-leaved evergreen trees found in regions of the world that have 

well-defined seasons, at least four to six frost-free months. The 

northern Eurasian coniferous forest is called the taiga or boreal 

forest. 

Deciduous forest Vegetation composed primarily of broad-leafed trees that shed all 

their leaves during one season. Deciduous forest is found in three 

middle-latitude regions with a temperate climate characterized by a 

winter season and year-round precipitation: Eastern North America, 

Western Eurasia, and Northeastern Asia. Deciduous forest also ex-

tends into more arid regions along stream banks and around bodies 

of water. 

Land cover There is no international agreed-on definition of land cover but usu-

ally refers to observed (bio)-physical cover of the earth’s surface. 

According to FAO definitions (fao.faostat.org/site/377), land cover 

types include: forest area, inland water, agricultural area and other 

land,including roads and cities mountains and land with permanent 

ice cover and deserts. 
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Land use Refers to the use of the land cover. Contrary to land cover, land use 

is difficult to "observe". For example, it is often difficult to decide if 

grasslands are used for agricultural purposes or not. There is no in-

ternational agreed-on definition or classification of land use catego-

ries. According to FAO, classification is done according to the agri-

cultural holders' concepts of use, i.e. arable land, pastures etc. 

Within these categories, there are sub-categories to further define  

use. 

Nemoral climate According to The Heinrich Walter biome classification scheme: 

moderate climate with freezing winters. 

Phalaris A genus of grasses. 

Pollarding Cutting shoots from high stumps. 

Semi-natural coppice Semi-natural is here defined as man-made or strongly human-influ-

enced habitats which through a lengthy history of traditional land-

use have formed characteristic biodiversity built up by the spontane-

ous colonisation of “wild” species. 

Slash Branches and tops (Swedish: “grot”). 
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1 INTRODUCTION 

1.1 BACKGROUND 

Replacing oil-based transportation fuels with biofuels is expected to contribute to decreased green-

house gas emissions and reduce the dependence of imported fossil fuels. The EU has established a 

target of 10% renewable fuels for transport (including biofuels) by 2020 for each member state, 

laid down in the so-called “Renewable Energy Directive” (2009/28/EC) (EC, 2009). Many other 

countries also have ambitious biofuel targets, for example the US, Brazil, India and China. With 

growing demand for biofuels, we can expect increasing pressure on land resources and as a conse-

quence of land-use change (LUC). 

Biofuels are expected to contribute to decreased greenhouse gas emissions and reduce the depend-

ence of imported fossil fuels. In recent years, a debate has been emerging on the sustainability 

issues related to biofuels, the extent to which biofuels contribute to greenhouse gas mitigation and 

other environmental concerns in juxtaposition to fossil fuels. In the EU, the Renewable Energy 

Directive adopted in 2009 (EC, 2009) strives to ensure that the biofuels used within the EU are 

sustainable, which has led to extensive research in the field. Research has shown that the sustaina-

bility problems associated with biofuels mostly relate to effects of land-use change due to the pro-

duction of feedstock. The first widespread study that made these complications visible was a publi-

cation by Searchinger et al (2008) on the indirect effects of biofuels. It concluded that the effects of 

indirect land-use changes might exceed the positive effects of biofuels compared to fossil fuels, at 

least in terms of greenhouse gas emissions. Searchinger concluded that both corn and cellulosic 

ethanol in fact increased greenhouse gas emissions compared to gasoline. Fargione et al. (2008) 

was another influential study that evaluated different scenarios of land clearing for biofuel produc-

tion and concluded that biofuel production created a carbon debt which in many cases outweighted 

its positive effects. 

Following the Searchinger and the Fargoine studies, the emissions from land-use change has been 

heavily debated both among researchers and in popular media. The methodologies and assumptions 

made when estimating the impacts of land-use change often differ between studies which make it 

difficult to arrive at general conclusions. The discussions regarding the climate impacts of biofuels 

and land-use change were expanded to other issues related to land use, such as biodiversity loss and 

the effects on poverty in the world. The price spike of agricultural commodities in 2008-2009 was 

in large part blamed on the biofuel industry which experienced rapid growth during the period. The 

debate regarding these issues has been rather undifferentiated, characterizing biofuels as neither 

good nor bad. 

The LUC concept is relevant because the resulting impact can significantly affect global climate 

and other environmental impacts, as well as the social and economic effects of biofuel chains. LUC 

is a critical component of the overall performance of a biofuel production chain as compared to 

using alternative fuels. The terms dLUC and iLUC distinguish between different consequences that 

may arise from an increased demand of bioenergy. First, new land can be taken into production to 

grow biofuel crops. Converting land from one state to another (e.g. from forest cover to a crop 

field) to grow biofuel crops is referred to as direct land-use change (dLUC). Direct land-use 

change, however uncertain, can be observed and measured. On the other hand, if biofuel crops 

were to be cultivated on already existing agricultural land, these crops might displace other crop 
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production which may lead to land conversion elsewhere. The latter case is referred to as indirect 

land-use change (iLUC). iLUC effects are closely coupled with the demand and supply of agricul-

tural commodities, which ultimately may lead to a change in market behaviour leading to changes 

in land use. In contrast to direct land-use change, iLUC cannot easily be observed or measured 

since it results from a series of consequences. Therefore, iLUC estimates tend to be more uncertain 

than dLUC estimates. Note that the term LUC in this report is used as a broad term to describe both 

dLUC and iLUC (i.e., the sum of dLUC and iLUC). 

Land-use changes impact a wide range of environmental and socioeconomic aspects which have 

been more or less studied. Issues associated with land-use change impact a range of life support 

mechanisms and ecosystem services, not only greenhouse gas emissions. This report covers several 

interconnected fields related to land-use change, including biodiversity, soil chemistry, iLUC, 

climate change, socioeconomic impacts and policy development. Socioeconomic aspects include 

effects on cultural and recreational values as well as effects on food prices and poverty. It is known 

that increasing food prices mainly impact the world´s poor population, but the link between rising 

food prices and biofuel-induced land-use change is not obvious. 

Besides impacts on socioeconomic aspects, biofuel induced land-use change has been accused of 

affecting biodiversity values. Also, direct and indirect impacts of biofuel production on biodiversity 

are highly context-specific; the effects depend on what type of habitat/land that is converted to 

another practise, which crops that are used, management practices applied, etc. Impacts can be 

much greater when areas of high biodiversity values are affected, such as rainforest. 

Intensified use of land for the production of biofuels might also affect soil quality which can have 

effects on the soil nutrient composition, which in turn affects the future productivity of land and 

downstream water quality. Soil quality depends on feedstock, land management and the climate 

regime but practices can be adapted to minimize negative effects. Policies have been developed to 

try to handle the effects of land-use change; today, numerous certifications, standards and policies 

exist that address land-use change issues to varying degrees. 

This report covers several interconnected fields related to land-use change; biodiversity, soil 

chemistry, iLUC, climate change, socioeconomic impacts and policy development from primarily a 

Swedish, but also from an international, perspective. 

1.2 PURPOSE AND OBJECTIVES 

The purpose of this report is to present the current state of knowledge and identify knowledge gaps 

related to environmental and socio-economic consequences of LUC linked to an increased produc-

tion of biofuels for transportation (hereafter referred to as biofuels). The focus is mainly on impacts 

related to the increased production of Swedish biomass for production of biofuels, including both 

direct impacts in Sweden and indirect impacts in other parts of the world. 

1.3 METHOD 

This study is built on a literature review. Due to the interest and importance of the issues related to 

LUC, a large volume of research within this area has been carried out in different parts of the 

world. As a result, many facts are scientifically established. However, on some issues scientists 

have presented studies and results that diverge to a certain extent. Since the research is extensive, 
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diverse and widespread, it is difficult to grasp what the scientific community as a whole knows and 

concludes on these matters. For this reason, it is important to assemble and compile research 

results. 

The starting point is feedstock and biofuel production in Sweden, as well as Swedish biofuel use. 

The research on impacts of LUC on climate, biodiversity, and soil chemistry is reviewed, as well as 

the research on social and economic impacts, such as effects on food prices and policy develop-

ment. 

Today, the largest share of all biofuels used in Sweden is so called 1
st
 generation biofuels (biofuels 

based on sugar, starch and vegetable oils). 2
nd

 generation biofuels based on, for example, forest 

based cellulosic materials are commercially available on a small scale in Sweden (e.g., DME based 

on black liquor, hydrogenated oils) but are expected to grow in future importance. As a result of 

this expectation, the report focuses on the impacts of land-use change resulting from the increased 

production of lignocellulosic biofuels. 

1.4 DEMARCATIONS 

The impacts of land-use change are not restricted to Sweden, and the impacts of the Swedish use 

and production of biofuels must subsequently be studied from a global perspective (Figure 1). 

iLUC impacts are even more challenging to study in one country alone and the system studied must 

thus be expanded to a wider perspective. It has not been possible to describe all environmental 

effects of land-use change globally. The report, however, strives to reveal the connection between 

different land-use change impacts and Swedish production. 

Land-use change impacts are studied through a primary production perspective throughout the 

report, i.e.the different aspects (biodiversity, soil chemistry etc.) are related to the production phase 

of the biomass intended as feedstock for biofuel production. The term “production” is, in this re-

port, mainly used to describe the agricultural and forestry production of a biofuel, not the pro-

cessing steps to convert raw materials into biofuels. Land-use change issues linked to the pro-

cessing of a biofuel (processes taking place inside a production facility) are not considered. As a 

consequence of the abundance of research concerning land-use change and biofuels, it is neither 

feasible nor desirable to summarize the current state of knowledge in great detail or with high 

scientific resolution, but rather highlight the key results based on current research. 
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Figure 1. Increased biofuel demand in Sweden can have direct as well as indirect effects in Sweden or in 

other countries. The focus of this report is on impacts of increased raw material production in Sweden (left, 

green circle). However, production in Sweden has indirect effects globally, which are included in the report, 

and these are neither possible nor desirable to isolate from LUC impacts of biofuel production elsewhere in 

the world (right). 

1.5 MAIN TARGET GROUP 

The main target group of the findings in this report includes: 

 Swedish policy-makers, 

 Swedish industry, 

 research funding organizations, 

 researchers, teachers, students 

Information on what is scientifically known about the impacts of LUC caused by the present and 

future production of biofuels is important to Swedish industry in order to obtain a solid basis for 

investments and strategic decisions on future biofuel production. Such information is also import-

ant to Swedish policy-makers, both for the development of national policies and for influencing the 

development of policies on the European and global level. Likewise, when planning future research 

objectives and assessing future research applications, information on what is not yet known is use-

ful to research funding organizations. The result is also useful to researchers within this area as 

background material and as an aid in developing models, research questions and projects. 

1.6 STRUCTURE OF THIS REPORT 

The report is structured according to eight different and sometimes highly interrelated areas of 

knowledge linked to land-use change. The literature review is divided into topics such as 

greenhouse gas emissions from soils, plant nutrients and other soil chemistry aspects, biodiversity, 

socioeconomic aspects associated with land-use change, climate impacts of land-use change, the 

quantification of indirect land-use change and effects on food prices, food security, poverty and 

land rights, as well as policy development pertaining to land-use change. The result of the literature 

review is then analyzed and discussed in the Synthesis in Chapter 4. 
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2 LAND-USE CHANGE EFFECTS: A SWEDISH 
PERSPECTIVE 

An increased demand for biofuels may result in a number of different land-use changes in Sweden. 

Land-use changes that are covered in this report include increased harvests of current vegetation, 

new energy crops on agricultural land and changes in soil management. More specifically, land-use 

changes in Sweden that may occur as a result of increased production of 2
nd

 generation biofuels 

are: 

 Increased harvest from forests: tops and branches of trees and trees stumps 

 Harvest of residues from cropland, especially straw 

 Semi-natural coppicing and pollarding in mixed forests and pastures 

 Energy crops on agricultural land 

Willow 

Poplar 

Energy grasses, such as reed canary grass 

 Soil management changes 

Ash recycling 

Fertilization of forests (other than ash) 

Biochar (charcoal used as a soil amendment) on cropland 

Some of these land-use changes are already happening (removal of tops and branches), others have 

been introduced and extensively researched (willow). For some species, large research programs 

are in progress (stumps). Others have not been adequately researched and require further attention 

(poplar, reed canary grass, biochar). 

In this chapter, all these land-use changes are to some extent covered under the different environ-

mental effects investigated. Moreover, we describe abandoned and unmanaged farmland in 

Sweden, which may be available for bioenergy production. 

2.1 CURRENT LAND USE IN SWEDEN 

Sweden´s landscape is dominated by forests, lakes, wetland areas and shallow soils (Figure 2) with 

forests accounting for roughly half of the total land area. Almost all forest areas are used for con-

tinuous forestry of varying intensity and approximately 6 % of the forest area is protected for envi-

ronmental reasons, mostly in the Western mountainous region. 
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Figure 2. Percentages of different types of land use in Sweden 2008 (SCB 2008). Over 50 % of the total 

Swedish land area is covered by forests. 

Eight vegetation zones can be distinguished throughout the country, as shown in Figure 3. Most of 

the land area consists of coniferous forests (the boreal zone and its sub-zones). The boreal forest is 

characterized by slow-growing forest with relatively nutrient-deficient soils. In Southern Sweden, 

there is a small region featuring nemoral climatic conditions. This area is mainly dominated by 

deciduous forests (KSLA 2009). 

 

Figure 3. The eight vegetation zones in Sweden. (KSLA 2009) 

2.1.1 Abandoned and unmanaged farmland in Sweden 

According to 2011 agricultural statistics, total Swedish arable land area was 2,619 million ha of 

which 146 000 ha was fallow, i.e. the farmers voluntarily have taken 6.7% of the arable land out of 

production (SJV, 2012). Arable land development from 1960 until 2011 is shown in Figure 4. As 

seen, there has been an on-going reduction of arable land which was most accentuated during the 

1960s but has been slowing down in recent years. In 2005, the EU Common Agricultural Policy 

(CAP) introduced new policies; subsides were given per hectare instead of per produce unit, which 
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most likely explains why agricultural land is decreasing at a lower rate in recent years. In 2008, the 

CAP requirements of obligatory fallow set-aside land ceased due to increased demands for agri-

cultural commodities on the global market (grain, soy, sugar) and strong increases in prices. During 

the last four years, after the boom in commodity prices, the arable land in production in Sweden 

has been quite stable at around 2.4 million ha. 

 

Figure 4. Area in Sweden of arable land in production vs. fallow (1 000 ha) since 1960 until 2011 (uneven x-

axis) (Source; SJV 2008; SJV 2012) 

The total agricultural area is the sum of arable land and grazing/meadow lands. In 2011, close to 

half a million ha was classified as grazing/meadow land, thus summing up the total Swedish agri-

cultural area at 3 million ha
1
 (SJV, 2012). As opposed to the situation for arable land, an environ-

mental goal has been established to preserve grazing lands and meadows since this land use is very 

important for preserving biodiversity (SJV, 2008a) (for biodiversity impacts see Chapter 2.4). The 

goal is to preserve around half a million ha of grazing lands and meadows, an area that is decreas-

ing by more than 10% between 2008 and 2011, from 514,000 to 447,000 ha (SJV, 2012). 

Based on database information for registrations of agricultural land, the foundations for subsidies 

within the CAP payment program, the Board of Agriculture has quantified how much agricultural 

land that is out of production. The estimate was made in 2008 and only minor changes have 

occurred since. The analysis also includes estimates of the production potential of the unmanaged 

land, mostly based on field areas and the location in Sweden where the land is situated. In the 

SOU-report “Bioenergy from Agriculture – a Growing Resource”, it was suggested that a field size 

of more than 6 ha would be necessary to keep an economically viable short-willow production. 

Annual bioenergy crops that require more management on a yearly basis probably require larger 

fields while using unmanaged land for forests likely means that also fields smaller than 6 hectares 

                                                      

 

1
 Fallow arable land is included in the total agricultural area. 
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are viable (SJV, 2008b). The potential for unmanaged/abandoned agricultural land in Sweden is 

presented in  

Table 1. 

Table 1. Potential for unmanaged/abandoned agricultural land in Sweden based on SJV (2008a, 2008b). 

Land type Area, hectare Comment 

Voluntary fallow on 
arable land 

150,000 Small field areas (approximately around 1.5ha/field), a 
substantial share of this area is made up of field <6ha 

Agricultural land with 
no application for sub-
sides 1998-2006 

110, 000 Here it is not possible to distinguish between arable and 
grazing/meadow land. Generally small field size, of the 
110 000 ha, percentages of different field areas: 
>6ha on 12% 
>1ha on 64% 
>0.3ha on 91% 
Largest share of this land type is found in Norrland and 
lowest in Skåne and on Gotland. 

Agricultural land with 
partly no application 
for subsides 2006 

145, 000 Here it is not possible to distinguish between arable and 
grazing/meadow land. In the database, it was possible to 
set a field size limit of 6 ha, here it is 5 ha. Of the 145,000 
ha, percentages of different field areas: 
>5ha on 30% 
>1ha on 62% 
>0.3ha on 81% 
Largest share of this land type is found in Dalarna and 
Norrbotten and lowest in Cental plains (around Mälar-
dalen) 

Agricultural land sorted 
out from the database 
during 1998-2006 

127, 000 Here it is not possible to distinguish between arable and 
grazing/meadow land. These are agricultural areas 
sorted out by regional County Boards when it has be-
come obvious that the land is no longer in agricultural 
use. There is no systematic approach to the sorting out. 
However, the dominant share is made up of small fields; 
46% of the this area was on fields<1ha and only 20% on 
fields>6 ha 
Relatively large parts of Västra Götaland (West Sweden) 
are of this land type 

Total ~530, 000 ha  

Agricultural land in-
cluded in database but 
classified as forest 
according to 
Riksskogstaxeringen 

-100, 000 ha Rough estimate. A comparison between database of 
agricultural land and Riksskogstaxeringen is uncertain 
since it is not possible to directly compare maps. 

LUC to urbanization <1, 000 ha/yr During 1996-2006 around 3, 000 ha arable land. Over en 
long time period. According to Riksskogstaxering, maybe 
60000 ha over the last 25 years. 

Total ~430, 000 ha Less than 100,000 ha are fields larger than 6 ha. 

Surplus of ley and 
grassland on arable 
land 

200-300, 000 ha Calculations of need for roughage fodder and grazing for 
cattle, horses and sheep matched against total area of 
grassland and pasture. Uncertain number. 

From Table 1 it is shown that the Board of Agriculture estimates that around 430,000 ha of agricul-

tural land appears to be unmanaged and/or abandoned (“spontan igenväxning”). Less than 100,000 

ha of this land appears to be larger fields (>6ha) and thus economically viable for willow produc-
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tion. Also, reed canary grass could be economically less interesting on a major part of this area due 

to small field sizes. Thus, forest planting of poplar could be the most optimal bioenergy crop on a 

large share of these 430,000 ha. 

One major problem associated with this scenario is the potential loss of important agricultural land 

areas for biodiversity. As seen in  

Table 1, for some land use categories, it is difficult to distinguish between arable land and 

pasture/meadow land, and there is an environmental target to preserve pasture/meadow land (SJV, 

2008a). There is a potential conflict between the goals of increased biomass/biofuel production and 

the preservation of valuable agricultural land for biodiversity, and more knowledge is needed on 

this issue. Also, in Norrland (Northern Sweden), land use on arable land is dominated by long-

lasting leys (permanent grassland), i.e. a land use very close to pasture/meadowland and thus 

important for biodiversity in the Northern parts where forest is the overall dominating use of land 

(Cederberg et al., 2007). 

The Board of Agriculture calculates that there are considerable surplus agricultural areas due to 

“over-cultivation” of grassland on arable land, 200, 000-300, 000 ha, and this surplus land might be 

used for energy production. There is, however, no information on how this “over-shooting” land 

was calculated, nor any information on where in Sweden these areas are located and their potential 

field sizes. This calculation is uncertain since there are inadequate data on feed rations for cattle 

raised for beef. The theoretical need for land producing hay and grazing for horses may be calcu-

lated but many people keeping horses have objectives other than purely economic, for example, 

keeping larger areas of grassland for pasture so that the horses can freely move across larger areas. 

Thus, the estimate of surplus grassland might be excessive. 

Based on the estimates, a large share of unmanaged and/or abandoned agricultural land appears to 

be situated in rural areas close to forest regions. The Board of Agriculture recently stated that in the 

next six-year CAP-period starting in 2014, it is necessary to direct regional support for cattle and 

roughage fodder production to these regions to maintain a vital rural economy and to preserve bio-

diversity. 

2.1.2 Global potential 

There are also estimates on a global scale. In a study by Cai et al. (2011), it was estimated that 320-

702 million hectares are available for bioenergy production on abandoned and degraded cropland 

land and mixed crop and vegetation land. As a comparison, in a study by Campbell et al (2008), the 

global area of abandoned agriculture was estimated at 385-472 million hectares. If grassland, 

savannah, and shrub land with marginal productivity were considered, the number would increase 

to 1107-1411 million hectares (Cai et al., 2011). Planting second generation biofuel feedstock on 

all available land might according to Cai et al. (2011) substitute as much as 26-55% of the current 

liquid fossil fuel consumption worldwide. 

2.2 GREENHOUSE GAS EMISSIONS FROM SOILS 

Soils are essential for bioenergy production as the basis for biomass production. Soil processes 

affect other parts of our environment, such as air and water quality. A major issue concerns the 

exchange of greenhouse gases into the atmosphere. Three greenhouse gases are emitted and ab-
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sorbed by soils and vegetation: carbon dioxide (CO2) methane (CH4) and nitrous oxide (N2O) as 

part of the carbon and nitrogen cycle, respectively. Carbon dioxide from the air is captured by 

photosynthesis into plant biomass. Some of this carbon is transferred into the soil through the roots, 

when plant debris falls to the ground or is plowed down. 

Various types of carbon have different turnover rates in the soil. Organic materials are decomposed 

and converted by microorganisms in the soil. A proportion is quickly broken down into carbon 

dioxide, while other fractions are converted into stable substances that remain in the soil for 

decades or centuries. If more carbon were added to the soil than were released, the carbon stock 

would increase and the CO2 concentration in the atmosphere decrease. This is called carbon se-

questration. Any carbon sequestered in the soil can be released if cultivation practices should 

change. The soil carbon stock is very large, so small percentage changes of the soil carbon can 

have significant effects on the total greenhouse gas balance of biofuels. 

As land-use changes, for example through intensified harvest, changes of crops or changed soil 

management practices, greenhouse gas emissions are likely to change. In this chapter, we discuss 

the current state of knowledge of greenhouse gas emissions from soils related to land-use change in 

Sweden. Issues concerning agricultural and forest soils are traditionally treated differently, a con-

vention to which we adhere. However, for bioenergy purposes, it is also relevant to discuss the 

interface between forests and agriculture when trees are planted on agricultural land. 

2.2.1 Forest carbon dioxide balance 

During forest growth, CO2 is absorbed by trees through photosynthesis which is distributed to 

aboveground and belowground biomass. Some of this carbon is also added to the soil, from root 

exudates, root decomposition and litter that falls to the ground. Natural forests are net sequesters of 

carbon in our climate, but when we are interested in biomass from forests, the effects of different 

land-use changes on carbon balances is of interest. Some main questions are raised, which are also 

addressed in the Synthesis include (Egnell and Olsson, 2012): 

 How does the removal of tops, branches and stumps affect the soil carbon content directly? 

And how does it affect the soil carbon content indirectly, by disturbing the soils and by 

changing the water transport of carbon from soils? The state of knowledge on this subject 

is described below. 

 How does the extraction of more biomass (i.e. tops, branches and stumps) affect the growth 

of forests for the next generation or remaining trees? The main factor involves the nutrients 

removed by harvesting more biomass, as described in Chapter 2.3. In conclusion, forest 

growth seems to be unaffected by stump removal but may be negatively affected by the 

removal of tops and branches. 

 How does the addition of ash affect the regrowth of the forest stands and thus the carbon 

balance (see Chapter 2.3)? 

 How does more intensive forest production affect the greenhouse gas balance, if higher 

intensity were caused by 

i. nitrogen fertilization? 
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ii. adding ash to peat soils? 

iii. shorter rotation periods? 

Model calculations based on Swedish data performed by Egnell and Olsson (2012) show how the 

removal of tops, branches and stumps affect the direct carbon balance of spruce and pine in Central 

Sweden. If only stems were harvested, the CO2 emissions from decomposition (mainly of tops, 

branches and stumps of the harvested trees) are larger than the photosynthesis of new trees, and the 

forests are net emitters 20 years after the harvest. After 20 years, the photosynthesis is larger than 

the decomposition and the forests have a net uptake of CO2. If tops, branches and stumps were also 

harvested for bioenergy, the CO2 would be emitted directly after the harvest when the biofuel was 

burned, instead of in slow emissions during approximately 20 years of decomposition when left on 

the ground. The potential climate effect of the biofuel harvest would then be the effect of emitting 

CO2 earlier rather than later. The decomposition of stumps would be slower than the decomposition 

of tops and branches and, therefore, the potential climate effect of the stump harvest would be 

larger than for the harvest of tree tops and branches which decomposes quickly in the forest. 

In field experiments, the combination of the direct effects of the removal of carbon in biomass and 

the indirect effects from the disturbance of soil are measured. Some field experiments on the effects 

of the removal of tops, branches and stumps have been performed in Sweden in recent years, and 

their results are ambiguous. Short-term experiments of a few months to a year showed minor or no 

effects of stump removals on CO2 emissions at fields after harvest (Strömgren 2009). In one four-

year experiment 50% higher CO2 emissions after stump harvest were found and in another five-

year experiment, total emissions were lower after stump harvests, although they were higher over 

the first year and a half (Grelle 2011). Consequently, there is remaining uncertainty on the effects 

of stump harvests on CO2 emissions. Moreover, the removal of tops, branches and stumps has other 

environmental effects, which are described in section 2.4. 

This chapter has been outlining how the GHG uptake and emissions from forests have been affect-

ed by land-use change in the form of increased harvests of tops, branches and stumps. The most 

pronounced effect is a change in the timing of CO2 emissions, when biomass is harvested and burnt 

shortly after harvest, instead of decomposing slowly during many years in the forest. The timing of 

emissions is crucial for the overall GHG performance of a biofuel system. 

When a biofuel is combusted (in a vehicle engine or a power plant), the greenhouse gases stored in 

the biomass are immediately released during a short time period compared to the time it would take 

for the greenhouse gases to slowly release during the natural decay of the biomass. The time it took 

for the biomass to sequester the released carbon is, however, much longer – several years or dec-

ades. What is created in the meantime between biomass combustion and the time it takes to regrow 

the same amount of biomass is called a “carbon debt” (representing a net increase in atmospheric 

greenhouse gases). The carbon debt is “payed back” when new biomass has replaced the used bio-

mass. Depending on the time it takes to balance out the released carbon by new growth, different 

biofuels can therefore be fast or slow. Stumps are an example of slow biomass and salix an exam-

ple of a fast biomass (Zetterberg 2011). 
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2.2.2 Carbon dioxide from agricultural soils and crops 

In general, arable production reduces soil carbon compared to natural ecosystems, such as forests 

and permanent grasslands, mainly through the reduced input of carbon into soils and the regular 

disturbance of soils by tillage. Ploughing and other soil disturbances speed up the decomposition. 

The degradation of soil carbon is favored by an increased temperature and moisture content, but 

these factors also increase crop growth and can thus contribute to increased carbon input to soils. 

Biomass growth is increased by adding fertilizer, which increases carbon input to soil via the roots 

or the plowing of crop residues. 

Annual agricultural crops bind less carbon in soils and vegetation than do perennials. Perennial 

vegetation binds carbon in its biomass, leading to a temporary stock of carbon, which will be 

greater if the plant has a long life cycle. 

Consequently, changing land use from annual crops to perennials; forests, short rotation forests or 

energy grasses can be expected to increase the carbon stored in soils and vegetation, thus leading to 

reduced direct greenhouse gas emissions or even negative net emissions from agricultural land use. 

This development has been shown and quantified for Northern European conditions in research 

publications, as will be described in this chapter. 

Carbon stock changes in the cultivation of energy grasses 

With perennial crop soils not tilled annually and inputs of carbon through roots on the increase, the 

steady-state soil-carbon concentrations are generally higher than for annual crops (Hillier et al 

2009, Anderson-Teixeira et al 2009). According to a review of a number of investigations, the cul-

tivation of perennial grasses (Miscanthus, switchgrass or native mixes) increased soil organic car-

bon by an average of 0.1-1 tonnes per hectare per year in the top 30 cm of the soil. 

In reed canary grass, high rates of carbon accumulation in belowground biomass have been meas-

ured during the first three years of cultivation in Northern Sweden (Xiong and Kätterer 2010). The 

total amount of carbon in the top 20 cm was 3 and 3.4 tonnes per hectare at the end of the second 

and third growing seasons, respectively, which is two to seven times more than for food and feed 

agricultural crops grown in the region. The high carbon accumulation, plus the fact that the root 

turnover is high (root biomass decreases substantially during the winter), is a sign of the high input 

of carbon to soil, which indicates the potential of reed canary grass to be a carbon sink. To arrive at 

complete soil balances, more detailed studies, including deeper roots, are needed. 

Carbon stock changes in the cultivation of willow and poplar 

Rytter (2012) calculated the carbon sequestration potential for willow and poplar plantations grown 

on agricultural land in Sweden. Estimations of soil carbon sequestration during a harvest cycle of 

22 and 20 years for willow and poplar, respectively, were based on experimental observations of 

fine root production and turnover (described in Rytter (2001)) and of leaf litter observation and 

decay modelling. Total litter (leaf + fine root litter) production was calculated to be 2.81 tonnes of 

carbon per hectare per year for willow and 3.51 tonnes of carbon per hectare per year for poplar. 

Based on a simple model (asymptotic decay function) for the litter decomposition in forest soil 

(Berg and Ekbohm 1991), not taking into account the previous state of the soil, this was assumed to 

result in a soil carbon accumulation of 0.41 tonnes of carbon per hectare per year for willow and 

0.52 tonnes of carbon per hectare per year for poplar. Fine root production is about four times 
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larger than leaf production, but fine root decomposition is faster, which means that the resulting 

contribution to soil carbon is similar for leaves and fine roots. 

In a long-term field experiment on a loamy sand soil in Northeastern Germany, soil carbon changes 

were measured in Salix and Populus plantations over a 12-year period starting in the spring before 

establishing the plantation compared to cultivating annual crops on the same land (Hellebrand et al 

2010). The soil carbon content dropped during the first three years of the plantation, but then in-

creased. The total increase over 12 years was 3.95 tonnes of carbon per hectare whereas in annual 

crops the soil carbon content decreased by 6.15 tonnes of carbon per hectare over the same time 

period (average of two different fertilization rates and non-fertilized blocks). Increases in soil car-

bon were significantly higher in fertilized than in non-fertilized plantations. 

Carbon stock changes from straw removal 

The removal of straw for bioenergy purposes means that less carbon is input into the soil with the 

expectation that soil carbon should decrease. However, this is not always the result found in long-

term field experiments (Lafond et al 2009). There are indications that straw is more easily biode-

graded than roots; thus, roots contribute more than straw to soil carbon when cereal is grown 

(Kätterer et al 2011). In that case, the reduction in soil carbon from straw removal would be 

smaller than assumed until now. 

2.2.3 Nitrous oxide emissions 

The emission of nitrous oxide (N2O) from the soil is the largest source of greenhouse gas emissions 

in agriculture. N2O is a potent greenhouse gas and the emission of 1 kg of N2O yields as much 

impact on the climate for 100 years as the emission of about 300 kg of CO2. About 70% of the N2O 

emissions in Sweden are from agriculture (Kasimir-Klemedtsson 2009). N2O is formed in the soil 

by the two microbiological processes nitrification and denitrification. By nitrification, ammonium 

ion reacts with oxygen to form nitrate. If there is much ammonium and little oxygen available, 

nitrous oxide instead of nitrate is formed. Denitrification is the conversion of nitrate to nitrogen gas 

that occurs in the absence of oxygen, for example in wet soils. N2O is formed as a byproduct during 

nitrification. Denitrification accounts for most of the N2O emissions from soil and nitrifications for 

a minor part. 

The N2O emitted from soils due to nitrification and denitrification is called direct emissions. Indi-

rect nitrous oxide emissions occur when nitrogen compounds that have left the agricultural land in 

the form of nitrate or ammonia react in different ecosystems to form nitrous N2O. 

N2O emissions from soil are difficult to measure. The emissions vary widely across fields and over 

time and continuous measurements are often difficult to implement. Large emissions may occur 

during short time periods, while remaining small for the rest of the year. The size of the emissions 

depends on a variety of soil and weather conditions, as well as on the cropping system. 

The emission factors that IPCC recommend for calculating N2O emissions from agriculture, which 

are used in most LCAs and in national climate reporting, have large uncertainties. The method is 

very simplistic and implies that 1 % of N added to soils as mineral fertilizers, crop residues or ma-

nure become direct N2O emissions. Indirect emissions are estimated to be 1% of nitrate leaching 

and 0.75% of the losses of ammonia to the air. 
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N2O is also emitted from the mineral N production when ammonia is converted to nitrate. Due to 

new purification technology, the N2O emissions from mineral fertilizers sold in Sweden have de-

creased in recent years. The N2O emissions are about 1.3 kg CO2 equivalent per kg of produced 

mineral nitrogen. In addition, about 2.3 kg CO2 per kg N are emitted from the fossil energy requi-

red to produce the mineral fertilizer. 

Nitrous oxide from land-use change for bioenergy production 

It can be expected that the use of nitrogen fertilizer for increased forest growth would lead to in-

creased nitrous oxide emissions. However, the conclusion from research performed so far is that 

the climate effect of increased nitrous oxide emissions is negligible compared to the effects of the 

increased accumulation of carbon in biomass in fertilized forests (Nordin et al. 2009a, 2009b). 

In a long-term field experiment in Northeastern Germany, N2O emissions (measured four times per 

week for eight years) from Salix and Populus plantations were half of those from annual crops 

(Hellebrand et al 2010). As expected, N2O emissions were higher at higher fertilization rates, both 

for annual crops and energy crops. The authors believe that this result is valid only for similar soils 

(experiment was conducted on loamy sand soils under fairly dry conditions, with a precipitation of 

595 mm per year) and since higher N2O emissions are expected from no-till systems under such 

conditions, results could be quite different on poorly drained and fine-textured soils,. 

Nitrous oxide emissions from organic soils can be large, but variations are also large. In a four-year 

field experiment in Finland, N2O emissions were measured at a site where reed canary grass was 

planted after peat extraction (Hyvönen et al 2009). N2O emissions were much lower than IPCC 

default values (0.56 instead of 8.6 kg N2O-N per ha per year.  Emissions were higher than at non-

planted soils at the same site but much lower than at other drained peatlands in Finland that have 

been planted with other agricultural crops. One reason was the high C:N ratio at the site, which has 

been shown to be correlated to low N2O emissions (Klemedtsson et al 2005). 

In conclusion, the effects of different land-use changes on nitrous oxide emissions cannot be easily 

predicted. N2O emissions are large and variable. Depending on local conditions such as soil texture 

and moisture, different nitrous oxide emissions can result from the same changes in crops and land 

management. In general, N2O emissions are higher when N fertilization rates are high and when the 

moisture content in soils is high. 

2.2.4 Biochar and greenhouse gases 

Biochar, charcoal applied to soil (also known as black carbon) is the solid product of burning bio-

mass in the absence of oxygen, known as “pyrolysis”. It has traditionally been used in some parts 

of the world to improve soil productivity, for example in the Amazon. Biochar is not widely used, 

but there are high expectations of biochar as a method for long-term carbon sequestration, as well 

as soil improvement. Intensive research activity is in progress on biochar internationally. 

Biochar is a fine-grained residue high in carbon that can be produced from biomass such as woody 

material, straw, grasses, bark, sorghum, corn and sewage wastes. Biochar is a persistent material 

suitable for carbon sequestration that benefits the environment in terms of the mitigation of carbon 

dioxide. Biochar application in soil affects the physical, chemical and biological characteristics of 

soil along with soil fertility. Wolf (2008) and Alvum-Toll et al., (2011) showed that the potential 

global production of biochar from crop residues could be 1 million tonnes carbon/year. 
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Since it is long-lived and resistant to chemical processes, such as oxidation to carbon dioxide or 

reduction to methane (Woolf, 2008), biochar is a suitable form for sequestering carbon. Since bio-

char is resistant against chemical and microbial degradation, its application to soils is considered to 

be a CO2 sink by transferring fast-cycling carbon from the atmosphere–biosphere system into much 

slower cycling carbon forms that persist for millennia (Foereid et al., 2011). Biochar mixed into 

soil is resistant to further degradation with a half-life typically around 5,000 years (Hylander et al., 

2010). By biochar application, photosynthetically fixed carbon is added to soil, which contributes 

to longer carbon storage, thus mitigating increasing atmospheric CO2 concentrations from land-use 

change (Lal, 2008). 

Humic substances contain both carbon and nitrogen, with a fairly stable C:N ratio. Therefore, soils 

that are net sinks for carbon act as sinks for nitrogen as well. Similarly, soils losing carbon also lose 

nitrogen oxides which are destructive to the atmosphere. An experiment by Almers (2009) on the 

biochar effect on nitrous oxide emissions in Swedish sandy soils showed that nitrous oxide emis-

sions were generally lower from biochar amended columns. The effect on nitrous oxide emissions 

seems to be partly mitigated by the increase in pH based on the biochar addition. Among other 

factors, nitrous oxide emissions were also negatively correlated with the specific area of the bio-

char (Almers, 2009). 

Bioenergy and greenhouse gases from organic soils 

The growth of bioenergy on organic soils is being discouraged, for example by the EU Renewable 

Energy Directive Sustainability Criteria based on the reasoning that GHG emissions are much 

higher from the production of biomass on organic soils than on mineral soils. However, from a land 

use perspective, the organic soils so prevalent in Sweden are major net emitters of greenhouse 

gases (CO2, N2O and CH4). From a land use GHG emission perspective, it is important to find the 

best uses for these soils, i.e. practices that reduce greenhouse gas emissions. Whether bioenergy 

production in some form might be a good management option for organic soils, whether forested or 

agricultural, remains to be seen. A study in Finland investigated energy crop production on organic 

soils and found lower greenhouse gas emissions by using energy crops than using annual food 

crops (Hyvönen et al 2009, Shurpali et al 2009), but more research covering various crops and 

organic soils with variable peat characteristics and hydrological conditions are needed (Maljanen et 

al 2010). 

2.2.5 Knowledge gaps 

There is a need for deeper knowledge regarding greenhouse gas balances based on measurements 

of the three main greenhouse gases at an increased intensity of harvesting and production. A 

knowledge base for systems analyses is desirable in order to facilitate priorities between different 

biomass sources from a climate perspective. Egnell and Olsson call for new knowledge on nitrous 

oxide emissions from forest fertilization and stump harvest. Since the research performed produces 

contradictory results (see above), the indirect effects of stump harvest on CO2 emissions need fur-

ther attention. Key questions include how forest growth is affected by land use such as harvesting 

branches, tops and stumps, as well as nutrient compensation by fertilization with ash, as this is 

important for the carbon storage in the next forest generation. Moreover, additional research is 

needed on the water transport of carbon from forest areas in a landscape perspective. 
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Forestry with clear-cutting followed by replanting has been completely dominant for a long time in 

Sweden. Consequently, not much research has been performed on forestry with continuous tree 

cover. The knowledge gaps are large and have implications for bioenergy harvest and climate 

change. Some researchers claim that forestry with continuous tree cover can yield forest production 

with less greenhouse gas emissions (Lindroth et al., 2012). Research on continuous forestry in 

Sweden is being performed in the Future Forests at SLU Research Program. 

As land-use changes from annual food crops to perennial energy crops, deeper knowledge on the 

potential for storing carbon in agricultural soils is needed. For a full understanding of the differ-

ences in the soil carbon balances between crops and their causes, further studies, including long-

term experiments, are needed (Anderson-Teixeira, 2009, p. 81). For better knowledge of the soil 

carbon sequestration potential of reed canary grass, studies of roots and carbon turnover in soils, 

including deep soil horizons, are needed (Xiong and Kätterer 2010). 

Nitrous oxide emissions are the most uncertain source of GHG emissions from biomass production 

(Röös et al 2011). Research is called for on how emissions are affected by different types of crop-

ping systems (food as well as energy crops) and management activities. There is a need for more 

advanced models that take into account factors such as climate, crops, soil quality, fertilizer types, 

etc. 

2.3 PLANT NUTRIENTS AND OTHER SOIL CHEMISTRY ASPECTS 

2.3.1 Forest soils and plant nutrients 

Energy crops are cultivated with the aim of reducing the dependence on fossil fuel resources and 

the emission of greenhouse gases, but the production of energy crops should avoid other environ-

mental problems, many of which are linked to fertilizer application. Nitrogen (N) and phosphorous 

(P) are essential elements in achieving optimum crop yield, including bioenergy crops where high 

biomass yield is a major aim. However, elements applied as fertilizers are not completely absorbed 

by plants and, therefore, some elements are released into the environment (water and air). Also, 

plant residues after harvest decompose and nutrients are released. This increased pressure for bio-

mass production influences the management of forest land. Such intensification is not a specific 

land-use change, but rather a change in land use management. Besides already used rest products 

and damaged timber, the market is interested in using branches, tops and needles, which tradition-

ally have been left to decay in the forest, as well as smaller stems from cleanings or initial thin-

nings and stumps after clear-cutting. Stump harvesting is of increasing interest due to its potential 

as a fuel. A change in the intensity of the forest production leading to increased use of different 

parts of the forest biomass affects future growth potentials and nutrient pools in forest biomass and 

soils. 

When the forest is used intensively for biomass production, the control of the nutrient balance be-

comes important to avoid a loss of growth potential, as well as the acidification and eutrophication 

in forest soils and surrounding surface waters. In the long-term perspective, the wood production 

capacity in forests is influenced by the inputs and outputs of nutrients. Inputs of nutrients are sup-

plied through wet and dry deposition, the weathering of soil minerals, nitrogen-fixation and fertili-

zation or ash recycling. Outputs from the forest ecosystem take place through harvesting, leaching 

and erosion (Figure 5). If the nutrient budget (input minus output) is balanced, nutrient stores are 
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assumed to be neither increased nor decreased over the time period addressed. A positive budget 

indicates that an element is accumulated in the system while a negative budget suggests that export 

exceeds import and as such, the nutrient studied is depleted from the system. The possible conse-

quence of a decreased nutrient budget is a decreased wood production capacity. A negative nutrient 

balance may be interpreted as a warning of a long-term negative effect. 

 

Figure 5. Possible inputs (red) and outputs (blue) of nutrients to the forest ecosystem. 

Since many forest soils in Sweden are short of available N, nitrogen (N) has often been in focus in 

nutrient balances. Nitrogen related effects have been demonstrated, but also shortages of phospho-

rous (P), calcium (Ca) and potassium (K) may become a problem in areas with significant N depo-

sition as in Southern Sweden. A deficit of N may in some areas be alleviated by high atmospheric 

depositions of N, while atmospheric depositions of sea salt might provide a substantial nutrient 

input of especially magnesium (Mg), but also K and Ca to the system on sites located in the vicin-

ity of the sea (Kreutzer, 1995). Increased harvests of biomass from forests for e.g. biofuel produc-

tion, might lead to the increased removal of nutrients, hence the importance of essential nutrient 

balances. 

2.3.2 Acidification and eutrophication – change caused by intensified forest 

harvesting 

When the acid production rate exceeds the acid neutralisation rate, soils become acid. Since the ice 

age, a slow natural acidification has taken place in forest soils through the storage of organic mate-

rial. However, most acidification of soils has anthropogenic causes. From the 1950’s, acidifying air 

pollution (S and N) has caused a significant acidification of forest soils and surface waters in 

Sweden. Two of the most important acidifying processes in nearly all forest soils include i) bio-

mass growth and subsequent harvesting and ii) nitrification and subsequent leaching of nitrate and 

base cations. The intensity of the acidity can be measured by the pH. 

Intensified forest production has contributed to enhanced soil acidity and as such, an increased 

acidification as an undesirable effect of the nutrient export (Karltun et al., 2008). When trees grow, 
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they absorb nutrients (positive ions like ammonium (NH4), Mg, Ca and K) from the soil and along-

side hydrogen (H), ions are released causing the soil to acidify. Where no forestry is performed, the 

base cations are brought back into the soil when trees die and decay, thereby circulating the nutri-

ents back into the soil to be used for further growth. However, if biomass along with base cations is 

removed from the forest, the acidification becomes permanent, leading to lower base saturation. 

Soil acidification is naturally counteracted by the weathering and deposition of base cations (Van 

Breemen et al., 1983; Raulund-Rasmussen et al., 1998; Akselsson & Westling, 2005). 

In high deposition areas, air pollution is considered the most important source of acidity, whereas 

biomass harvesting may be more important when performed at an intensive level (Adams et al., 

2000; Watmough & Dillon, 2003; Duncker et al., 2010), especially in low deposition areas. Clear-

cutting may increase soil acidity and the loss of base cations, as shown by Likens et al. (1970), 

Mann et al. (1988), Keenan and Kimmins (1993) and Simard et al. (2001). 

There are strong links between the acidification of forest soils and effects on surface waters. The 

percentage of lakes classified as acidified in Sweden has been declining over the last 20-30 years 

and will continue to decline slightly; however, a fairly large percentage of lakes are still consist-

ently acidified. The recovery from acidification (both in forest soils and in surface waters) is a slow 

process and a full recovery is not only dependent on a decreased acid deposition, but also on the 

outtake of biomass from forest ecosystems. 

Furthermore, forestry plays an important role in the eutrophication of surface waters. A significant 

amount of N is leaching from forest ecosystems, but by far the largest amount of N is the natural 

leaching of organic N (Löfgren & Westling, 2002). The largest part of leaching of inorganic N in 

the form of nitrate mainly takes place after land-use changes, such as forest clear-cutting, where the 

uptake of N decreases considerably at the same time as nitrification is favored (Akselsson et al., 

2004) causing nitrate leaching. Only the inorganic N leaching is acidifying. However, the outtake 

of N rich woody biomass, which has been growing in N rich environments, may even have a posi-

tive effect on the N balance which counterbalances the risk of nitrate leaching. In this way, the 

outtake of biomass from the forest might have a positive effect on the N-balance. 

Forest harvesting practice 

The forest stand may be harvested for various products during a forest rotation. The first harvests 

are cleanings or initial thinnings. The number of thinnings through a rotation may vary from none 

to several (e.g. up to every second year), depending on the growth and thinning strategy for the 

stand. Commercial stem parts (stem-wood-harvesting) or sometimes whole trees (whole-tree-har-

vesting) are being removed, perhaps after seasoning causing the needles to be shed in the stand. 

The final forestry operation in a rotation is final felling and harvest. The same management regime 

is also applied to most forestry activities related to biomass for energy removal. 

Although branches, tops and needles only account for a small proportion of the total weight of the 

tree biomass, they have a much higher nutrient concentration than stem wood (Pitman, 2006). A 

significant amount of nutrients (N, P, Ca, Mg, K) is thus exported from the ecosystem in harvesting 

(Glatzel, 1990; Augusto et al., 2002). On the other hand, stumps and coarse roots have been found 

to possess roughly the same content of nutrients as stem wood depending on how many nutrient 

rich fine roots that follow the harvest (Hellsten et al., 2009; Egnell et al., 2007). Compared to har-

vesting of stems alone, whole-tree-harvesting, including the harvesting of stumps and roots, theo-
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retically may cause the average removal of nutrients per year over one rotation to increase more 

than six times for N and P (Nihlgård, 1972; Ballard, 2000) and twice for K (Goulding & Stevens, 

1988). A consequence of nutrient removal in harvesting is that reserves may become depleted un-

less the mineral weathering is rapid, the atmospheric deposition of base cations is high, or a fertili-

sation/ash recycling is performed. When forest land is used more intensively for the production of 

bioenergy, the higher intensity of harvesting and the intensified export of nutrients from the forest 

are especially important. 

Another important disadvantage of an intensive biomass outtake is that it is followed by more fre-

quent off-road driving in the forest. Off-road driving with heavy machinery might cause soil com-

paction (Eliasson, 2005). The root environment will deteriorate and roots will have difficulties of 

extending during dry summers and wet winters because of a lack of oxygen (Froehlich et al., 1986; 

Wert and Thomas, 1981; Cullen et al., 1991; Wang et al., 2005; Eisenbies et al., 2005) which may 

influence production rates. The compaction of soils with a large content of organic material is fur-

thermore expected to increase the concentrations of mercury in surface waters (Garcia & Carignan, 

2000; Munthe & Hultberg, 2004), leading to high mercury contents in fish that harm birds and 

people who eat them. 

Nutrient removals and growth 

Studies have shown a negative effect of intensive biomass harvesting on productivity in the short-

term (e.g. Jacobson et al., 2000; Smith et al., 2000; Scott & Dean, 2006; Walmsley et sl., 2009; 

Helmisaari et al., 2011). For example, Jacobson et al (2000) showed that whole-tree-harvesting 

during the first thinning generally had a negative impact on growth ten years after harvesting, even 

if there was a large variation among sites. It has been reported that the retention of harvest residues 

in the forest stand improved tree growth in the short-term (Chen & Xu, 2005; Mendham et al., 

2003). Other studies, however, showed no significant short-term negative production effect of in-

tensive biomass harvesting in thinnings (e.g. Powers et al., 2005; Nord-Larsen, 2002), indicating 

that soil weathering and atmospheric deposition were able to supply the stand with sufficient 

amounts of nutrients, at least in the short-term. Data from 58 published studies around the world 

where branches, tops, needles and stems were removed and compared to stem-wood-harvesting 

showed that approximately 80% of the studies revealed no effect on tree growth, 13% observed  

decreased growth and 2% showed increased growth (de Jong et al., 2012). Egnell (2011) investi-

gated how long the effect of negative growth would withhold and found that growth would be 

slower (10-15 years) for stands (on rather nutrient poor soils) being intensively used and argued 

that the period probably would be shorter on more nutrient rich soils. Long-term studies (20-50 

years) of impacts on growth are not yet available. The outtake of stumps is not assumed to decrease 

productivity (Kardell, 2010; de Jong et al., 2012), but only a few studies exist. 

Nutrient removals and nutrient cycling 

The nutrient balance approach has been used in several studies to quantify the effect of intensified 

biomass utilization on the ecosystem nutrient status (Boyle et al., 1973; White, 1974; Boyle, 1976; 

Olsson, 1996; Nilsson et al., 1998; Møller, 2000; Joki-Heiskala et al., 2003; Akselsson & Westling, 

2005; Akselsson et al., 2008). Studies have shown that biomass export is related to a decrease in 

soil storage of nutrients, often in Ca (Likens et al., 1998; Huntington & Ryan, 1990), as well as a 

loss of exchangeable Ca measured at soil water concentrations at 50 cm depth as a result of whole-

tree-harvesting (Zetterberg & Olsson, 2011). There are no clear indications of the effect on nitrate 
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leaching after an outtake of biomass (stems, branches and leaves/needles) since studies show both 

nitrate leaching and its absence after whole-tree-harvesting compared to stem-wood-harvesting 

(Gundersen et al., 2006, de Jong et al., 2012). In a study by Zetterberg & Olsson (2011), whole-

tree-harvesting resulted in lower soil water pH and acid-neutralizing capacity. For a lengthy period, 

the effect of biomass outtake on the acidification of forest soils and surface waters has been well 

established (van Breemen et al., 1983, Nordén, 1994). A study by Brandtberg & Olsson (described 

in de Jong et al., 2012) compared pH and exchangeable base cations for 15 and 25 years after bio-

mass (stem-wood-harvesting and whole-tree-harvesting) had been removed. It was observed that 

the pH in the two plots were again practically similar after 15 years while the amount of exchange-

able cations were still lower in the whole-tree-harvesting plot after 25 years. 

Watt et al. (2005) and Powers et al. (2005) found that concentrations of total soil C, N and P were 

reduced after harvest of all aboveground living vegetation, and other researchers have likewise 

found that whole-tree-harvesting significantly reduces soil concentrations of N (Merino & Edeso, 

1999) and P (Mroz et al., 1985; Tuttle et al., 1985; Sanchez et al., 2006). Reductions in concentra-

tions of these elements may have been caused through the removal of the humus layer and topsoil 

in disturbed plots during harvesting, thus reducing the potential availability of nutrients. In other 

studies, harvesting had no significant effect on soil N (and carbon) (Johnson & Curtis, 2001; 

Sanchez et al., 2006). On the average, residue removal caused a 6% reduction in the upper soil N 

pools, whereas leaving residues on the site caused an 18% increase in soil mineral N content (Chen 

& Xu, 2005; Mendham et al., 2003). The retention of residues after harvest might result in higher 

quantities of soil exchangeable K, Ca and Mg as seen by Mendham et al. (2003). Soil total carbon 

and N contents in the topsoil have also been reported to be considerably higher when residues are 

retained on the site compared to when they are removed (Chen & Xu, 2005), while Olsson et al. 

(1996) found no such impact. The positive effect on soil N of leaving residues on site seems to be 

restricted to coniferous species. Several studies have shown that residues had little or no effect on 

soil N in hardwood or mixed forests (Hendrickson et al., 1989, Mattson & Swank, 1989, Knoepp & 

Swank, 1997, Johnson & Todd, 1998, Johnson & Curtis, 2001). Ring et al. (2001) and Högbom et 

al. (2008) observed a positive relationship between the retention of residues and concentrations of 

nitrate in soil solutions. Also, other nutrient concentrations like Ca, Mg, K and P have been ob-

served to increase in soil solutions when residues have been retained on the site compared to when 

they have been removed (Wall, 2008). 

Stump removal results in a relatively significant land-use change. When stumps are removed, the 

soil is disturbed rather vigorously and the effect will be a mixing of the soil which probably is 

comparable to heavy soil preparation methods. An environmental assessment of multiple effects of 

stump harvesting in Sweden has been compiled (Egnell et al., 2007). The authors conclude that the 

amount of inorganic N probably increases after stump harvesting and that there is an increased risk 

of the loss of nutrients through leaching, erosion and sediment transport to adjacent surface waters. 

Staaf & Olsson (1994) observed increased concentrations of nitrate in soil solutions for several 

years after stump removals. Zabrowski et al. (2008) analyzed a long-term effect (22-29 years) of 

Douglas-fir stump removal in the U.S. where a decrease in the N and C mineral soil content was 

observed (20-24%). Preliminary results of a Swedish experiment with an outtake of branches, 

needles and stumps (by Strömgren et al., described in de Jong et al., 2012) show significantly 

lower N content in the upper forest floor after 25 years of stump removal, whereas no change was 

registered in the mineral soil. 
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There is a substantial difference in the size of nutrient removals, depending on the size and age 

(Ranger et al., 1995) of tree species and the density of the trees at the time of cutting (Cole & 

Rapp, 1980; Perala & Alban, 1982; Glatzel, 1990; Augusto et al., 2000), site productivity, har-

vesting intensity, and nutrient concentration level in the biomass (Stupak et al., 2007a). The outtake 

is highest in spruce forests growing on nutrient rich soils (Hellsten et al., 2010). Initial planting 

density and the applied thinning regime seem to be of less importance for the size of the average 

biomass and nutrient removal. 

2.3.3 Compensation through fertilization and wood ash recycling 

The higher outtake of biomass from forests may be compensated by fertilization as well as wood 

ash recycling. 

Fertilization 

Nitrogen (N) is the most commonly applied nutrient when compensating forest land for a high 

outtake of biomass. Phosphorous and K are often added as well. The aims of fertilization are: i) to 

gain a positive growth response, ii) to improve or sustain good soil quality in the long-term, e.g. 

following intensive harvesting. 

The compensation of nutrients can be either performed according to normal forest fertilization ad-

vice and practice (SKSFS 2007) or it can be performed more intensively on a repetitive basis 

(every two to three years) in younger forests according to the need of the trees established using 

analyses of foliage. Such “need fertilization” (“behovsanpassad gödsling” in Swedish) is supposed 

to yield high growth increases per kg fertilizer at the point needed by the trees. This method has 

recently been suggested in Sweden and only a few experiments have been performed on the envi-

ronmental effects of such a fertilization regime. An analysis of the method (Nordin et al., 2009a) 

showed a great potential for a larger production of biomass. 

Growth responses following fertilization with N alone or in combination with P and K have been 

intensively studied and reviewed in the Nordic countries (Nohrstedt, 2001; Saarsalmi et al, 2001; 

Vejre et al., 2001). Most commonly, growth responds positively to fertilization with N on mineral 

soils (Jacobson et al., 2000), but several experiments also showed no response. Only a few experi-

ments showed a positive growth response upon fertilization with P alone or with P and K together, 

whereas several experiments showed a synergistic response when N and other elements were added 

together (e.g. Simcock et al., 2006). Fertilization with P and K has, however, shown substantial 

positive growth responses on peat soils. Such responses may indicate that growth is limited by the 

nutrient shortage in the soil. Furthermore, continued fertilization will normally lead to an increase 

in the soil nutrient pool and thus improve soil quality and the capacity of the soil to sustain high 

production. However, in areas where the atmospheric deposition of N exceeds the export of N due 

to harvesting, it may be hypothesized that the growth is no more N limited, as typical of boreal and 

temperate forests, but rather limited by other nutrients, such as P (Gundersen et al., 2006). On-

going N fertilization with substantial doses has also indicated that growth becomes limited by other 

elements (Pettersson & Högbom, 2004). 

If N were added in amounts higher than those needed to support optimal growth, it would be 

leached as nitrate and thus result in soil acidification, depending on the weathering capacity of the 

soil (Gundersen et al., 2006). It is, therefore, important for the fertilizer to possess a balanced nutri-
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ent composition and that it is added in balanced amounts. Experiments in Sweden with repetitive 

fertilization of young forest showed that nitrate was always leached in varying amounts (Nordin et 

al., 2009a; Nordin et al., 2009b; Bergh et al., 2010) and that the leaching increased exponentially 

as the N dose increased (Nordin et al., 2009b). The authors estimated that nitrate leaching from 

forests to coastal waters assuming an intensive use of biomass and need fertilization at 5% of the 

forest land, would increase nitrate leaching by 33%. 

Wood ash recycling 

Returning wood ash after incineration of the forest fuel has become relevant when the use of bio-

mass for bioenergy intensifies. The principal aims of recycling the wood ash to the forest are to: i) 

avoid depletion of essential soil nutrients to sustain the production and to ii) sustain soil pH and 

base saturation in order to reduce harmful acidification of forest soils and adjacent waters 

(Aronsson & Ekelund, 2004). 

The major components of wood ash are Ca, K, Mg, silicon (Si), Al, iron (Fe) and P, as well as trace 

elements, some of which are toxic (Nilsson & Timm, 1983; Steenari et al., 1999; Holmroos, 1993; 

Eriksson & Börjesson, 1991; Kofman, 1987; Booth et al., 1990, Karltun et al., 2008). Ash is gener-

ally low in N and S because these elements are volatilized during combustion. Due to varying soil 

mobility of toxic elements like cadmium (Cd) and caesium (Cs), caution must be exercised when 

wood ash is applied to forests (Karltun et al., 2008). 

In areas where N is the growth limiting nutrient, the addition of other nutrients to wood ash is not 

expected to increase growth on mineral soils; in these cases, the addition of N is needed. After the 

addition of wood ash, Sikström et al. (2009) showed decreased growth on nutrient poor sites, in-

creased growth on nutrient rich sites and no change in growth on medium sites. The addition of 

wood ash to forest stands on nutrient rich peat soils has shown a significantly positive effect on tree 

growth (Ferm et al., 1992) and improved conditions for the regeneration of stands (Huikari, 1951 

cited in Röser et al., 2008; Lukkala, 1955; Lukkala, 1951). Peat soils deficient in K and P but with 

decent  N status show the highest increase in tree growth (Silfverberg & Moilanen, 2000) after the 

wood ash addition, while the tree growth on peat soils low in N (<1%) remains low (Silfverberg & 

Huikari, 1985 cited in Röser et al., 2008; Silfverberg & Issakainen, 1987 cited in Röser et al., 

2008). In conclusion, the addition of wood ash is not always beneficial to growth since growth 

mostly increases on soils with good N status. 

When wood ash is applied to forests, soil pH rises in the upper part of the soil profile. Untreated 

ash yields the largest and most rapid pH increases and the higher the dose, the higher the increase 

in pH. The effect of wood ash on pH seems to be relatively long lasting. Ash doses around 3-5 tons 

per hectare
 
have been shown to elevate pH 1 to 2 pH units in the humus layer 10-19 years after 

application (Mälkönen, 1996 cited in Röser et al., 2008; Bramryd & Fransman, 1995; Saarsalmi et 

al., 2001). The transport of ash components down through the profile is, however, slow and the 

effects deeper into the profile are found to be minor, usually only occurring considerably later than 

(>10 yrs) the ash application (Bramryd & Fransman, 1995; Saarsalmi et al., 2001). Hence, an in-

crease in the pH of mineral soils is not usually found (Ring et al., 1999; Arvidsson, 2001; 

Fransman & Nihlgård, 1995) except when high doses (>10 t ha
-1

) have been applied (Kahl et al., 

1996). 
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Elevated concentrations of K, Ca and Mg can be found in the soil solution in deeper soil horizons 

shortly after the ash application (Westling et al., 2004; Norström, 2010) but the leaching of Ca and 

Mg is slower (Rumpf et al., 2001; Arvidsson, 2001). In a recent experiment where 8 t ha
-1

 wood 

ash was applied to a Norwegian spruce forest, pH increased from 3.2 to 4.8 base saturation in-

creased from 30% to 86% and the BC/Al ratio increased from 1.5 to 5.5 (Brunner et al., 2004). 

2.3.4 Agricultural soils and plant nutrients 

Inputs of N and P fertilizers can be an indicator of potential environmental consequences of bioen-

ergy cropping, such as leakage of nutrients to ground and surface waters along with atmospheric 

emissions (Sanderson and Adler, 2008). It is primarily important to understand the fate of an ele-

mental application into cropping systems and the ensuing environmental effects. The fate of land-

applied N and P from different sources (fertilizer application, legume residues, municipal animal or 

industrial wastes etc.) is as follows (Crutzen et al., 2008, Robertson et al., 2011): 

Nutrient recovery rates vary for different crops and soils. Nutrient use efficiency (NUE) of crops is 

an important factor in determining nutrient recovery in crops. NUE is usually defined as yield per 

unit of input fertilizer and describes the efficiency of turning water, nutrients and CO2 into bio-

mass. Most energy crops for second generation biofuels are selected from perennial crops which 

generally have a higher NUE than common agricultural crops. Willow as a woody crop, and reed 

canary grass as perennial C3 plants, possess high NUE values. Low nitrogen requirement and high 

nitrogen use efficiency are beneficial as the impacts of fertilizer application can be minimized (Byrt 

et al., 2011, Sanderson and Adler, 2008). Studies by Boehmela (2008) show that willow, as a per-

ennial energy crop, compared to other energy crops such as maize, has the potential for combining 

high yields with low inputs. 

Losses as gas 

Partially, nitrogen in the plant root zone is lost to the atmosphere through denitrification. Denitrifi-

cation is a process of nitrate breakdown into simple nitrogen (N2) and oxygen (O2), gases that re-

turn to the atmosphere. In soil with high organic content and shallow groundwater, much of the 

nitrogen is lost in gaseous forms rather than as nitrate. This loss is less in well-aereated and low 

organic content soil. Due to lengthy rotation cropping systems and extendend root systems, this 

loss is low in bioenergy crop systems. Nitrogen in soils is also released in the form of a greenhouse 

gas, nitrous oxide. 

Nitrogen from fertilizer application may leach to streams and water bodies through surface or sub-

surface drainage. This loss is considerable during heavy rains immediately after fertilizer applica-

tion. Nutrient elements in the surface runoff is low if the fertilizer is mixed with the soil. The main 

form of nutrient leaching is as subsurface drainage in the form of nitrate. A major impact of nitro-

gen loss to water sources is eutrophication. Studies by Makeschin (1994) showed reduced nitrate 

leaching of approximately 50% in an unfertilized willow plantation in comparison to arable land 

for a period of three years. Willow has the capacity for high nitrogen uptake and several studies 

show the potential of removing nitrates from wastewater (Aronsson et al., 2000, 2001). 

Biochar and nutrients 

Biochar application affects soil nutrient cycles and nutrient leaching. Biochar improves soil chemi-

cal properties due to its high cation exchange capacity. High cation exchange capacity and high 
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porosity of biochar increase nutrient availability and water holding capacity, while decreasing ni-

trogen leaching. Biochar holds nutrient elements in a plant-available form but also absorbs organic 

compounds and, therefore, has the potential for use in the treatment of wastewater and water pol-

luted by toxic by-products (Sohi et al 2010). 

The two main functions of biochar in relation to crop yield are 1) an increase in the nutrient availa-

bility of soil and 2) the stimulation of soil microbial population which leads to an increase in nutri-

ent cycling. Biochar reduces soil acidity and decreases the need of liming. In the case of biochar 

use, the need for fertilizer is decreased due to its high nutrient retention. 

2.3.5 Agricultural soils and toxicity 

For high biomass production in agriculture, fertilizers, pesticides and herbicides are used. High 

applications of chemicals result in toxicity of soil and water sources. Most perennial bioenergy 

crops, such as Salix and reed canary grass, cause less toxicity in the environment due to their long-

rotation cropping system and dense roots. 

Studies propose Salix for bioenergy purposes to be planted on polluted soils for the treatment of 

such soils (bioremediation) (Rowe et al., 2009). Apart from the possibility of discovering toxic 

chemicals from disposed material in landfills, the main potentially polluting compounds are am-

monia which is toxic to fish. However, studies in Sweden show that high salt contents, especially 

sodium, limit Salix growth (Britt et al., 2002). 

Biochar is able to decrease the leakage of chemicals, such as pesticides, to ground and surface 

waters. Studies show that biochar has the capacity to speed up the mineralization of other soil or-

ganic matter. Biochar also absorbs organic compounds and, therefore, has the potential for being 

used in the treatment of wastewater and water polluted by toxic by-products (Sohi et al., 2010). A 

study of biochar effects on adsorption or detoxification of toxins is in progress (Elmer, et al., 

2011). Since it reduces the availability of heavy metals in plants (Winsley, 2007), biochar has the 

potential for being used in the treatment of polluted soils. 

Bioenergy has the potential of contributing to environmental restoration and increased productivity 

from contaminated land, so-called bownfields – previous industrial sites that would need costly 

restoration before being used for construction or agriculture (Bardos et al 2011). In locations where 

there is no economic impetus for restoration, the combination of biomass cultivation and soil reha-

bilitation might provide the leverage to bring economically marginal lands back into use. Potential 

benefits of growing biomass on contaminated marginal land include: 

 reducing the climate impact of land remediation, 

 generating renewable energy, 

 providing broader community benefits such as landscape management, 

 potentially wider environmental benefits, for example soil functionality and biodiversity, 

 economic benefits, including revenue generation or offsetting remediation costs. 



BIOFUELS AND LAND USE IN SWEDEN – AN OVERVIEW OF LAND-USE CHANFE EFFECTS 

f3 2013:7 33 

 

2.3.6 Knowledge gaps 

Regarding plant nutrients and forest soils, the empirical short-term knowledge about the effect of 

the outtake of biomass in all forms, as well as the effect of wood ash recycling on production as 

well as soil and water quality, is mostly available; however, more general knowledge based on 

long-term experiments is needed for the understanding of the long-term effects of biomass outtake, 

as well as for the formulation of future recommendations. Such long-term data is even needed as 

data input to models and to improve the connection between models and experiments. A joint 

analysis of all experimental material will allow for a generation of additional answers on the possi-

ble effects on production and the environment. More details on the knowledge gaps related to long-

term biomass outtake are described in de Jong et al. (2012). 

The outtake of stumps and “need fertilisation” are new practices within forest management where 

there is a clear need for fresh knowledge of environmental effects. Even Nordin et al. (2009a) 

highlight knowledge gaps where more research is required on “need fertilisation”. 

Continued work is needed to transform present experimental knowledge on wood ash recycling 

into practical guidelines in order to optimize the dose leading to positive growth effects, while at 

the same time avoiding unwanted environmental effects. Additional knowledge of the possible 

effects of the combinations of the recycling of wood ash along with N fertilization would be desir-

able, especially in Northern Sweden. 

In general, there is a need for information on the possible effects of climate change in future sce-

narios of forest management where biomass is intensified. 

The research on biochar is at an early stage and so far, there are more questions than answers. Not 

much is known about the effects of biochar on the productivity of agricultural soils in Sweden. It is 

expected that biochar would increase the productivity on sandy soils due to its improved water 

holding capacity, but this is yet to be verified during controlled field experiments. 

Even though biochar is very resistant to degradation, there are indications that biochar would stim-

ulate microbes and thus the decomposition of soil organic matter. As a consequence, it is important 

to monitor the soil carbon dynamics in soils amended with biochar. 

There is a need for additional studies quantifying leakage of nutrients from different soil types, 

especially studies comparing energy crops to food crops. 

2.4 BIODIVERSITY 

The importance of land-use changes for biodiversity and the importance of biodiversity for the 

natural capital and ecosystem services highlight a risk involved in the environmentally motivated 

bioenergy production. Any change in land use to produce bioenergy may speed up the loss of bio-

diversity, thereby counteracting its ultimate purpose to deliver sustainability. 

This development is particularly troublesome in a global setting, where plantations of bioenergy 

crops often expand at the expense of natural forests or small scale farmland, thereby jeopardizing 

biodiversity and local livelyhoods (see below). In Sweden, the situation is somewhat different. 

Here biodiversity and human land use has to a large degree co-evolved, and accordingly, managed 

landscapes may have a high biodiversity and provide important ecosystem services. For example, 
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some of the most species-rich habitats to be found in the country are semi-natural grasslands, which 

have been used extensively for biomass production over a period of several hundred years. Some 

forest types have a long history of land use, and certain harvesting methods in these forests may 

present better options for biodiversity than strict preservation. As described above, biodiversity is a 

matter of land use intensity, as opposed to a matter of natural versus managed land. Hence, the 

effects of biofuel production on biodiversity depend on the production system chosen and the in-

tensity with which it is applied. 

In this chapter, the biodiversity effects of land-use changes brought about by Swedish biofuel pro-

duction have been reviewed. Due to the complex nature of the field coupled with the concise char-

acter of the text, the effects on biodiversity are only qualitatively assessed. Quantitative assess-

ments may be found in the literature cited but are, however, lacking for most production systems 

and species groups. The effects on the field or stand level are mainly described; merely reflecting 

available literature (the need for landscape scale studies are commented on under section 2.4.2, 

Knowledge gaps, below). The review selectively focuses on the most important production systems 

for biofuels in current Swedish forestry and agriculture, including contemporary systems that are 

not common but are nonetheless considered to have large potentials to deliver bioenergy feedstock 

in harmony with ambitious biodiversity targets. 

2.4.1 Effects on Biodiversity of Biofuel Production Systems 

The higher outtake of biomass from forests may present a challenge to biodiversity. Effects may be 

caused by e.g., intensification, extraction of logging reidues and new types of plantations. 

Intensification 

The increased demand for biofuel production may work as an engine to intensify current produc-

tion systems in Swedish land use. Standard measures to increase the production within forestry and 

agriculture include the use of fertilizers and pesticides, draining, use of fast-growing exotic species, 

utilizing residues such as branches or straw, and the harvesting of previous biodiversity set-asides. 

In most cases, such land-use changes involve major threats to biodiversity, since they change the 

basic ecological conditions of the ecosystems, i.e. replacing previous processes and structures by 

new ones, to which few ecosystem-specific species are adapted. 

For example, the fertilization of forest changes the species composition of vascular plants, bryo-

phytes, fungi, and lichens (Zetterberg et al. 2006, Strengbom & Nordin 2008, Forsum 2008, Dahl-

berg et al. 2010). The general effect on plant diversity is negative, and the effects on the understory 

vegetation may be long-lasting (e.g. Strengbom & Nordin 2008). Fertilization has been described 

as a threat to mycorrhizal fungi (Dahlberg et al. 2010).  Although the effects are poorly investi-

gated (Nohrstedt 2001), also larger species, such as birds and mammals, may be affected. Fertiliza-

tion also impacts soil parameters (see section 2.3) 

As another example, the introduction of exotic tree species is negative for biodiversity because they 

harbor only restricted proportions of the tree-depending species compared to indigenous trees 

(Miljøministeriet et al. 2008, Larsson et al. 2009, WWF 2009). Exotics may even be invasive and 

outcompete indigenous species, thereby threatening biodiversity on larger areas (Miljøministeriet et 

al. 2008, WWF 2009, Dauber et al. 2010). 
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Another way of intensifying production that may be either negative or positive for biodiversity is 

increasing harvesting frequency. A shortened rotation period in current industrial forestry is gener-

ally negative, because many forest-residing species are strongly depending on the continuity of the 

forest ecosystem and on structures and processes in old-growth forest, such as old trees and dead 

and decaying wood. On the other hand, many threatened species may be positively affected by the 

frequently repeated harvest of herbaceous plant tissue in semi-natural grasslands or of young wood 

tissue derived from shooting in semi-natural coppice. Harvesting of such ecosystems has a long 

tradition in Swedish land use and, accordingly, much of the flora and fauna have adapted to this 

pre-historic land use. 

Extraction of logging residues 1: slash (i.e. branches and tops =“grot”) 

Slash contributes to forest biodiversity by providing substrate and habitat for many wood-residing 

organisms, including fungi, lichens, mosses and arthropods (reviewed in Naturvårdsverket 2006 

and by Berglund 2012). Considering that almost all forest biomass is removed at clear-cutting, 

further substrate reduction through the removal of logging residues may break the last remaining 

substrate continuity in the production forest. For some rather generalist species on wood and litter, 

e.g. species of bryophytes, the extraction of logging residues has been shown to be negative be-

cause of reduced substrate abundance, reduced protection against drying-out clearcuts, and in-

creased disturbance frequency (Gustafsson 2004, Åström 2006). The removal of slash can also 

affect the structural diversity favoring small mammals and breeding birds (Naturvårdsverket 2006). 

However, recent research points out that the effect of spruce slash removal on threatened forest 

biodiversity is limited, because most of the more demanding species are lost already at logging. 

Slash from conifers generally harbor few demanding and red-listed species (Dahlberg & Stokland 

2004, Junninen et al. 2006, Jonsell et al. 2007, Caruso et al. 2008). Slash removal does not seem to 

cause any significant changes in species diversity among soil fauna or fungi and is, therefore, not 

expected to have any significant effect on soil processes, such as mycorrhizae and decomposition 

(Naturvårdsverket 2006). The removal of spruce slash appears to have no adverse effect on the 

diversity of wood-residing fungi or lichens. 

On the other hand, slash from oak, aspen and other broad-leafed deciduous trees is important for 

many wood-residing fungi (Nordén et al. 2004), and for a number of red-listed species (Cederberg 

et al. 2001, Jonsell et al. 2007, Hedin et al. 2008). The amounts of slash from deciduous trees is 

decreasing in Sweden (Olsson et al. 2011), and the extraction of slash from these species may have 

strong negative effects on the threatened biodiversity (Naturvårdsverket 2006, Berglund 2012). 

Not is only the slash removal per se a problem for biodiversity. Piles of deciduous forest residues 

attract wood-residing insects, especially if the surrounding forest land is cleaned of dead wood, and 

the piles may then function as ecological traps for specialized and endangered species (Jonsell & 

Hedin 2009, Hedin et al. 2008). When extracting logging residues from clearcuts, wood left for 

biodiversity after cutting is frequently collected (Andersson 2000, Gustafsson 2004, Rudolphi & 

Gustafsson 2005). In addition, the extraction of slash increases the damage to the forest floor by 

heavy vehicles by 60% (Gustafsson 2004, Naturvårdsverket 2006), and remaining logs may be 

damaged leading to poor substrate quality for wood-residing insects (Hautala et al. 2004, Natur-

vårdsverket 2006, Berglund 2012). 
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Extraction of logging residue 2: stumps 

Stumps are important as substrate for mosses, lichens and fungi (Naturvårdsverket 2006, Caruso et 

al. 2008) and plants that are sensitive to desiccation may decrease on stump-harvested clearcuts. 

Stump-harvesting has a long-lasting negative effect on blueberry production (Berglund 2012). 

Stumps make up a large proportion of the coarse dead wood left after forest cutting (Egnell et al. 

2006), and may function as a refuge for a range of forest species depending on coarse dead wood, 

for example beetles and fungi (Naturvårdsverket 2006, Berglund 2012). An increase of stump har-

vest may, therefore, have negative effects on species that are presently common. The effects of the 

systematic harvest of stumps on biodiversity are, however, not well known. 

Similar to the extraction of slash, piles of deciduous stumps may attract wood-residing organisms 

and function as ecological traps (see above). At stump harvesting, most of the remaining dead 

wood, such as logs left for conservation purposes, are either collected or destroyed (Andersson 

2000, Gustafsson 2004, Rudolphi & Gustafsson 2005, Hjältén et al. 2010). 

Extraction of logging residues 3: ash recycling 

Use of logging residues affects biodiversity indirectly through the increased need for fertilization, 

e.g. through ash recycling. Application of ash to forest is also a way of managing the waste pro-

duced by wood combustion (Stupak et al. 2007b), and can, therefore, be considered an unevitable 

part of using logging residues for energy purposes. Different studies of the effects of ash recycling 

on ground vegetation, fungi and soil organisms show contradictory results, and the output may 

depend on site and dosage (reviewed by Aronsson & Ekelund 2004). Wood ash recycling may have 

negative effects on dwarf shrubs, mosses, liverworts and lichens (Kellner & Weibull 1998, Jacobs-

son & Gustafsson 2001, Dynesius 2012), but may also cause an increased abundance of grasses and 

herbs (Olsson & Kellner 2002, Moilanen et al. 2002), and a general increase of an abundance of 

soil organisms (Nieminen et al. 2012). Accordingly, just like other fertilization, ash recycling can 

lead to a changed species composition of forest flora and soil biota. 

Willow coppice on farmland 

The impact of willow coppice on biodiversity depends on alternative land use and the surrounding 

landscape. Willow coppice on arable fields has a higher abundance and diversity of vascular plants, 

earthworms, ectomycorrhizal fungi, insects, birds and mammals, compared to agricultural crops, 

spruce plantation or fallow soils (reviewed by Weih 2006 and by Helldin et al. 2010). Especially in 

an otherwise homogenous agricultural landscape, willow coppice can benefit many species 

(Skärbäck & Becht 2005); a proportion of 10–20% of coppice in open farmland has been estimated 

to be optimal for a number of bird species (Göransson 1994). On the other hand, species linked to 

the open agricultural landscape, such as certain birds, may decrease (Skärbäck & Becht 2005). 

When comparing willow coppice to woodland habitats, most available studies report a lower rich-

ness of species in the energy crops or no significant differences (reviewed in Dauber et al. 2010). 

The diversity of small mammals is lower in willow coppice than in small biotopes, such as shelter-

belts, grassy ditches or canal banks (Reddersen et al. 2005). 

The proximity to stands of natural forest or mature indigenous deciduous trees improves the condi-

tions for both plant and animals to spread into willow plantations (Hoffmann & Weih 2005, Weih 

2006, Baum et al. 2009). The biodiversity value can probably also be promoted by increasing the 

structural diversity of the plantations, for example by limiting their size, by allowing undulating 
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edges, and by not harvesting the entire plantation on a single occasion (Hoffmann & Weih 2005, 

Weih 2006, Schulz et al. 2009, Dauber et al. 2010). Using a mix of willow varieties or species may 

also improve the conditions for biodiversity (Weih 2006, Schulz et al. 2009). Increasing the time 

cycles, both between harvests and between replacements of plants, will allow biodiversity to de-

velop in the coppice, but may at the same time be disadvantageous to light demanding species 

(Weih 2006, Baum et al. 2009, Dauber et al. 2010). 

If grown on farmland outside arable fields, the impact on biodiversity would in most cases be neg-

ative. Well-managed semi-natural grasslands, such as meadows and pastures, have a high biodiver-

sity, which will obviously change drastically if planted with coppice. Compared to a ceased grass-

land management, e.g. spontanous afforestation or active spruce plantation, willow coppice may 

well prove to be better for biodiversity in general. However, the issue appears not to have been 

studied. 

Populus plantations 

Similar to the case of willow coppice, plantations of poplar and hybrid aspen will impact biodiver-

sity depending on the alternative land use and surrounding landscape. When planted on previous 

arable fields, poplar and hybrid aspen plantations will probably gain in biodiversity, with a floristic 

diversity comparable to that in average mixed-wood forests, although most of the newly established 

flora will consist of common species (Weih et al. 2003, Soo et al. 2009, Strengbom 2009). The 

diversity of vascular plants, however, depends on ground treatment in connection with planting; 

ploughing and not least herbicide treatment will decrease the diversity (Soo et al. 2009, Strengbom 

2009). 

Compared to forest sites, the effect on biodiversity is not obvious. Hybrid aspen appears to be bet-

ter for biodiversity than other types of intensive forest production, such as Norway spruce or log-

depole pine (Gustafsson et al. 2009). Hybrid aspen probably harbours a similar insect fauna as 

common aspen, and whether hybrid aspen stands will develop a high insect diversity will likely 

depend more on what abundance of old trees and dead wood is allowed (Lindelöw 2009). 

As with willow coppice, poplar and aspen plantations in the homogenous agricultural landscape 

introduce diversity on the landscape scale, which may benefit many species (Skärbäck & Becht 

2005). Increasing the structural diversity of new plantations, for example by keeping down the size, 

by allowing undulating edges, and through asynchronous harvesting within and between stands, 

may further promote biodiversity (Hoffmann & Weih 2005, Weih 2006, Schulz et al. 2009, Dauber 

et al. 2010). 

Caution is raised concerning the risk of hybrid aspen seed dispersal into new areas, or the spread of 

pollen/DNA into the common aspen population (Strengbom 2009). 

Semi-natural coppice and pollarding 

Current biofuel production based on coppicing and short-rotation forestry has so far been entirely 

restricted to willow, and to some extent poplar, on arable land. Its historic predecessor is semi-

natural coppicing or pollarding. Stump or root sprouts of deciduous trees are harvested before they 

reach larger dimensions, often with a harvest cycle of 5-30 years, to maximize biomass production. 

Unlike willow coppicing, the historic semi-natural coppicing was based on various indigenous tree 

species, allowed stumps (“sockets”) to become very old, did not use fertilizers or pesticides, and 
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only rarely took place on land that might be used for food production. A variant is pollarding, i.e. 

cutting shoots from higher stumps, normally above what can be reached by browsing animals. An-

other variant is coppice with standards, where single trees are allowed to grow tall, for timber pro-

duction or conservation purposes. These types of forest harvesting were extremely widespread in 

the Eurasian nemoral and boreo-nemoral zones, as well as in the sub-alpine birch forest (Emanuels-

son 2009, Helldin et al. 2010), but is today largely replaced by tall-tree production. 

Although few systematic studies have been conducted on semi-natural coppice as a production 

form or habitat, it can be expected to have a rich biodiversity, to a large extent depending on the 

cutting and extraction of wood. It is considered to favor a wide range of rare insect and plant spe-

cies (Kirby 1993, Key 1995, Rydberg & Falck 1996, Broome et al. 2011), as well as birds and 

small mammals. The ground flora in semi-natural coppice resembles that of tall deciduous forests, 

but includes light demanding species which are favored by regular cutting (Staun & Klitgaard 

2000). The frequent harvest of shoots creates microhabitats and a general habitat structure that may 

be highly beneficial to threatened biodiversity, e.g. species connected to sun-exposed substrates or 

a stable supply of dead and decaying wood (Helldin et al. 2010). Pollarding favours a diversity of 

often rare lichen, and wood beetles of high conservation priority (Hultengren et al. 2006, Dubois et 

al. 2009), and pollarded trees are also important to wood fungi, epiphytic mosses, and species de-

pending on tree cavities, such as hole-nesting birds (Dagernäs 1996, Moe & Botnen 2000). Coppice 

with standards could potentially favour biodiversity connected to sun-exposed old-growth trees, for 

example oak and pine, which are today threatened by shading in formerly semi-open stands 

(Helldin et al. 2010). 

Several authors have proposed semi-natural coppicing to be resumed for nature conservation pur-

poses (Fuller & Warren 1993, Kirby 1993, Gustavsson & Ingelög 1994, Rydberg & Falck 1996, 

Staun & Klitgaard 2000, Otte et al. 2008), and this is conducted mainly on the British Isles (Ryd-

berg & Falck 1996). Small scale pollarding is supported by the Swedish program for agri-environ-

mental subsidies and hence conducted in many parts of Sweden. Only in recent years, this type of 

logging has been identified as interesting to bioenergy production on a significant scale in harmony 

with biodiversity targets (Helldin 2008, Schaber-Schoor 2009, but see Rydberg & Falck 1996). 

The components of semi-natural coppice and pollarding can be introduced to current energy forest 

production to improve the conditions for biodiversity. Such components include, for example, the 

diversity of tree species, using indigenous species, letting stumps develop into “eternity sockets”, 

and establishing coppice in what is considered to be forest areas. 

Ley 

As with most agricultural crops, the production of grass from ley has no obviously positive biodi-

versity effects. Leys for bioenergy production are often intensively managed, and the fauna and 

flora are accordingly species poor (Isselstein et al. 2005, Plantureux et al. 2005, Prochnow et al. 

2009a). The main positive effect is that leys contribute positively to habitat variation in agricultural 

landscapes dominated by annual crops (SLU 2007). Conversely, in landscapes already dominated 

by ley and similar non-intensive cultivation (often in forest regions), a further increase in the pro-

portion of ley has mainly negative effects (Wretenberg et al. 2006, SLU 2010). Ley per se is 

somewhat more attractive to birds than high-intensive annual crops (Berg 1992, Berg & Kvarnbäck 

2005, Berg & Gustafson 2007). A similar advantage has been suggested to insects, especially in 

clover fields, but this advantage is doubtful considering the early harvest of leys (SLU 2007). 
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However, when using ley for energy purposes rather than for fodder, the number of harvests each 

year can decrease and the date of the first harvest be postponed (Møller et al. 2007 and unpubli-

shed), both of which may benefit breeding birds, mammals, and nectar-feeding insects. With a 

more diverse species mix sown or some important nectar species added (e.g. Lotus corniculatus or 

Cicoria), the diversity of beneficial arthropods, such as pollinators and natural enemies to pest spe-

cies, can increase (Gardiner et al. 2010, Borgegård pers. comm.) 

Phalaris and other perennial feedstock 

Few studies have been conducted on biodiversity in Phalaris or other perennial crops grown spe-

cifically as feedstock. The few studies available indicate that fields of Phalaris feature a higher 

abundance of ground flora, birds and small mammals, and feature a higher arthropod diversity, 

compared to average annual crops (Semere & Slater 2007a, 2007b). In general, perennial biomass 

crops are perceived as being beneficial to biodiversity compared to cultivated areas of arable food 

crops because biomass crops have longer rotation periods, less chemical input, better soil protec-

tion, a greater richness of spatial structures, allows harvesting to be carried out after the breeding 

season for birds, and are also exposed to fewer disturbances during the growing period (Dauber et 

al. 2010). 

Wetland grass 

Open semi-natural wetlands in the agricultural landscape are generally important to biodiversity, 

but during the last century, there has been a major loss of traditionally managed wetlands, due to 

either intensification (drainage and cultivation) or abandonment (ceased mowing or grazing). Using 

wetland grass harvested for nature conservation reasons as feedstock for bioenergy provides an 

opportunity for the resumed management of wetlands to the benefit of biodiversity. This potential 

has been highlighted in a series of recent papers (Peeters 2009, Prochnow et al. 2009a, 2009b, 

Roesch et al. 2009, Foster et al. 2009). The agri-environmental subsidies make wetland manage-

ment economically interesting despite the rather costly harvest and the lower biogas yield com-

pared to haylage (Florell, Swedish Biogas International AB, pers. comm). 

The large positive effects of the resumed management of former wet meadows are well document-

ed, for example for birds and carabid beetles (e.g. Alexandersson et al.1986, Ljungberg 2001). At 

present, no disadvantages to harvesting grass for biogas are known, compared to the commonly 

performed mowing or grazing for conservation purposes. The problem of premature harvesting to 

wetland birds need to be considered in relation to the quality demands of the biogas production. 

Grass from other semi-natural grasslands 

Drier semi-natural grasslands need to be regularly harvested to retain their biodiversity, and the 

harvest can potentially be used as feedstock, either for biogas or for combustion. Present manage-

ment of such land is dominated by livestock grazing, albeit cutting of hay was historically the 

dominating form of land use; hence, resumed cutting and grass removal could be the best manage-

ment method for biodiversity. Many previous semi-natural types of grassland are also abandoned or 

planted with forest. As with wetlands, agri-environmental subsidies could make it profitable to 

harvest these grasslands for bioenergy. The practice is not common in Sweden, but is practiced on 

the continent, e.g. Germany, where extensively managed land is harvested primarily for biodiver-

sity or for its landscape character (Prochnow et al. 2009b). It is proposed as an alternative to corn 

as feedstock production on American prairie soils. The potential for using semi-natural grass in 



BIOFUELS AND LAND USE IN SWEDEN – AN OVERVIEW OF LAND-USE CHANFE EFFECTS 

f3 2013:7 40 

 

Sweden is regionally high. The basic ecology of these ecosystems is well known, but further 

knowledge on harvesting practices to optimize biodiversity and economy is needed. 

2.4.2 Knowledge gaps 

The effects of the extraction of logging residues on biodiversity have been addressed within the 

Swedish Sustainable Supply and Refining of Biofuels Research Program running 2007-2010 (de 

Jong et al. 2012). However, certain aspects need further elucidation, for example the preference of 

stump size for many wood-residing insects and lichens, the impact of ecological traps on red-listed 

species, the effects of the extraction on vertebrate taxa (amphibians, reptiles, small mammals and 

birds), and the potential impact on organisms that are presently common. 

Biodiversity in willow coppice has been studied in a number of previous projects, but questions 

remain concerning willow coppice grown outside arable fields. If plantations of poplar and hybrid 

aspen should become more common, the biodiversity effects of these crops need to be studied fur-

ther. For all perennial bioenergy crops, it seems reasonable to develop means of adapting the de-

tailed management to optimize biodiversity, for example by finding the optimal harvesting time 

and frequency, treatment of the feedstock, cutting hight, species mix, pest treatment, size, shape 

and turnover time of fields/stands, and  the siting of plantations in a landscape context. 

It appears particularly important to initiate studies of the potential of “win-win production sys-

tems”, i.e. feedstock derived from biodiversity-friendly harvesting in semi-natural habitats (grass-

land or coppice). Such research would give an indication of whether these systems are worthy of 

investments. The research needs to address the various aspects of optimizing the management for 

economic and ecological sustainability, e.g. the timing of the harvest, the treatment of feedstock, 

monetary values of ecosystem services, and conditions for combining it with other land use, such 

as outdoor recreation or livestock grazing. A certain amount of technical development is needed to 

find large-scale harvesting methods that reasonably mimic the harvesting that has been conducted 

historically in these habitats. 

Analyses and assessments of landscape scale effects are needed (Dauber et al. 2010). Currently, we 

have a limited understanding of the proportion of land covered by energy crops that would signifi-

cantly affect species richness or population viability. If landscapes to study this are lacking, a mod-

elling approach can be adapted. Such modelling would include geographically explicit analyses of 

habitats that may be changed or replaced by energy crops, and the total area and location of the 

remaining habitat patches in relation to species area requirements and landscape fragmentation. It 

would also include analyses of energy crop fields/stands in relation to other habitats, and how these 

interact, for example by providing ecotones, additional habitats, landscape connectivity or ecosys-

tem services (such as pollination or natural enemies). 

2.5 SOCIOECONOMIC ASPECTS ASSOCIATED WITH LAND-USE CHANGES 

There is a strong political and societal pull for increased use and production of biofuels both to 

make a transition away from fossil based fuels, but also to create a greater energy self-sufficiency 

in many countries (Chum et al. 2011; UNECE and FAO 2011; BP 2012; EC 2012; Johnson et al. 

2012; White House 2012). Biomass for the production of biofuels can be derived rom all types of 

land; farmland, forests as well as from the sea (aquatic biomass). Most of the liquid biofuels pro-

duced in Sweden today has their origin in biomass produced on farmland. Biofuels based on forest 
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products exist but in relation to other volumes, they are minor (Energimyndigheten 2012). Cellulo-

sic based processes are, however, considered to open up for increased volumes of biofuels and the 

possibility of using feedstocks not commonly found today. 

An increased use of biomass from the different ecosystems will have a range of effects. This 

presentation will depart from the conceptual framework of ecosystem services. This framework 

was developed in cooperation with ecologists and economists in order to be able to describe the 

uses society have of the services obtained from the ecosystems (Millennium Ecosystem Assess-

ment, 2005)
2
. In this approach, services received from the ecosystems are grouped into four catego-

ries: i) provisioning services, ii) regulating services, iii) cultural services, and iv) supporting ser-

vices. These four categories of services are linked to aspects of human well-being (Figure 6). 

 

Figure 6: Millennium ecosystem services and links to human well-being (Millennium Ecosystem Assess-

ment 2005). 

Typically, the provisioning services are in focus which in our case would include the actual bio-

mass produced on a specific piece of land. Regulating services, such as erosion control and buffer 

capacity, are also included, as well as supporting services such as the pollination as part of bio-

diversity in the landscape. In addition, there are a range of cultural services, such as possibilities for 

recreation and the value of the landscape. A land-use change or change in intensity of the produc-

                                                      

 

2
 The need to marry economy and ecology was discussed already in the late 1980s (Costanza and Daly, 1987; 

Daly, 1990). 
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tion on a specific piece of land will affect both positively and negatively these four categories of 

services obtained from the ecosystems. 

Ever since the framework of ecosystem services was presented, one of the challenges has been to 

quantify the ecosystem services in order to be able to make a comprehensive and inclusive analysis. 

The problem is that many of the services are difficult to value in monetary terms as the experience 

of the landscape would vary from individual to individual. 

In 2010, a report was presented by UNEP (TEEB 2010) in which an approach for evaluating eco-

system services was introduced in order to make strategic decisions based on these services. An-

other report that is aimed at supporting business operations to consider ecosystem services in deci-

sion-making is Hanson et al. (2012). In Sweden, quantifying environmental changes in monetary 

terms is commonly found. An introduction to the field is found in Kinell et al. (2009). One of their 

conclusions is that Swedish case studies are too few in number in order to make conclusions on 

typical or default monetary values linked to changes in ecosystem services. To further complicate 

matters, the results are highly contextualized and linked to the specific setting in which the results 

are originating which makes generalization difficult. 

In the following chapters, a presentation is made on some possible effects that an intensification of 

biomass production and/or land-use change may have on ecosystem services. A similar approach 

has been used by Gasparatos et al. (2011) when discussing the impacts of the expansion of biofuel 

production in Southern countries. 

2.5.1 Forests – socio-economic aspects of changes in ecosystems services 

An intensified forestry will bring about a number of changes in forest ecosystems. The intensifica-

tion is not a land-use change, but rather a change in land use management. A recent review initiated 

by the Swedish Energy Agency was looking at the state of knowledge of the environmental conse-

quences of Swedish forestry (de Jong and Lönnberg 2010; Akselsson. 2012). The study departed 

from the increased intensification of forestry linked to realizing the 16 Swedish environmental 

objectives. Its conclusion was that a certain level of increase in forestry could be acceptable con-

sidering the environmental objectives and certain conditions under which compensatory measures, 

such as ash recycling and forestry controls and regulations, were followed. The word “acceptable” 

is important, as it is a subjective judgement and also indicates that there will be negative impacts on 

some ecosystem services, while others would experience positive impacts. A number of environ-

mental organizations in Sweden (Swedish Society for Nature Conservation and WWF Sweden 

among others) would also argue that the current Swedish Forestry Act is not operational in securing 

necessary respect for biodiversity and other environmental values in the forests (Sahlin 2010; 

Sahlin 2011; WWF 2011). 

The Swedish forestry is regulated and based on two legs: i) production goals and ii) environmental 

considerations. These legs link to various categories of the ecosystem and will benefit different 

stakeholders of Swedish forests. For example, forest production will benefit the owner, the water 

regulating service will benefit communities in the watershed area and biodiversity values would 
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benefit future generations. The Swedish forestry debate has in recent years been expanded to in-

clude a much broader segment of stakeholders. As a matter of interest, the management of privately 

owned forests has been subjected to the opinions of outside stakeholders who may not even recog-

nize their roles as discussion partners
3
. With opportunities provided by for example social media to 

spread messages and create public opinion, the identification of stakeholders is much more com-

plex today than some years ago. The activities of this expanded stakeholder group can be illustrated 

by a series of articles in the Swedish newspaper DN on the state of Swedish forestry and subse-

quent replies from the forestry sector and other stakeholders
4
. The reporter stated that the forests 

have become an industrial landscape with production as its overarching aim and that forests were 

no longer accessible to the population. The forestry sector contradicted this viewpoint. Thus, the 

forestry sector is no longer closed to fresh perspectives brought in by new stakeholders (Beland-

Lindahl 2009; Beland-Lindahl and Westholm 2010). For example, the actors looking at forestry as 

a carbon sink will bring this “new” variable into the discussion of forest management and biomass 

use. One cannot both cut down a tree and keep it; hence, there is a certain degree of conflict in the 

production goal vis a vis environmental objectives. 

Provisioning services - forest 

Examples of provisioning services are food, fresh water, fuels, wood and fibers. Increased outputs 

from forestry will provide higher economic returns in the short-run. The intensification of the for-

estry will lead to higher growth rates and links to the overarching aim of production from the for-

estry. An increase in standing biomass has been monitored in Swedish forests since at least 1950 

(SLU 2011). In addition, there are a range of measures that can be taken to further increase growth 

rates (Ståhl 2009). Climate change is anticipated to affect growth rates as well as ecosystems and 

biodiversity (Olsson 2011). 

There are many people involved in forestry who get their main income from working in this sector. 

As a consequence of mechanization and changes in forestry management (see Figure 7), the num-

ber of hours of productive work in the forests has decreased during the last decades. The volumes 

of fellings have increased over the same time period (Skogsstyrelsen 2011). 

 

                                                      

 

3
 A stakeholder is an individual or group that has an interest in any decision or activity of an organization 

ISO (2010). Guidance on Social Responsibility. Geneva, International Organization for Standardization 

(ISO). 
4
 The full list of articles: (Jonsson and Thorstensson 2012; Ledare 2012; Lundmark et al 2012; Salin 2012; 

Stridsman 2012; Zaremba 2012a; Zaremba 2012b; Zaremba 2012c; Zaremba 2012g; Zaremba 2012f; 

Zaremba 2012e; Zaremba 2012d; Åström and Terstad 2012). 
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Figure 7. Working hours in forestry (Skogsstyrelsen 2011). 

Other provisioning services from the forests are fruits, berries, and mushrooms. To many people 

this is an important source for income. Most people involved in commercial berry picking will be 

seasonal workers coming from countries other than Sweden (Jonsson and Uddstål 2002). In addi-

tion, hunting with more than 250,000 hunting licenses (not necessarily linked to forests) each year 

is a large activity. In 2008 the value of hunted animals in Sweden reached about SEK 3 billion 

(Mattsson et al. 2008). This can be compared to the gross value of timber felled in Sweden during 

2009, SEK 23.3 billion, and to the total value of the whole forestry industry, SEK 216 billion 

(Skogsstyrelsen 2011). These examples show that much of the value generated from the forests do 

not derive from the actual biomass in the trees, but from other plants and animals living in the for-

ests. The possibility to access these provisioning services is described in the right to public access 

(“allemansrätten”), a customary right that is highly valued by the Swedish population (Sandell and 

Svenning 2011). 

Regulating services - forest 

The ecosystems in the forests provide a number of regulating services, for example climate regula-

tion, flood regulation, disease regulation and water purification. At present, there is an on-going 

debate on how to calculate and quantify the carbon sequestration capacity, as well as the storage of 

carbon in standing biomass over time (see e.g., Repo et al. 2010; Dehue et al. 2011; Zanchi et al. 

2011; Manninen et al. 2012). This issue is linked to land-use change and indirectly to land-use 

change effects and is further discussed in Chapter 3.2. 

Other regulating services include erosion control and buffering capacity. An intensification and 

increase of output of biomass from forests will affect both aspects. Concerns have been raised 

about the increased levels of run-off with nitrogen and methyl mercury as a consequence of intensi-

fied forestry. Such intensified forestry could also mean controlling water tables. 

Supporting services - forest 

Examples of supporting services include nutrient cycling and soil formation. In Sweden, clear cut-

ting became the dominant silviculture method for harvesting the forest biomass in the 1960-1970’s. 

During these years, there was only slight formal attention paid to preserve environmental values, a 
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situation which has changed since. Still, the clear cut of an area will have immense effects on the 

ecosystems, flora and fauna. Measures are made to decrease the negative environmental impacts 

resulting from clear cuts. One such measure is introduction of retention forestry, leaving some trees 

or groups of trees in the clear cut area (Gustafsson et al. 2012). 

A number of environmental organisations would like to see a higher share of so-called “continuous 

cover forestry” (Johansson et al. 2009; Naturskyddsföreningen 2011). Continuous cover forestry 

will typically reduce negative impacts on the ecosystems and support high biodiversity in the for-

ests, a management regime that should be considered an alternative method to clear cutting (Dahl-

berg 2011). 

Biodiversity can also be affected by the introduction of non-native species to the ecosystems. In 

Swedish forestry, the introduction of the Lodgepole Pine (Pinus contorta) has raised concerns of 

the Swedish pine tree species will be affected. 

Cultural services - forest 

The forest provides a number of cultural ecosystem services connected to aesthetic, spiritual, edu-

cational, and recreational values. Recreational values and being able to freely move about to expe-

rience nature are considered to be of great value to the population and it is a customary right for 

Swedish people to enjoy access to forests and other land. The research project “Friluftsliv i Föränd-

ring” (Outdoor Recreation Undergoing Change) focuses on changes in how people are making use 

of nature for recreation and other activities (Fredman et al. 2006). The research project illustrates 

the gap of knowledge on how to value recreation and the role of nature for the general well-being 

of people. In a recent thesis by Sandberg (2012), the issue of children’s interaction with nature is 

analyzed. He finds that parents in general would like to see their children spend more time out-

doors, for example in forest areas close to where they live, and that the experience the children 

receive from their outdoor activities will be central in their upbringing. These examples highlight 

that there is a redefinition of the value that forests, farmlands and other places have to human be-

ings. In a pilot-study by Sonntag-Öström et al. (2011), it is shown that people with stress-related 

exhaustion are feeling better after being exposed to boreal forests. 

It is difficult to assess whether recreational aspects would be affected by an intensification of bio-

mass production in the forests. Forests are considered “beautiful” and easy to access. Other aspects 

relate to accessing provisional services, such as berries, mushrooms and hunting. At the same time, 

many provisional services go hand in hand with recreation – for example, people like to spend time 

in the forests since they are relaxing, frequently in combination with picking mushrooms. 

The way forestry is carried out affects the scenery and image of the landscape and how it is per-

ceived by the public. A clear cut area where the stumps have been retracted will display a land-

scape different from other clear cut areas. The experience of the cultural landscape is an aspect that 

many people cherish and do not wish to see altered. An example is the controversy concerning the 

location of wind power plants in the Swedish landscape (Henningsson et al. 2012), where many 

argue that these plants disturb the visual enjoyment of the landscape. 
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2.5.2 Socioeconomic aspects of bioenergy from farmland in Sweden 

Biofuels, ecosystem services and human wellbeing 

In a review of the drivers and impacts of biofuel production on ecosystem services and human 

wellbeing, Gasparatos et al (2011) present a framework based on the Millenium Ecosystem As-

sessment (2005). Ecosystem services are classified into provisioning, regulating and cultural ser-

vices. The provisioning services of agriculture are food, but also fuels, and there is a trade-off be-

tween them. Another provisioning service is related to water, both quantity and quality. Important 

regulating services include climate regulation, air quality regulation and erosion control. Cultural 

ecosystem services provided by agricultural land include the open landscape, which is cherished in 

a country mainly covered by forests, as well as animals, especially horses. Biomass production on 

agricultural land can contribute to keeping the landscape open when crops are harvested every year. 

On the other hand, woody energy crops such as willow are sometimes seen as a threat to the open 

landscape. Cultural ecosystem services can have a large economic value, especially for tourism. 

In the framework of the Millenium Ecosystem Assessment, ecosystem services are seen as affect-

ing human well-being in a number of ways. The aspects of human well-being that are related to 

bioenergy from agriculture include rural development, energy security, food security, health, land 

tenure and gender issues (Gasparatos et al, 2011). 

Socioeconomic aspects of agricultural land-use change 

Swedish agricultural land use during the 1990-2010 period has changed; there are 30% fewer farms 

that occupy on the average 34% larger size (a change from 30 to 40 ha), which produce approxi-

mately the same economic total value (Edenbrandt, 2012). Farms larger than 100 ha now cover half 

the agricultural land. Larger farms experience higher growth rates. The main change in land cover 

is a trend towards large shares of grasslands. Farms have become more specialized in terms of agri-

cultural products, especially small and medium-sized farms. However, farmers have become more 

diversified in their activities, with income from activities other than farming, such as tourism, 

transport, energy production and small scale food processing. Farmers that give up farming are 

either young or are approaching retirement. Middle-aged farmers are least likely to give up farm-

ing, possibly because of a lack of other opportunities. More farms have closed in the sparsely in-

habited forest regions where farms are smaller. The regional specialization has become more pro-

nounced, with Southern fertile plains becoming more specialized in crops and forest regions more 

specialized in cattle breeding. The development towards fewer, larger and more specialized farms 

is attributable to a number of factors: technological development, price development, demography, 

policies and a structural change among customers (Edenbrandt, 2012). 

Experiences of farmland bioenergy in Sweden 

There are a number of potential sources of biomass for biofuels from Swedish agricultural land, 

with differing socio-economic implications. The possibility of cultivating biomass for biofuels 

might provide new options for income in the forestry sector. At present, much of the biofuels seen 

on the Swedish market derive from crops such as wheat, rapeseed or barley (Energimyndigheten 

2012), established food and feed crops that do not require any changes in land use or farm man-

agement. 
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The Swedish experience of willow plantations (Salix) short rotation forestry presents an interesting 

case for the socio-economic aspects of bioenergy from farmland. Willow plantation was promoted 

among farmers in the early 1990’s and resulted in 16,000 ha of farms without livestock, mainly in 

central Sweden around Lake Mälaren (Dimitriou et al 2011, Rosenquist et al 2000). Subsidies were 

offered for the conversion to Salix. Despite projections for a drastic increase, the area planted 

slightly decreased and many farmers were disappointed with their Salix investments (Helby et al 

2006). A main reason was that yields were not as high as expected because Salix was planted on 

low-quality land that was not well managed (Dimitriou et al 2011). Prices for Salix fuels have been 

lower than expected, but were not the main cause for this failure (Helby et al 2006). 

Farmland biogas development has been constrained by poor profitability. To overcome this prob-

lem, a 30% investment subsidy was introduced in 2009, which led to a noticeable increase in farm 

based biogas. However, in the spring of 2012, this still added up to only 35-40 plants. To be profit-

able, manure based biogas plants would have to be larger than the medium Swedish dairy farm. 

There are technical solutions for relatively small, simple plants for single farms, but there are eco-

nomic and production benefits related to larger plants which demand more resources in terms of 

capital, substrate and labor than managed by the typical Swedish farmer. Thus, there are potential 

benefits accruing to farmers who engage in collaborative ventures. 

Straw as a farmland biomass resource has been investigated and discussed for 20 years but has met 

with only minor response in Sweden. In contrast, in neighboring Denmark, straw is an established 

biomass source used in small scale installations, as well as in district heating and CHP plants. 

Straw is a problematic fuel, but the Danish experiences show that the technical difficulties are pos-

sible to overcome. In a comparative study of the use of straw for heating in Denmark and Southern 

Sweden, Voytenko and Peck (2012) conclude that the success of straw bioenergy in Denmark was 

caused by “a combination of strong political will, adoption of effective policy instruments support-

ing straw use for energy, collective action [...] and extensive research in the field. All successful 

examples of transition towards bioenergy were found to deliver co-benefits, and collaboration be-

tween actors in the biomass chain in the form of contracts, agreements or through shared co-bene-

fits are crucial to progress.” (Voytenko & Peck 2012, p. 45). 

Farm businesses and bioenergy 

When considering the development of agriculturally based bioenergy from a farmer entrepreneur-

ship perspective, a number of issues arise: Farmers have to recognize opportunities if they are to 

use agricultural resources (fields, machinery, labour, etc.) for bioenergy production in line with 

their attitudes and values. Shane & Venkataraman (2000) call this “opportunity recognition”. 

Moreover, the opportunity must be perceived to offer a greater value than the value gained from the 

current use of resources (alternative costs), plus a risk premium. If this were to occur, the farmer 

would need to have both the knowledge and the ability to understand and recognize the value of 

such a new opportunity (Cohen & Levinthal 1990). 

In addition to business aspects such as expected economic costs and returns, profit maximization, 

and strategic implications; the business development decisions of farmers are also influenced by 

social aspects, such as family duty, lifestyle, and community image (Hansson & Ferguson 2010). In 

a comparative study of 18 cases of decentralized bioenergy systems from the developed as well as 

the developing world, Mangoyana & Smith (2011) point out the key role of economic factors for 

driving small scale energy systems, as well as the importance of the wider community adoption of 
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bioenergy use. The social context in which farmers exist implies that any new business develop-

ment opportunity will depend on the interplay between the new technical opportunities and the 

values, attitudes, norms and rules of the social environment of farmers (Jack and Anderson 2002). 

In the case of choosing bioenergy crops, attitudes towards landscape values are important. Farmers 

as well as others cherish certain landscapes due to their perceived significance (Selman 2010), per-

ceptions that may matter in their decision-making on which new crops to sow. 

Agricultural policy and bioenergy 

Agricultural policy affects bioenergy from farmland, especially the EU Common Agricultural 

Policy (CAP) and the EU Rural Development Policy (RDP). The RDP, with its focus on rural de-

velopment and the environmental effects of production, is the so-called CAP “second pillar”, while 

the “first pillar” concerns direct support payments to farms. The current RDP points to the impor-

tance of climate change mitigation, yet in the plans for the next CAP period (2014-2020), this is 

further emphasized (EC, 2011). Biomass and renewable energy production are seen as keys to un-

locking the potential of the agricultural sector to mitigate climate change. However, it is unclear 

whether this potential will be realized (Waldenström et al 2011). 

Within given limits, member states may choose to emphasize certain objectives and specific 

measures in their national RDP programs. During the present program period, the Swedish budget 

for axis 1 (competitiveness of the agricultural and forestry sector) is 14 percent of the total public 

RDP budget, the budget for axis 2 (the environment and the countryside through land manage-

ment) is 69 percent, the axis 3 (diversification of rural economy and improving the quality of life in 

rural areas) budget is eight percent and the axis 4 (local governance and territorial development) 

budget the minimal seven percent. Thus, agro-environmental measures dominate the Swedish im-

plementation of the program. 

2.5.3 Knowledge gaps 

A main challenge is to be able to account for and make initiated decisions about mutually accepted 

arguments. As shown in Beland-Lindahl (2009), the arguments are not shared among all stakehold-

ers. Some arguments are agreed on by some stakeholders who may not agree on other arguments. 

As the forestry and bioenergy production on farmland have become part of the climate, energy and 

biodiversity debates, new stakeholders have ventured into these debates, bringing arguments and 

claims of ecosystems services that were previously not major issues in these debates. The discus-

sion on the socio-economic aspects of forests and farmlands has not become less complex over 

time, but rather the opposite. 

In Sweden, nature is accessible and free for all to experience within certain limits which makes a 

large portion of the population into stakeholders of the Swedish landscape. Among ecosystem ser-

vices, recreational values loom large. The increase of biomass output from forestry and farming 

will affect the experience of the landscape, as well as the opportunity to access these lands. There is 

a need for further research on how various stakeholders and their interactions may contribute to and 

be affected by land-use change caused by increased biofuel production. 
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3 LAND-USE CHANGE EFFECTS: GLOBAL 
PERSPECTIVE 

3.1 CLIMATE IMPACTS OF LAND-USE CHANGE 

There are a number of ways in which changes in land use can influence the climate. For example, 

both warming and cooling effects occur at deforestation (Figure 8). Emissions of greenhouse gases 

from soil and the combustion of biomass lead to global warming effects. Also, deforestation leads 

to reduced evapotranspiration. “Evapotranspiration” is the collective term for water movements in 

a plant, and since it requires energy, the process has a cooling influence. This means that defor-

estation will lead to decreased evapotranspiration and a warming effect compared to keeping the 

forest intact. 

A living forest emits organic compounds (aerosols) which can have a direct (by scattering sunlight) 

and indirect (influencing clouds) cooling effect on climate. Consequently, land-use changes such as 

deforestation implies a warming effect compared to keeping the forest intact. Aerosols are also for-

med when biomass is burned, for example when clearing the land for cultivation. These aerosols 

are thought to have a cooling effect on the climate. However, it should be kept in mind that the ef-

fect of aerosols on clouds, precipitation and the climate remains one of the largest uncertainties in 

our climate system (IPCC, 2007). 

Forests are usually dark, meaning that deforestation will increase the albedo (whiteness), which 

increases the reflection of sunlight and, therefore, has a cooling effect. This effect is especially evi-

dent in areas where there is snow during the winter. Imagine a coniferous forest that is green all 

year around, compared to an agricultural field, which is white during the winter. 

In the following chapters, the factors relating to land-use change and climate are further explored. 

 

Figure 8. Simplified example of factors that influence climate due to land-use change, in this case deforesta-

tion. Inspired by Spracklen et al. (2008). 
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3.1.1 Different Methods of Quantifying Climate Impact 

Before further exploring the factors behind climate and LUC, it is important to be aware of how we 

quantify climate impact. 

About half of the incoming solar energy reaches the Earth's surface where it is absorbed by land 

and ocean. The rest of the solar energy is reflected back into space or is absorbed by our atmos-

phere. The energy which reaches the Earth's surface is radiated back into space as long-wave en-

ergy. The balance between absorbed and radiated energy determines the average temperature on 

Earth – the so-called radiation balance. Certain factors can influence the radiation balance. Ac-

cording to the IPCC definition, radiative forcing (RF) is a measure of the influence of a factor in 

altering the balance of incoming and outgoing energy in the atmospheric system of the Earth, and is 

expressed as Watts per square meter (W/m
2
). 

An increase in radiative forcing tends to warm the surface of the planet, while decreased forcing 

cools it. For example, increased concentrations of CO2 lead to positive radiative forcing and a 

warmer climate. The increase or decrease in radiative forcing is measured relative to a reference 

level. The year 1750 is often used by IPCC as a reference, representing a pre-industrial level of 

human development (IPCC, 2007; Zetterberg, 2011). 

The global warming potential (GWP) is a commonly used climate impact metric. It is a method to 

weigh together different greenhouse gases, using key factors (Table 2). The GWP factors reflect the 

ability of each greenhouse gas to trap the heat in the atmosphere relative to carbon dioxide. The 

GWP factor of a greenhouse gas is defined as “the integrated radiative forcing over a specified 

period (e.g., 100 years) from a unit mass pulse emission” (IPCC, 2007). It takes into account the 

lifetime and radiative efficiency of a substance in the atmosphere. 

Table 2. GWP Factors (IPCC, 2007) 

 20 years 100 years 500 years 

Carbon dioxide (CO2) 1 1 1 

Methane (CH4) 72 25 7.6 

Nitrous oxide (N2O) 289 298 153 

This means that emission of 1 kg of methane is equivalent to emitting 25 kg of carbon dioxide, 

when applying a 100 year perspective. Since the reference gas used is carbon dioxide, the GWP is 

expressed as kg (gram or ton) CO2 equivalents. 

In most LCA of biofuels, the GWP factor for CO2 emitted during combustion of the fuel is put at 

zero on the assumption that the same amount of CO2 emitted was sequestered during the growth of 

the plant feedstock. For annual crops, this is a reasonable assumption. However, for feedstock with 

longer rotations, such as forestry or short rotation coppice, there is a time lag between emission and 

sequestration. For example, if the accounting were to start with the felling of a tree and the tree 

were combusted, there will be a release of CO2 into the atmosphere. If a new tree were planted on 

the same location, it would take a full rotation (up to a 100 years) before the same amount of CO2 

would be withdrawn from the atmosphere. During that time, the CO2 would have a climate effect. 

Similar land-use change will contribute both to the release and sequestration of carbon, which var-

ies over time. 
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Several approaches have been proposed in order to account for the time dependent effects of bioen-

ergy systems in LCA (Bird et al. 2009; IEA, 2010). Some alternative metrics include the GWP Bio 

Index (Cherubini et al. 2011), and the Global Temperature Potential (GTP) (Shine et al. 2005). The 

climate impact can also simply be expressed as the radiative forcing over time. In this way, the 

impacts of albedo, evapotranspiration and aerosols can be included. 

However, it should be realized that RF is a metric quite different from the GWP, the latter being a 

policy metric that allows a comparison to be made between the marginal impact of the addition of 

the emission of a gas relative to CO2. However, since GWPs use the radiative forcing of a gas, 

cloud or aerosol (IPCC, 2007), the RF concept underlies GWPs. Climate metrics, their science and 

policy applications have been discussed in great detail by Fuglestvedt et al. (2003). Fuglestvedt et 

al. conclude that the radiative forcing concept is a robust and useful metric of the potential climatic 

impact; however, even though GWP has its shortcomings, it has nonetheless some advantages in 

terms of political feasibility. 

3.1.2 Greenhouse gas emissions from Land-Use change 

Biomass contains significant carbon stocks in both above-ground and below-ground parts. Apart 

from the type of vegetation or ecosystem, in existence on the land, biomass carbon stocks are af-

fected by the climate zone and geographical regions (see Table 3). 

Table 3. Carbon stocks (t C/ha) in above and below ground biomass in different land types exemplified by 

some climate zones and geographical regions (from Carre et al (2009) based on IPCC default factors). 

Land use Region Climate zone 

  Boreal Cool temper-

ature, wet 

Tropical 

moist 

Tropical wet 

Grassland All 4.3 6.8 8.1 8.1 

Shrubland Europe  7.4 n.a. n.a. 

 America 7.4 7.4 53 53 

 Africa 7.4 7.4 46 46 

Forest less than 30% 

canopy cover 

Europe n.a. 14 n.a. n.a. 

Asia continent 12 n.a. 21 36 

S America 12 21 26 39 

Forest above 30% 

canopy cover 

Europe 12 84 n.a. n.a. 

Asia continent 53 n.a. 110 185 

S America 53 120 133 198 

In addition to the above and below ground biomass, there is also some carbon in dead organic 

matter in forests. These carbon stocks are significantly higher for boreal forests, e.g. 28 t C/ha 

compared to tropical forests (2.1 t C/ha) (IPCC, 2006). 

Furthermore, soils contain considerable amounts of carbon some of which can be lost when there is 

land transformation. Although there are large differences in how the land is managed, cropland that 

includes annual crops is generally considered to be a land use practice that tends to reduce soil 

carbons. Forest and grassland (perennial crops) represent land use that has a more favorable effect 

on soil carbon. 

Deforestation is often carried out by burning biomass (after removing valuable trees for timber). 

This combustion is incomplete and the burning does not only release carbon dioxide into the at-



BIOFUELS AND LAND USE IN SWEDEN – AN OVERVIEW OF LAND-USE CHANFE EFFECTS 

f3 2013:7 52 

 

mosphere, but it also releases other greenhouse gases, methane and nitrous oxide of minor signifi-

cance. Thus, carbon dioxide emitted when the biomass is burning and decomposing is the major 

GHG emission associated with deforestation (Cederberg et al., 2011). 

In Table 4, GHG emissions estimated when different ecosystems are converted into cropland are 

shown based on a study by Searchinger et al (2008) in which the research group also included a 

comparison with IPCC estimates. This research modelled the potential conversion of forest/grass-

land into cropland as an effect of the increasing production of maize ethanol in the U.S. which indi-

rectly would lead to a conversion of different ecosystems into cropland all over the world. The 

estimates assumed the loss of 25% of the carbon in top meter soils and the loss of all carbon in 

vegetation through burning or decomposition. As seen in Table 4, the conversion of wetlands into 

agricultural production would lead to high emissions due to substantial losses of soil carbon when 

organic soils are drained. 

Table 4. GHG losses when converting different ecosystems to new cropland assuming a 25% loss of soil 

carbon and all carbon in vegetation (biomass) (from Searchinger et al, 2008). 

Ecosystem Estimates by Searchinger et al 

(2008) tons CO2eq/ha 

IPCC (summary of different cited stud-

ies), tons CO2eq/ha 

Tropical forests 553-824 604-824 

Temperate forests 297-627 688-770 

Tropical grassland and 

savannas 

189-214 75-305 

Temperate grassland 139-242 111-200 

Wetlands 1146 (tropical moist forests in south 

east Asia) 

748 (worldwide) 

3.1.3 Effects on evapotranspiration due to Land-Use Change 

Evapotranspiration (ET) is the sum of water fluxes from plant transpiration and evaporation into 

the atmosphere. Water movements in a plant are called transpiration and for each molecule re-

tained, vast amounts of water enter and leave a plant. Water is lost to the atmosphere mainly in the 

form of vapor through stomata in the plant´s leaves. Evaporation is the movement of water into the 

atmosphere from soils, water bodies etc. ET requires energy which means that the process has a 

cooling influence. 

Forests differ from cleared land in two hydrologically significant ways: they have high rates of ET 

and their soils allow the rapid infiltration of rain water. ET by forests is generally greater than other 

land covers due to low albedo and low daytime surface temperatures, high aerodynamic roughness, 

high leaf area and deep roots. Several studies have shown that ET is higher in tropical forests than 

in replacement land covers, for example pastureland. Moreover, undisturbed soils in tropical forests 

support rapid infiltration as opposed to deforested areas where soil can be compacted by humans, 

animals or vehicles (Giambelluca, 2002). 

Amazonia, holding more than 40% of all remaining tropical rainforests in the world, has been the 

focus of many studies on hydrological dynamics. Here, the rich vegetation releases large amounts 

of water vapor through transpiration and together with evaporation; this equals 50-60% of the total 

rainfall in the region. Part of this rainfall is induced by a precipitation recycling of 25-35% 

(D´Almeida et al, 2007). Studies of Amazonia show that the spatial scale of deforestation is im-
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portant in terms of its impact on the hydrological cycle. An extreme scenario, including the defor-

estation of the whole Amazon basin, would result in a major restructuring of land-atmospheric 

dynamics and lead to a severe decline of ET and on precipitation recycling, thereby weakening the 

hydrological cycle in Amazonia as a whole. Areas of local deforestation (<100 km
2
) are too small 

to affect rainfall; however, run-off increases while ET decreases. Regional deforestation (100 – 

10000 km
2
) leads to the transformation of areas large enough to influence circulation, strengthening 

convection and potentially increasing rainfall (D´Almeida et al, 2007). In the early years of 2000, 

the forests of Amazonia covered about 5.4 million km
2
, which represented approximately 87% of 

their original extent (Mahli et al., 2008). 

3.1.4 Changes in surface albedo due to Land-Use Change 

Albedo describes the amount of incoming solar shortwave radiation on a surface that is reflected 

back into space and is the ratio between outgoing and ingoing radiation expressed as a percentage 

or a value between 0 and 1 (Table 5). Light surfaces reflect much of the sun’s energy and feature a 

high albedo factor. Dark surfaces absorb the sun’s energy to warm the Earth’s surface and feature a 

low albedo factor. The albedo factors have been derived through the use of satellites and remote 

sensing technology (Boeker and Grondelle, 1999; Bodikova, 2010). Accordingly, in Table 5, agri-

cultural crops have higher albedo factors than coniferous forests, implying that changing land use 

from coniferous forests to agricultural crops produces a climate cooling albedo effect. Similarly, in 

regions with snow cover, afforestation would result in a lower surface albedo effect and hence a 

positive radiative forcing, resulting in a net warming despite the removal of CO2 from the atmos-

phere (Pielke et al., 2002; Betts, 2000). 

Table 5. Reflectivity values of various surfaces. Source: Budikova and Hogan (2010). 

Surface Details Albedo 

Soil Dark and wet  0.05 - 

0.40 Light and dry 

Sand   0.15 - 0.45 

Grass Long  0.16 - 

0.26 Short 

Agricultural crops  0.18 - 0.25 

Tundra  0.18 - 0.25 

Forest Deciduous 0.15 - 0.20 

Conferious 0.05 - 0.15 

Water Small zenith angle 0.03 - 0.10 

 Large zenith angle 0.10 - 1.00 

Snow Old 0.40 - 

0.95 Fresh 

Ice Sea 0.30 - 0.45 

 Glacier 0.20 - 0.40 

Clouds Thick 0.60 - 0.90 

 Thin 0.30 - 0.50 

The albedo effect has a significant impact on the global climate. Bala et al. (2006) calculate that if, 

theoretically speaking, the entire Southern hemisphere at mid-latitudes would be forested, that 

might result in a warming of 1.1°C due to the direct albedo effect. Pursuant to the fourth IPCC 

Assessment report (IPCC, 2007), the change in surface albedo from the expansion of agriculture 
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since preindustrial times due to land-use change was likely to have led to a radiative forcing of 

−0.2±0.2W per m
2
, leading to a global cooling of about −0.1°C (Kirschbaum et al., 2011). 

3.1.5 Changes in aerosols and cloud albedo due to Land-Use Change 

What are aerosols and how do they influence the climate? 

An aerosol is defined as a suspension of solid or liquid particles in a gas. The word aerosol includes 

both the particles and the suspending gas, which is usually air. Aerosols in the atmosphere can 

influence the radiative forcing directly or indirectly. The direct effect is through the reflection and 

absorption of solar radiation into the atmosphere. Whereas most organic aerosol components scat-

ter light and cool the Earth’s atmosphere, black carbon released when forest land is burned heats 

the atmosphere by absorbing solar radiation. The indirect effect of aerosols occurs through modi-

fying cloud properties. The amount of droplets in a cloud may change, thereby altering the reflec-

tion, in addition to the lifetime of cloud and precipitation patterns (Spracklen et al, 2008). 

Atmospheric aerosols originate from either naturally occurring processes or from anthropogenic 

activity. Major natural aerosol sources include particles and organic compounds from forests, vol-

canic emissions, sea spray, and mineral dust emissions, while anthropogenic sources include emis-

sions from industry and combustion processes (Colbeck & Lazaridis, 2010). Aerosols are also 

formed during the burning of biomass for energy purposes or for the clearing of land (Penner et al., 

1992). Mineral dust from agriculturally eroded regions is another source of aerosols from land use 

(Colbeck & Lazaridis, 2010). 

Natural aerosols from forests 

Pertaining to land-use change, it is relevant to take a closer look at aerosols that are naturally pro-

duced from a forest. Vegetation can emit particles directly into the atmosphere, such as spores, 

fungi and leaf matter. Their contribution to the mass of aerosol may be substantial, but their climate 

relevance is considered relatively low (Kanakidou et al., 2005). 

Vegetation also emits volatile organic compounds such as terpenes; these are the compounds that 

make the forest smell like a forest. The terpenes can in the atmosphere turn into aerosols. In a study 

by Spracklen et al. (2008), it was found that in cold climatic conditions, the snow surface albedo 

effect dominates the aerosol cloud albedo effects with the consequence that boreal forests warm the 

climate. However, in warmer zones, boreal forests may emit sufficiently large amounts of organic 

vapor to modify the cloud albedo effect; Spracklen et al. (2008) report that boreal forests can dou-

ble the regional cloud condensation nuclei concentrations, implying that boreal forests can in fact 

in some cases cool climate. 

Aerosols due to biomass burning 

Aerosols also originate from biomass burning, e.g. wild fires, when clearing land, burning agricul-

tural residues or when biomass is used for energy purposes. Biomass burning aerosols contain 

about 10% of black carbon by mass, which has a warming effect. However, since other primarily 

sulphur containing aerosols have a cooling effect, the net effect of aerosols from biomass burning is 

considered to be cooling. 

To summarize the aerosol impact on the climate due to LUC, burning biomass to clear land will 

lead to emissions of sulphur containing aerosols that act to cool climate. However, forests that nat-



BIOFUELS AND LAND USE IN SWEDEN – AN OVERVIEW OF LAND-USE CHANFE EFFECTS 

f3 2013:7 55 

 

urally produce organic aerosols that cool the climate will no longer will be produced if the forest 

was removed. Thus, in our LUC evaluation, the aerosol effect can therefore be either cooling or 

warming, dependent on the context. 

3.1.6 Summarizing climate impacts of Land-Use Change 

Afforestation could increase the availability for biomass feedstock for second generation biofuel 

production. Deforestation could on the other hand make more land available for annual crops. So 

what are the climate impacts of deforestation vs. afforestation?  In a study by Bala et al. (2007), 

theoretical global-scale deforestation was simulated. The results showed a net cooling influence on 

the Earth’s climate because the warming effect of carbon release would be outweighed by the net 

cooling associated with albedo and evapotranspiration changes. However, the study also indicated 

that there are large geographical differences. Bala et al. (2007) define three regions: Tropical (20°S 

to 20°N), temperate (20–50°in both the Northern and Southern Hemispheres), boreal (50–90° in the 

Northern Hemisphere). As a comparison, it can be mentioned that Sweden is located between 55°N 

and 69°N. Afforestation projects in the tropics would be clearly beneficial in mitigating global-

scale warming. In temperate regions, the carbon and albedo effects cancel each other out on a 

global-mean basis and afforestation in these regions would only offer marginal benefits. Bala et al. 

(2007) conclude that due to the large albedo effects, afforestation in the boreal regions would be 

counterproductive. 

Similar results were reached in a study by Claussen et al. (2001). Because of the increase in atmos-

pheric CO2, which outweighs the biogeophysical effects (albedo, evapotranspiration, etc), tropical 

deforestation tends to warm the planet. In mid- and high Northern latitudes, however, biogeophysi-

cal processes, mainly the snow-vegetation-albedo feedback through its synergism with the sea-ice-

albedo feedback, defeat biogeochemical processes, thereby eventually leading to global cooling in 

the case of deforestation and to global warming in the case of afforestation. 

In a study by Kirschbaum etl al. (2011), the afforestation of pasture in New Zealand was studied. 

The albedo effect of a well established forest was measured at 13% and the pasture albedo at 20 %. 

Following afforestation, it was found that 27 tons of carbon per hectare would need to be stored in 

a growing forest in order to balance the increase in radiative forcing resulting from the observed 

albedo change. 

As pointed out by Spracklen et al. (2008), these types of studies ignore the impacts of atmospheric 

aerosol caused by natural emissions from forests or biomass burning from land clearing. Unfortu-

nately, few studies on land-use change include aerosol impacts, making it very difficult to draw any 

conclusions on the climate impact of land-use change due to extended biofuel production. 

To complicate matters further, there are feedback loops that need to be considered. Feedbacks are 

processes that amplify or dampen the effect of a forcing. For example, if changes were made to the 

vegetation cover (affecting greenhouse gases, aerosols and albedo effects), the climate system 

would respond. The ecosystem would then in turn respond to climate changes (e.g warmer climate 

and more precipitation could affect the type of plants, growth rate, length of growing season, etc), 

which in turn would effect the climate (Bonan, 2008; Carslaw et al., 2010; Foley et al., 2003) see 

Figure 9. 
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Figure 9. Biophysical feedbacks between climate and vegetation cover. Climate changes can affect vegeta-

tion cover through changes in temperature, precipitation, and net radiation. Changes in vegetation cover and 

surface properties can in turn affect the climate. Source: Foley et al. (2003). 

3.2 QUANTIFICATION OF INDIRECT LAND-USE CHANGE 

The quantification of GHG emissions due to indirect land-use changes (iLUC) are quite dissimilar 

from the quantifications of direct changes, as the theory in iLUC-modelling is based on economic 

market reactions to the increasing demand of biofuels as opposed to quantifying direct changes, 

which relies on natural science. 

Although LUC due to bioenergy expansion was already discussed in the 1990s (see e.g. Marland & 

Schlamadinger, 1997; Leemans et al., 1996), the debate of the impact of indirect LUC on bioener-

gy GHG balances boomed after the publishing of two studies in 2008. Both Searchinger et al. 

(2008) and Fargione et al. (2008) demonstrated that iLUC could increase carbon emissions follow-

ing biofuel expansion to such a level that they become more damaging than fossil fuels. These 

studies contributed to the EC decision to introduce an iLUC emission factor in the calculation rules 

for greenhouse gases (see further section 3.4). 

Indirect land-use changes are not observable. A farmer in Europe starting to grow wheat for bio-

ethanol cannot see any indirect effects and it can never be proven that a certain land use in for ex-

ample Brazil is the effect of a the farmer´s change from producing wheat for food into wheat for 

ethanol. The linkages are complex and impossible to track down to a certain field. The only way to 

quantify iLUC is by using models. Two types of modelling approaches can be identified: economic 

equilibrium modelling and causal descriptive modelling. 

3.2.1 Economic models 

Economic equilibrium models are complex optimization models, which can study the entire global 

economy or a specific sector, such as agriculture. All equilibrium models are based on the assump-



BIOFUELS AND LAND USE IN SWEDEN – AN OVERVIEW OF LAND-USE CHANFE EFFECTS 

f3 2013:7 57 

 

tion of perfect markets and that equilibrium is reached when demand equals supply in the economy 

studied. The different models optimize different benefits; in a partial model of agriculture, the 

farmers' profits might be optimized. In general equilibrium models, it may be corporate profits that 

are maximized (Widell, 2009). 

There are several different economic models, which have been developed and used by researchers 

for many years. Economic models typically assess changes associated with the implementation of a 

policy, such as a biofuel policy. The land-use change is often calculated as the difference between a 

scenario with and a scenario without the implementation of a policy. Most models are complex, not 

transparent and can only be run by researchers who have in-depth knowledge of the model. 

3.2.2 Casual descriptive models 

Several “simplified” alternatives to the economic models have been developed, with varying ap-

proaches. The common feature is that they try to use descriptive methods rather than complex op-

timization models. One model, for example, lets reference expert groups describe likely scenarios 

of market reaction to the increased demand of biofuel (Bauen et al., 2010). Others use statistics of 

past land-use changes to predict future land-use changes (for example Fritsche et al., 2010; Tipper 

et al., 2009). 

3.2.3 iLUC factors 

Most economic models gives results as the number of hectares of additional land needed for the 

introduction of a biofuels policy, and regions involved. But they do not give answers to exactly 

where the change will take place and what type of land that will be affected. Therefore, additional 

assumptions on which land is going to change and the amount of GHG emissions that are associ-

ated with the change are needed. For this purpose, other types of biophysical models are used. The 

GHG emissions associated with indirect land-use change is often referred to as iLUC-factors, ex-

pressed as the CO2-equivalents per MJ biofuel. 

When land use changes, there can be a large initial loss of carbon stocks followed by a number of 

years before a new equilibrium is reached. Usually, the total amount of carbon lost is divided 

equally over a certain number of years, so that a crop grown right after a conversion and several 

years after the conversion will be penalized with the same emission factor. Often, the emissions are 

divided over 20, 30 or 50 years. 

In Figure 10, the resulting GHG emissions from different modelling efforts are presented. A couple 

of studies show impacts below zero. This is because they assume that by-products from the biofuel 

production replace high-emitting alternatives, such as soy grown in previous rain forest. 

As a comparison to the biofuel’s GHG emissions, the tailpipe emissions of 1 MJ petrol is approxi-

mately 72 g CO2eq and including direct and indirect emissions from production and distribution 

leads to higher emissions. The value of petrol used for comparison in the EU Renewable Energy 

Directive is 83.4 g CO2eq per MJ. According to Liska and Perrin (2009), petrol can cause up to 

195 g CO2eq per MJ if indirect effects, such as military efforts in oil producing countries, are in-

cluded. 
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Figure 10. Model results of annualized GHG emissions (g CO2 equiv./MJ) due to LUC. Notes: Some studies 

show results as intervals (illustrated with lines), others as specific values (illustrated with dots). The emis-

sions are allocated over a period of 20 years. ‘E’ stands for equilibrium models, ‘S’ simplified models. The 

large variation in results from the different studies clearly illustrates the high uncertainty associated with 

modelling efforts. The image has previously been published by Di Lucia et al. (2012). 

3.2.4 Why such different results? 

Model assessments of LUC display large variations in results (Figure 10). There are many reasons 

for the large divergence found. 

The choice of model is of course important: if an economic or descriptive model were used. It is 

also important to consider that all models are projections of future changes, and that it would be 

remarkable if all models showed the same results. 

Most models are incapable of distinguishing between dLUC and iLUC. The economic models, for 

example, give the results as the land-use change between a scenario with, and a scenario without, 

the implementation of a biofuel policy. The total LUC on a global level broken down into smaller 

units of different biofuels is reported. Some of the casual descriptive models have the same top-

down approach, assessing total LUC. However, most studies report the results as iLUC even 

though it is not always obvious if dLUC or iLUC is included. 
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For the economic models specifically, there are several reasons for the varying results directly con-

nected to the modelling (Cornelissen et al., 2009; DGEnergy, 2010; Khanna and Crago, 2011; 

Nassar et al., 2011; O´Connor, 2011; Prins et al., 2010; Yeh and Witcover, 2010): 

 The economic models are originally developed for purposes other than assessing iLUC. 

They represent different world views and, therefore, different assumptions for the devel-

opment of oil prices, food prices, etc. 

 Some economic models study entire economies (general equilibrium models), while others 

only study specific sectors of the market (partial equilibrium models). 

 Different policies and different end points are studied. The ratio between biodiesel and 

ethanol that is produced to fulfill a policy goal can differ and in some models, second gen-

eration fuels are also included. 

 The geographical resolution differs. Some models study the crop trade in every country in 

detail, while others aggregate larger areas.  

 The commodity level resolution varies. While some models study “cereals”, others can 

differentiate between wheat, oat, etc. Some models also allow for forest products to be 

used as biofuel raw material.  

 Assumptions on harvest levels and raw material needs per MJ biofuel may differ. 

 Assumptions on the amount of by-products and how these are valued may differ. Some 

studies do not account for by-products at all. 

 The assumptions on how the demand for different commodities depends on, for example, 

the price of commodities (the so-called elasticity factors) is of great importance and varies 

between the models. Also how the import/export relationship is affected by price changes 

is an important assumption. 

 Some models allow the trade of biofuels, while others do not. 

 How the expansion of agricultural land is modelled differ. Some allow expansion on pas-

ture, others in forest and yet others both. The prices for land and costs of converting land 

are other important assumptions for how land use is modelled. 

 Several models cannot distinguish between deforestation and avoided afforestation. 

 Nitrous oxide emissions are sometimes included, on other occasions not. 

Efforts have been made to deal with the modelling uncertainty. In a study by IFPRI (2011), the 

uncertainty range of the economic model MIRAGE was studied (Figure 11). The uncertainty range 

was assessed using the Monte Carlo simulation, in which a large number of simulations are con-

ducted, randomly selecting parameter values (each parameter is attributed to an individual uncer-

tainty range). This, however, only shows the uncertainty distribution of one specific model. 
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Figure 11. Results of Monte Carlo simulation based on the economic equilibrium model MIRAGE for a 

number of different biofuels (IFPRI, 2011).The LUC is expressed as g CO2-eq/MJ biofuel, the density repre-

senting the frequency (based on random selection of parameter values). The results show the probability 

interval for LUC emissions. For example, 95% of the simulation results for wheat ethanol is within the range 

of 8 and 18 g CO2-eq/MJ, with a median value of 14 g CO2-eq/MJ. 

About 99% of the Monte Carlo simulations in the IFPRI study showed positive LUC-emissions (on 

the average 40 g CO2eq/MJ biofuel). This means, according to the same study, that about half of 

the gains from switching from fossil fuels to biofuels vanish even without taking into account the 

actual processing steps of the biofuels (IFPRI 2011). 

The report by IFPRI (2011) concludes that land-use related emissions eliminate more than two-

thirds of the direct emission savings. The same report also assesses different feedstock options in 

relation to resulting emissions. Sugar beets for example, have the lowest land-use emissions coeffi-

cient and sugar cane the highest coefficient. However, only considering the net emissions, sugar 

cane seems to be the best feedstock. Effective processing technologies and resulting co-products 

make sugar cane the best option. 

Sunflower oil seems to be the best option when it comes to vegetable oils compared to soybean, 

which has the highest LUC emissions. In general, the differences between emission coefficients 

among vegetable oils are profoundly small. Sunflower and palm oil are, according to the models 

and assumptions used, the only biodiesel feedstock that results in small net emissions savings for 

biodiesel – roughly 6% of the fossil fuel reference. 

In a study by Plevin et al (2010), the uncertainty in iLUC emissions from maize ethanol was stud-

ied using a Monte Carlo simulation of a simplified model. The results showed that the 95% interval 

was 25 - 150 g CO2-equivalents per MJ maize ethanol, with a median value of 65 g CO2-equiva-

lents per MJ. 
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3.2.5 Magnitude of carbon stock changes - another source of uncertainty 

The means by which indirect land-use changes produce a greenhouse gas impact is through 

changes in carbon stocks, i.e. the difference between carbon stored in biomass and soils before the 

land transformation and carbon stocks in vegetation and soils after the transformation. Calculations 

of carbon stock changes are crucial for the results of iLUC-studies, but an extensive EU review 

shows significant differences between the various models and surprisingly few discussions of 

methodological and data issues used in the studies. Important differences between studies include 

(DGEnergy, 2010): 

 The carbon stock values that are attributed to different land uses in the original ecosystem. 

This is an important parameter. Some of the disparities between studies may be attributable 

to differences in the exact parcels of land each value is meant to cover. For example, does 

the land transformation take place in the Amazon rainforest biome or in the Cerrado biome 

in Brazil? Obviously, the original vegetation in Amazon forests has substantially higher 

carbon stocks than in the Cerrado biome. Also, there are spatial variations in carbon stocks 

within these two biomes (Batlle-Bayer et al. 2010; Cederberg et al., 2011). 

 The proportion of carbon stocks that is lost during land transformation. In the case of the 

conversion of forest land to cropland, studies featuring high estimates of carbon-stock 

changes assume that all above-ground carbon and 25% of soil carbon are lost, while studies 

featuring low estimates assume that only 75% of carbon in vegetation is lost. 

 The carbon stock that is attributed to vegetation on cropland (i.e., to crops). This can vary 

from zero to 5 ton CO2 per hectare (for most crops) and 17 ton CO2 per hectare for sugar 

cane. 

 How foregone sequestration is treated, i.e. the take-up of carbon from the atmosphere by 

forests/vegetation that is lost after the land transformation. Some studies take this into ac-

count, others do not. 

 The values attributed to foregone sequestration. In the studies reviewed the highest number 

is around 5 ton CO2 per hectare and year of forest converted to cropland (EU included in 

some studies) while 0-2 ton CO2 per hectare and year is applied for North America (in 

some studies). None of the studies reviewed by the DG Energy take into account foregone 

sequestration from converted grassland. Annual carbon sequestration rates of between 0.7 

and 1.8 ton CO2 per hectare and year have been measured and calculated for continental 

European grasslands (Sousanna et al., 2010). As an average for the entire European conti-

nent, Schultze et al. (2009) estimate the average carbon sink on the European grasslands at 

around 2 ton CO2 per hectare and year. Recent studies of non-fertilized grazed grassland in 

the U.S. indicate a yearly sequestration of 1.4 ton CO2 per hectare and year (Liebig et al., 

2010). 

Of the differences listed above in how carbon stocks are handled in studies of iLUC, estimates of 

carbon stock values in the original vegetation are the most important (including biomass above as 

well as below ground). According to DG Energy (2010), even when the literature reference of car-

bon-stock values is supposed to be similar, there are still large differences between studies. Taking 

IPCC-data as examples, which are often used in studies of iLUC, a model using this data states that 

carbon stock losses are 322 tCO2/ha when forest is converted to non-forest use, while another 
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model using the same source assumes losses of 299-627 ton CO2 per hectare (temperate) and 553-

824 per hectare (tropical) for forest to cropland conversion (DG Energy, 2010). 

3.2.6 Knowledge gaps 

There are different kinds of uncertainties in the assessment of land-use changes induced by an ex-

pansion of biofuel production, as well as of its potential effects on GHG balances and GWP. One 

category includes inherent uncertainties, which persist independently of knowledge. Examples are 

the quantification of indirect land-use changes which is not observable. An increased knowledge of 

modelling iLUC, using either economic models or casual descriptive models, will improve our 

understanding of the pros and cons of the various models, but never lead to a conclusive answer of 

how an additional biofuel crop cultivation in, for example, Europe would affect land use in South 

America. Another example of inherent uncertainties relates to the potential effects of iLUC on bio-

genic GHG balances. Since iLUC is not observable, neither are its potential effects on the biogenic 

GHG balance. A better knowledge of the most crucial parameters in the quantification of iLUC and 

its potential GHG consequences, may, however, be useful in our efforts to reduce the risk of the 

negative effects of an expanded biofuel production. Such increased knowledge could be valuable in 

designing strategies, policies, and political tools minimizing the risks of negative iLUC. 

Contrary to iLUC, dLUC caused by an expansion in the biofuel crop cultivation is detectable. 

However, the quantification of its consequential changes on biogenic GHG balances often suffers 

from high uncertainties due to the lack of reliable data. Here, increased knowledge about the his-

torical cultivation systems, soil management on the actual site, the soil carbon content and its past 

trend, in addition to other specific local conditions, will reduce the uncertainties associated with 

quantifying carbon stock changes. An increased knowledge of the specific local conditions includ-

ing biological, physical, and chemical soil properties will also improve the estimations of changes 

in the potential risks of nitrous oxide emissions. However, due to the complexity in the formation 

of nitrous oxide induced by a large multiplicity of parameters, such estimates made by more site 

specific models will still include inherent uncertainties. An improved knowledge of the most criti-

cal factors is, nevertheless, valuable when developing general strategies for reducing the risk of 

biogenic nitrous oxide formation. 

Land-use change will affect the climate not only by the change in GHG emissions, but also by 

changes in albedo and evapotranspiration when, for example, forest land is converted to arable 

land. Today, these parameters are not considered in land-use change models linked to increased 

biofuel production. However, according to the IPCC (2007), the climate effects of direct aerosol, 

aerosol-cloud interactions, and evapotranspiration contain considerable uncertainties in contrast to 

the relatively high confidence in quantifying the climate effects of GHG emissions. Further, there 

are feedback loops between climate and vegetation, which are poorly understood. The shape of the 

landscape (surface roughness) can also play a role. Taking into account all these parameters will 

further increase the uncertainty. Nevertheless, an improved knowledge of LUC and its impact on 

the climate is a prerequisite for the formation of general and effective strategies preventing signifi-

cant negative effects as a result of an expanded biofuel production. 

Current modelling of land-use change and related effects on the potential for global warming often 

comprise different time and spatial perspectives. The knowledge about the importance of various 

perspectives of the resulting changes in GWP has increased during recent years, but there is still a 

knowledge gap considering these aspects. For example, the changes in the carbon stock owing to 
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dLUC are usually evenly divided over a certain period of years in the life cycle assessment of bio-

fuels. This is a simplified approach sometimes leading to questionable interpretations of the result-

ing GHG performance of the biofuel system studied. An increased knowledge about the site-spe-

cific conditions and historical soil management opens up for an improved and more dynamic ap-

proach leading to a more consistent evaluation of the time aspect. However, since this depends on 

the selected reference year which often differs between different studies, there will still be room for 

various interpretations of the consequential changes in the GWP. 

The spatial perspective may also differ in different models of the climate effects of LUC. Depend-

ing on whether the model considers an individual cultivation, plantation or forest stand or applies a 

landscape perspective including a large variety of cultivations, plantations or forest stands, the ef-

fects of LUC on the GWP will be significantly different. Thus, the issue of the spatial perspective 

in biofuel modelling is not primarily a matter of increased knowledge and improved input data, but 

rather a matter of the relevance of the applicable perspectives. 

As relevant knowledge and insights increase, the overall methodology in the assessment of the 

GHG performance of biofuels is changing over time. However, there will always exist a certain 

degree of flexibility and freedom in the choice of approaches and assumptions in the methodologies 

developed. One example relates to the definition of systems boundaries. A sufficient knowledge 

about the consequences of different systems boundaries on the results is a prerequisite for making 

relevant interpretations and rational conclusions. The systems boundaries could include a specific 

biofuel-production system where, for example, by-products and their indirect GHG effects are as-

sessed. In previous models, the handling of by-products is not scientifically consistent where, for 

example, the LUC caused by the biofuel (often negative) and by the by-products (often positive), 

respectively, is not equally assessed. Thus, there is currently a knowledge gap among some model-

lers regarding the scientific reliability in the methodology of systems studies, which leads to inac-

curate results. 

The systems boundaries could also reflect a much broader perspective, such as the global agricul-

tural system. In this perspective, the issue of direct and indirect land-use changes and their mutual 

relationship, could be questioned. Encompassing such a broad system perspective, one can argue 

that the LUC is often double counted. For example, if an expanded biofuel crop production were to 

take place on excess arable land leading to dLUC, these production systems should not be burdened 

by any iLUC effects, which is often the case in current models. Furthermore, one farmer’s iLUC is 

another farmer’s dLUC; thus, including the entire global agriculture systems and all food, feed and 

biofuel production, from a theoretical perspective there is no iLUC. The knowledge about these 

relationships is limited today and needs to be improved. Another issue of relevance is the assess-

ment of the direct and indirect GHG effects of the current fossil fuel system used as a reference. 

Applying a broad system perspective, taking into account all the various indirect effects caused by 

current fossil-based systems, the GHG performance of comparable petrol and diesel fuels could be 

significantly worse than current fossil reference systems show. Thus, another knowledge gap is 

identified. 
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3.3 EFFECTS ON FOOD PRICES, FOOD SECURITY, POVERTY AND LAND 

RIGHTS 

Against a backdrop of nearly three decades of declining or stable food prices, the world saw a sud-

den and sharp increase in the price of basic agricultural commodities during the 2007-2008 period. 

Between January, 2007 and June, 2008, real world market prices of wheat and corn increased by 

about 60%, the price of rice increased by 124%, fats and oils increased by 91%, and beef prices by 

26% (World Bank 2012), see Figure 12. Taking the world by surprise, the 2007-2008 food price 

crisis sparked both public upheavals across the world and an intense – and sometimes heated – 

debate on the causes and consequences of the price increases. 

At the center of the spotlight was the diversion of agricultural land in developed countries – mainly 

the EU and US – from the production of food to biofuel feedstock production. International organi-

zations, such as the World Bank and the International Monetary Fund (IMF), claimed that the 

lion’s share of the price increases was attributable to increased demands for lands to cultivate bio-

fuels (Ciaian and Kancs 2011), with the U.N. special rapporteur on the right to food, Jean Ziegler, 

going as far as to describe the diversion of arable land to the production of biofuel feedstock as a 

“crime against humanity”, calling for a five-year ban on biofuel production. The U.S. and EU on 

the other hand tried to downplay the role of biofuels, with the European Commission arguing that 

its modest use of cereal for the production of ethanol was a “drop in the ocean”,“not something to 

shake the markets” (Ciaian and Kancs 2011). 
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Figure 12. Monthly world market prices for major agricultural and food commodities in the January 2000 to 

March 2012 period (and in the inset from 1960-2012). Data from the World Bank (2012). 

While world prices dropped back to lower levels after the 2008 spike, they dropped back to levels 

higher than those prevailing prior to the crisis; 2011 again saw increases in agricultural commodity 

prices. Thus, although the tone of the debate has toned down, the effect that an increased demand 

for biofuels has on food prices and, consequently, on poverty and malnutrition is still ongoing. 
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Although agricultural markets have long been connected to energy markets through the use of in-

puts (fossil energy and fertilizers), several studies present empirical evidence of an increased inte-

gration between energy and agricultural markets due to the increased use of biofuels (FAO 2008; 

Tyner and Taheripour 2008; Gohin and Chantret 2010; Headey et al. 2010; Hertel 2010; Tyner 

2010; Ciaian and Kancs 2011). It is important to recognize that the basic mechanism through which 

this new linkage is established is the competition for arable land; if agricultural land resources were 

unlimited, the increased demand for biofuels would not affect food prices. In the biofuels debate, it 

is sometimes argued that the problem is that we use food (e.g., corn or wheat) to produce biofuels, 

not non-food feedstocks such as cellulose. However, as long as the production of feedstock requires 

agricultural land, higher demand for biofuels will tend to drive up food prices, whether the actual 

feedstock can be eaten or not (though, as noted below, if the yield of second generation feedstocks 

were higher, this would lessen the competition for land and hence the effect on food prices). 

While the basic causality from increased biofuel use to welfare effects for the world’s poor is rela-

tively straightforward. – i.e., higher demand for biofuels leads to agricultural land being diverted to 

produce biofuel feedstock, leading to lower food production and higher food prices, in turn affect-

ing malnutrition and poverty – the are many real world complexities involved in tracing each step 

in this chain (Headey and Fan 2008). First, the effect of an increased demand for biofuels in one 

country on agricultural commodity prices will depend on the responsiveness of supply and demand, 

such as the possibility to increase the cropland area, increase agricultural yields or substitute feed-

stock crops in consumption (Naylor et al. 2008). Second, higher domestic prices in biofuel produ-

cing countries will not perfectly translate to increases in world market prices or in turn to increases 

in prices facing poor consumers in developing countries due to trade distortions, transactions and 

transport costs and exchange rate movements (Conforti 2004). Third, the welfare effect of higher 

food prices in developing countries will depend on, inter alia, the positions of the country and the 

individual household as net buyers or sellers of food, countervailing policy responses, and the exi-

stence of social safety nets (Headey and Fan 2008). Fourth, the welfare effects of higher food pri-

ces may be swamped by other societal changes in developing countries, most notably increasing 

income levels (Headey 2011). 

Below, we review each of these issues, beginning with available estimates of the extent to which 

the increased demand for land for biofuel production contributes to recent and future food price 

changes, including the issue of price transmission from world markets to local markets in develop-

ing countries. Thereafter, we review the literature on how these food price increases may have con-

tributed to changes in the prevalence of food insecurity and hunger in developing countries and the 

extent to which the price increases have fuelled the global rush for farmland in developing coun-

tries and the resulting effects on land rights and livelihoods of the rural poor. Finally, the main fin-

dings are summarized and discussed. 

3.3.1 The impact on food prices of increased demand for land for biofuel 

production 

Numerous studies have tried to assess the impact of the present and future demand for land for bio-

fuel feedstock production on food prices. While some studies qualitatively discuss the role of in-

creaseed biofuel production for the 2007-2008 food price hike (e.g., Abbott et al. 2008; FAO 2008; 

Headey and Fan 2008; Mitchell 2008; Trostle 2008; Abbott et al. 2009; Piesse and Thritle 2009; 

Headey et al. 2010; Abbott et al. 2011), others try to quantify the magnitude of the effect of biofuel 
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demand on agricultural commodity markets. The results of a number of the latter studies are 

summarized in  

Table 6. 

The general conclusion emerging from the studies analyzing recent food prices changes is that the 

demand for land for biofuel feedstock production has been a major, though not the sole, contributor 

to prices increases (other important factors identified are declining stock-to-utilization ratios, the 

depreciation of the dollar, rising oil prices, and – in the case of rice – export policies, though the 

relative importance of these drivers are disputed; the effect of other factors such as financial spec-

ulation, poor harvests, and increased demand for agricultural commodities from growing econo-

mies in China and India are generally downplayed) (Abbott et al. 2008; Headey and Fan 2008; 

Mitchell 2008; Trostle 2008; Piesse and Thritle 2009). Quantitative estimates generally suggest that 

about 30-50% of the increase in cereal prices in the 2007-2008 price spike was due to the increased 

demand for biofuels (Rajagopal et al. 2007; Birur et al. 2008; Rosegrant 2008; CBO 2009; 

Rajagopal et al. 2009; Roberts and Schlenker 2009; Babcock 2011; Hausman et al. 2012). 

However, as seen in Table 6, the estimated effect on recent and future food prices vary considera-

bly between studies. Part of the reason for diverging results is the fact that different studies assume 

varying increases in the demand for biofuels (e.g., some studies estimate the effect of only U.S. 

biofuels policy, others U.S. and EU policies, and yet others increased demands from a larger group 

of countries). This difference can be accounted for by dividing the estimated price increase for a 

given biofuel feedstock by the size of the demand shock, calculating so-called shock multipliers 

that tells us how much the price of a given commodity would increase if the biofuel demand were 

increased by a given amount (see e.g., Fabiosa et al. 2010; Timilsina et al. 2010), (see Table 6). 

Thus, the multiplier produces a more general estimate of how sensitive food prices are to the in-

creased demand for land for biofuels. As seen in  

Table 6, there are still large disparities between studies; for corn ethanol, multipliers range between 

-0.96 %/EJ and 1.58 %/EJ (mean 0.20 %/EJ, standard deviation 0.35 %/EJ) and for biodiesel from 

oilseeds, multipliers range between 0.01 %/EJ and 0.82 %/EJ (mean 0.29 %/EJ, standard deviation 

0.25 %/EJ). 

These large differences in how sensitive food prices are to increases in feedstock land demand stem 

from to the large differences in methodology and assumptions used in different studies, making it 

difficult to compare results between studies (Mitchell 2008; see also the discussion on model esti-

mates of LUC above). Studies analyzing recent food price increases assume a range of different ap-

proaches, from relatively simple calculations using demand and supply elasticities for agricultural 

commodities, to conceptual partial economic models, regression analyses and detailed economic 

optimization models (partial and general equilibrium models), while studies generating scenarios 

for the future generally adopt the latter approach. 

Despite the difficulty of comparing the results of different studies, a number of robust conclusions 

emerge from the literature on the effect of increased demand for biofuels on food prices. First, in-

creases in prices can be expected to be higher for the crops used directly as biofuel feedstock in the 

regions where the increased demand for biofuel occurs. These results are evident in studies that re-

port price changes for multiple crops (e.g., Babcock 2011; Chen et al. 2011) and regions (Birur et 

al. 2008; Kretschmer et al. 2009), as well as across studies – average price multipliers are higher 



BIOFUELS AND LAND USE IN SWEDEN – AN OVERVIEW OF LAND-USE CHANFE EFFECTS 

f3 2013:7 67 

 

for both corn and oilseeds in the regions where the greatest increase in biofuel demand occurs, the 

EU and U.S.
5
 

The reason price increases will tend to be higher for the crops used as biofuel feedstock is the im-

perfect substitutability both on the supply and demand side. Because not all crops can be grown on 

all agricultural land, an increased demand for one crop may have only limited impact on the supply 

of other crops grown on land for which the first crop is not suitable. A case in point is rice produc-

tion in the U.S., which according to Babcock (2011) faces less competition for land than other 

crops and, therefore, experiences only minor increases in price due to increases in demand for, e.g., 

corn ethanol. Similarly, on the demand side, the fact that different agricultural commodities are not 

perfect substitutes for the consumption implies that price effects will be highest for those crops 

directly experiencing increases in demand. 

Moreover, although these results are not presented in  

Table 6, studies that also report price changes in other food commodities, such as meat, dairy, eggs, 

and processed foods, generally find the price of these commodities increase less than those of basic 

agricultural commodities (e.g., Birur et al. 2008; Hayes et al. 2009; Timilsina et al. 2010; Chen et 

al. 2011). The reason is that prices for these goods are not solely determined by prices of basic 

agricultural commodities, but also by other factors such as wages, energy, transport, and storage. 

In addition, some of these inputs may experience price drops in scenarios where the use of biofuels 

increase; mandated use of biofuels will lower the demand for gasoline and diesel, thereby reducing 

the price of these fuels (e.g., Rajagopal et al. 2009; Timilsina et al. 2010; Chen et al. 2011), and the 

increased production of some biofuels (e.g., corn ethanol and rapeseed biodiesel) produce by-prod-

ucts that can be used as animal feed, lowering the price of this input (Schmidhuber 2007; OECD 

2008; Fischer et al. 2009). The effect of these developments on mitigating the adverse impact on 

final consumers can, however, be expected to be strongest in developed countries where farm-gate 

prices of agricultural commodities only constitute on the average 20-35% of the final food retail 

price; in low-income countries where basic foodstuffs make up a larger share of the food basket, 

the effect of rising food prices on consumers can be expected to be higher (Dewbre et al. 2008). 

Second, models estimating price increases using partial equilibrium (PE) models generally find 

larger impacts than general equilibrium (CGE) models
6
. The reason is the manner in which a de-

mand shock propagates through the different models; in global CGE models, patterns of produc-

tion, consumption, and trade may change substantially in response to a shock, leading to minor 

effects on prices, while in PE models, where changes in production and consumption cannot take 

place across different sectors of the economy, a larger part of the adjustment comes through price 

changes (Wiggins et al. 2008). 

                                                      

 

5
 The average multipliers for corn are 0.26 %/EJ for EU and US prices and 0.14 %/EJ for world prices, while 

average multipliers for oilseeds are 0.34 %/EJ for EU and US prices and 0.27 %/EJ for world prices. 

Differences in means are statistically different at the 16% and 30% level in a one-tail t-test for corn and 

oilseeds, respectively. 
6
 The average multipliers for corn are 0.23 %/EJ for PE models and 0.07 %/EJ for CGE models, while 

average multipliers for oilseeds are 0.37 %/EJ for PE models and 0.20 %/EJ for CGE models. Differences in 

means are statistically different at the 3% and 8% level in a one-tail t-test for corn and oilseeds, respectively. 
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In that sense, PE models may better depict effects of increases in the demand for land for biofuels 

in the short run, where different constraints make market adjustment costly or impossible, whereas 

CGE models better reflect the medium to long term response of agricultural prices to increased de-

mand (Mitchell 2008; Wiggins et al. 2008). This difference between short-run and long-run price 

responses to biofuel demand is also evident in the studies summarized in  

Table 6, where the average price multiplier for corn is 0.30 %/EJ in studies of recent food price 

increases and 0.13 %/EJ in studies exploring scenarios for the future
7
. 

Third, price increases are higher in the case when there is no market penetration of second genera-

tion biofuels. Again, this is evident both within studies (Msangi et al. 2007; OECD 2008; Hayes et 

al. 2009; Chakravorty et al. 2011; Chen et al. 2011), as well as in comparisons across studies; the 

average price multipliers for studies that allow for some utilization of second generation biofuels 

are 0.09 %/EJ and 018 %/EJ for corn and oilseeds, respectively, while multipliers for studies that 

only see an expansion of first generation biofuels average 0.24 %/EJ and 0.33 %/EJ, for corn and 

oilseeds, respectively
8
. As discussed above, this follows directly from the fact that the production 

of second generation biofuels requires less land area for a given demand of biofuels. 

In addition to the above, we should intuitively expect estimated price increases to be higher in mo-

dels that do not allow cropland areas to expand, or only expand at the expense of other managed 

lands (Chakravorty et al. 2011), see  

Table 6. A comparison across studies does not support this proposition, however, although this may 

be due to other model differences and the small sample. The only study to test this formally (Popp 

et al. 2011) finds that prohibiting the expansion of crop-land into current intact and frontier forests 

drastically raises food prices compared to the case when deforestation is allowed, especially in 

vulnerable regions such as Sub-Saharan Africa, South Asia, and Latin America (though the 

magnitude of the effect is somewhat surprising, given that bio-energy prices hardly differ between 

the two scenarios). These results suggest that there might be a trade-off between mitigating the 

environmental and socio-economic detriments of increased demand of land for biofuel production, 

with small land-use changes leading to higher food price changes, and vice versa. 

Finally, as noted above, even if increased biofuel demand drive up world market prices, these in-

creases may not be fully transmitted to local markets in low-income countries due to, e.g., trade 

barriers, countervailing policies, or transaction and transportation costs. Several studies have ana-

lyzed the level of price transmission from world markets to low and middle-income countries sta-

tistically (Conforti 2004; Minot 2011; Brown et al. 2012). Although results show a wide variation 

of market integration between and within countries and for different commodities, two general pat-

terns emerge: (1) agricultural markets in Latin America and Asia are generally well integrated in 

world markets, while African markets are less integrated; (2) market integration is higher for 

                                                      

 

7
 The difference is significant at the 12% level in a one-tail t-test. The average price multiplier for oilseeds is 

actually higher for the analyses of historic price increases, than for scenario studies. However, this is most 

likely due to the fact that there is only one study (Birur et al, 2008) that tries to estimate the contribution of 

increased biodiesel demand in the EU to recent food price increases, and this study uses a CGE model. 
8
 The difference between studies including second generation biofuels and those that do not is significant at 

the 5% and 7% level in a one-tail t-test for corn and oilseeds, respectively. 
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widely traded cereals (i.e., wheat, maize, rice), than for locally produced staples (e.g., cassava, 

plantains, beans), oilseeds, and livestock. 

Even though African agricultural markets historically have exhibited imperfect integration, the stu-

dy by Minot (2011) shows that the price transmission from world market prices during the 2007-

2008 food crisis was high also in many parts of Africa; the average price transmission was 42 per-

cent in West Africa, 97 percent in East Africa, and 107 percent in Southern Africa. This divergence 

from the historical record may partly be explained by the concurrent increase in oil prices (raising 

transport costs, especially in landlocked countries), weather shocks, and the magnitude of the chan-

ges in world prices (Minot 2011). With reductions in trade distortions and improvements in infra-

structure, we should also expect market integration and price transmission to increase over time. 

3.3.2 The effect of higher food prices on food security and poverty 

In analyzing the effect of increasing food prices on poverty, a couple of distinctions are important 

to make. First, there is a difference between vulnerability to higher food prices in a macro and 

microeconomic sense; i.e., countries with high poverty and malnutrition rates, and subsequently a 

large share of households that may suffer from price increases, may still on the aggregate level be 

less sensitive if price transmission were low or if they were net exporters of food. Second, in evalu-

ating the effect of recent food price increases, there is a difference between the poverty and hunger 

impacts of rising food prices alone – which is what most studies have analyzed – and the net impact 

accounting for concurrent changes in, e.g., income levels and other commodity prices.  

Starting with the macro-economic effect of food price inflation on poor countries, most low income 

countries are net importers of food (Ng and Aksoy 2008), have until recently witnessed deteriorat-

ing terms of trade in food (Schmidhuber 2007), and would most likely stand to lose from further 

food price increases. Although numbers have dropped in recent years, the FAO still lists 66 coun-

tries as low-income and food-deficit nations (i.e., net-importers of food), the majority of which are 

in Africa, see Figure 13. Consistent with this, countries included in the modeling exercises previ-

ously discussed that reported welfare (i.e., GDP) effects of increased biofuel use reported negative 

consequences for low and middle-income countries (Wiggins et al. 2008; Cororaton et al. 2010; 

Timilsina et al. 2010; Chakravorty et al. 2011; de Hoyos and Medvedev 2011), with the exception 

of prospective biofuel exporters, such as Brazil and Thailand (Cororaton et al. 2010; Timilsina et 

al. 2010). 
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Figure 13. Countries shaded in dark are defined as low-income, food deficit (LIFC) nations. Source: FAO 

(2012). 

Just as most low-income countries are net importers of food, household surveys from these coun-

tries consistently find that the major share of the population are net consumers of food and would 

lose from higher food prices, at least in the short run (Ivanic and Martin 2008; Wodon et al. 2008; 

Zezza et al. 2009; Jayne et al. 2010; Bryngelsson et al. 2012). While this result is not surprising for 

urban areas, where the share of net buyers often exceed 90-95 percent, the fact that net sellers con-

stitute less than half of the rural population in nearly all developing countries studied, and less than 

a third in most of them, may be more unexpected (Bryngelsson et al. 2012). 

Several studies have used the data from household surveys to simulate the impact of recent food 

price increases on household disposable income and, consequently, on poverty rates and malnutri-

tion. The results present a relatively consistent geographical pattern of effects, with the largest neg-

ative welfare impacts in South Asia and Sub-Saharan Africa (Cororaton et al. 2010; Tiwari and 

Zaman 2010; de Hoyos and Medvedev 2011). Ivanic and Martin (2008), using household data from 

nine developing countries, estimate that world market food price increases between 2005 and the 

first quarter of 2008 would increase poverty (measured at the $1/day poverty line) by slightly over 

100 million people across all low-income countries. Wodon et al. (2008), using household survey 

data from twelve Central and West African countries, find that a 50 percent increase in the basket 

price of selected food items would increase the share of the population in these countries living in 

poverty by about 3.5 percent. Extrapolating this result to the rest of Sub-Saharan Africa implies 30 

million people falling into poverty as a result of the food crisis. 

Using a much larger dataset covering 73 countries, de Hoyos and Medvedev (2011) estimate that 

food price increases until 2007 might have pushed up poverty (measured at the $1.25/day poverty 

line) by about 150 million. 

Tiwari and Zaman (2010) estimate that the spike in food prices during the 2007-2008 period in-

creased the prevalence of undernourishment by 86-113 million across the developing world, using 

a model based on the relationship between income, income distribution, and food consumption 

from 74 countries,. Using a similar methodology and data from 70 low-income countries, USDA 

(Rosen et al. 2008; Shapouri et al. 2009) found that the number of food insecure individuals (i.e., 

http://www.fao.org/countryprofiles/lifdc/en/
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people who are not able to meet nutritional requirements) in the countries analyzed increased by 

133 million in 2007 and by another 80 million in 2008. 

The above studies caution that the estimated poverty and malnutrition effects are merely indicative 

and should be treated with great caution. Headey (2011) lists a number of issues that are problem-

atic with these estimates. Primarily, the empirical basis for the simulation exercises is in many 

cases weak. This weakness applies to both the number of countries sampled – which even in the 

studies that have a broader coverage excludes large middle-income countries such as China, Brazil, 

and Mexico – as well as model assumptions (e.g., price elasticity of calorie intake). 

Furthermore, no studies except those by de Hoyos and Medvedev (2011), apply actual domestic 

data on price increases in developing countries, but assume  an average transmission of world price 

increases to domestic markets; nor do they account for any policies that were introduced to cushion 

the impacts of food price inflation. While, as noted above, price transmission from world to do-

mestic markets were on the average high during the 2007-2008 price spike, the high variation of 

price transmission among countries, together with large variability in the vulnerability to food price 

changes, implies that impact estimates might be affected. 

A means of overcoming many of the empirical problems inherent in the simulation studies would 

be to instead rely on reported impacts on food security and hunger. Brinkman et al. (2010) summa-

rize the results of the 2008 Food Security Assessment of the World Food Program covering 19 

developing countries and find widespread negative effects on food security, both in terms of quality 

and quantity of food consumed. Headey (2011) utilizes responses from the Gallup World Poll 

(GWP) that has been sampling households in about 150 countries since 2005-2006 and includes a 

couple of questions that can be used to assess food security and hunger. Based on the GWP results, 

Headey concludes that the number of food-insecure people worldwide during the 2007-2008 period 

decreased by 60-90 million. 

While these results seem to stand in stark contrast to the results of the simulation studies, the dif-

ference mainly stems from the fact that the studies try to answer a couple of different questions; 

while most simulation studies try to assess the change in poverty or food insecurity that might have 

occurred if food prices increased, everything else being equal (ceteris paribus) (Tiwari and Zaman 

2010 is an exception), Headey (2011) estimates the actual change in food insecurity. Thus, Headey 

finds that the positive effect of economic growth in low- and middle income countries on food 

security outweighed the negative effect of food price increases during the 2007-2008 period. 

However, when Headey uses the GWP survey results to estimate the change in food security that 

would have occurred from changes in food prices alone, ceteris paribus, results are very similar to 

those of the simulation studies, with the number of food-insecure individuals rising by 123 million. 

Put differently, both the survey based and simulation studies indicate that had not world food prices 

increased as they did in 2007-2008, another hundred million or so people would have been lifted 

out of food insecurity. 

The latter results also point to the limitations of measuring the welfare effects of higher food prices 

solely by estimating the number of people crossing a given threshold in terms of income or calorie 

intake. Even if economic growth in developing regions would continue to lift people out of poverty 

and hunger, increases in food prices may still have detrimental welfare effects by lowering real in-

comes (as is the case with the general equilibrium studies reporting changes in GDP discussed 
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above). Simulation studies also find that higher food prices tend to increase the poverty gap (i.e., 

pushing the already poor deeper into poverty), as well as moderate poverty (i.e., using a higher 

poverty line of $2.5/day) (Ivanic and Martin 2008; Wodon et al. 2008; de Hoyos and Medvedev 

2011). On the other hand, most of the welfare impact studies reviewed above estimate direct, short-

term effects, disregarding the secondary or indirect effects of higher food prices, primarily increas-

es in the wage rate for rural unskilled labor and increases in agricultural output (yields) due to 

higher prices. The limited empirical evidence there is on the elasticity of agricultural wages with 

respect to prices suggests that wage responses are relatively small, especially in the short run 

(Ravallion 1990; Boyce and Ravallion 1991). Still, studies that do include the dynamic effects on 

wages find that these effects can substantially decrease the poverty impacts of higher food prices 

(Ivanic and Martin 2008; de Hoyos and Medvedev 2011). 

Finally, although the aggregate response to the 2007-2008 food price spike was a pronounced in-

crease in agricultural output, this supply response was largely concentrated to high and middle in-

come countries (Christiaensen 2009). This finding is consistent with the historical evidence of low 

supply elasticities in countries in Sub-Saharan Africa (e.g., Thiele 2003).Moreover, the households 

currently most vulnerable to food price increases are likely to be less responsive to prices due to, 

e.g., a lack of access to credit needed to increase inputs, a less developed infrastructure for market-

ing, etc (Jayne et al. 2010). The possibility of  mitigating the negative impacts from future in-

creasees in biofuel demand on the world’s poor is, therefore, highly dependent on our ability to in-

stigate agricultural growth among smaller landholders in low-income countries through public sec-

tor investments (e.g., in infrastructure and agricultural research and development) and a stable and 

supportive policy environment (Jayne et al. 2010). 

3.3.3 The global rush for land and effects on land rights and rural livelihoods 

Since the beginning of this century, we have been witnessing what may be characterized as a global 

rush for farmland, with deals for the outright purchase, lease, or concessions of land in developing 

countries totalling over 200 million hectares (Mha) worldwide, or close to five times the area of 

Sweden (Anseeuw et al. 2012).
9
 The bulk of these deals were made in the wake of the 2007-2008 

food price crisis – between October 2008 and August 2009 alone, close to 50 Mha of large-scale 

land acquisition deals were struck (Deininger et al. 2011) – and over half of this area was located in 

Sub-Saharan Africa (Anseeuw et al. 2012). 

The increased demand for land to produce biofuel feedstock has contributed to this phenomenon 

both directly and indirectly: directly, as the production of biofuel feedstocks accounts for the larg-

est share of land acquisitions, 40 percent of the area for deals where the purpose of the land use is 

known, see Figure 14; indirectly, as the underlying driver of the land rush has been an expectation 

that a tightening global market for agricultural commodities – driven by increasing populations, in-

comes, and biofuels demand – will drive up future returns from arable land. 

                                                      

 

9
 Due to the lack of transparency the exact scale of this phenomenon is difficult to gauge. This number, 

which refers to deals reported in media or research reports and complied by the Land Matrix project up until 

November 2011, is likely to be an underestimate. 
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Figure 14. Distribution of land acquisitions between different regions where the investments originate from 

and between different planned uses of the land (others include forestry, industry, mining, tourism and mis-

cellaneous). The data presented pertain to a subset of all reported large-scale land deals, not solely those rely-

ing on media reports but those cross-referenced from different sources. Adopted from Anseeuw et al. 

While much media attention has been focusing on large-scale acquisitions by land (or water), in 

scarce countries like South Korea or Saudi Arabia or in emerging economies like China and India, 

the reality is more nuanced; private entities (companies and investment funds) account for the ma-

jor share of land deals and national elites (politicians, civil servants, local business people) making 

investments targeted at domestic, rather than export, markets play important roles (Anseeuw et al. 

2012; Cotula 2012). 

While increased interests and investments in developing country agricultural potentials might have  

positive impacts on local livelihoods, there is overwhelming evidence that the results of the global 

land rush to date have been largely negative, leading to a widespread loss of access to land and 

other vital resources (e.g., water and housing) for local communities, with insufficient or non-exist-

ent compensation, and with women being disproportionally hard hit (Deininger et al. 2011; 

German et al. 2011; Anseeuw et al. 2012). 

There are a number of reasons for this development. First, acquisitions often claim to target ‘mar-

ginal’ or ‘unused’ land but in reality, not much land fits into that description; for obvious economic 

reasons, most acquirers  have prioritized land that is highly suitable for agriculture (i.e., fertile, 

well-watered or with good rainfall) with access to infrastructure and consumer markets (Anseeuw 

et al. 2012). Even in the cases where such land is not already under cultivation, it is likely to be 

collectively owned and used by local communities for grazing, hunting, harvesting forest products 

or shifting cultivation. Such lands often constitute the major asset of rural communities and their 

appropriation may have seriously adverse impacts on livelihoods, especially for the poorest house-

holds, pastoralists and forest dependent communities (Deininger et al. 2011; Anseeuw et al. 2012). 

Second, many planned investments were not technically viable or investors lacked sufficient ex-

pertise, leading to many projects failing or falling far behind schedule. As a consequence, “local 

people had often suffered asset losses while receiving few or none of the potential benefits” 

(Deininger et al. 2011, p. xxxiii). In other cases, e.g., in Nepal and Uruguay, acquisitions have been 

purely speculative and have solely served to fuel land price inflation (Anseeuw et al. 2012). 
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Finally, developing country governments have been incapable or unwilling to harness the poten-

tially positive force of investments to further strategic development plans and have instead offered 

acquirers land for little or no rent in an ad hoc manner, largely bowing to investor interests 

(Deininger et al. 2011; Anseeuw et al. 2012). Underlying these failings are existing power struc-

tures and the lack of functioning institutions in many host countries, legislative frameworks at both 

national and international levels that favor investor interests and large-scale commercial agriculture 

enterprises, leading to a neglect of the land rights of the rural poor and sidelining the involvement 

of smaller agricultural holders (Deininger et al. 2011; Anseeuw et al. 2012). 

3.3.4 Summarizing the effects on food prices, food security, poverty and land 

rights 

We have reviewed the evidence on the extent to which an increased demand for land for biofuels 

impact world food prices and in turn poverty, hunger, and the right for rural populations worldwide 

to their lands. We conclude that there is ample evidence of an increased integration between energy 

and agricultural markets due to the increased use of biofuels and the channel through which this 

integration primarily functions is through an increased competition for arable land. 

That the price increases of the 2007-2008 period had significant effects on the welfare of low- and 

middle-income countries around the world is also clear, as the majority of these countries – and the 

majority of households in these nations – are net sellers of food. Again, methods and results vary 

between studies, but most estimates suggest that around 100 million people that would otherwise 

have been lifted out of poverty and hunger due to economic growth remained poor and undernour-

ished because of these food price increases. 

While there are a couple of studies that try to assess the subsequent impact on future poverty and 

hunger rates (Fischer et al. 2009; Cororaton et al. 2010), the results of these studies must be viewed 

as highly speculative (given the methodological challenges of even estimating the effect of recent 

price increases on these indicators). These effects are likely to be influenced by factors other than 

biofuel demand, such as poverty reduction through general economic growth and the success of im-

proving yields and market access for small holders in low-income situations. 

Still, given the current state of knowledge, it seems clear that most developing countries will stand 

to lose due to the higher demand for biofuels even if improved economic conditions may mean that 

this loss is not manifested through extreme poverty or malnutrition. Further, as long as there is 

scant progress on issues such as the strengthening of the resource rights of rural people (e.g., 

through legal recognition of land rights, including common lands), the empowerment of small pro-

ducers (e.g., through contract farming arrangements with land investors) is likely to have negative 

impacts on the development (Jayne et al. 2010; Deininger et al. 2011; Anseeuw et al. 2012), mak-

ing land use decision processes more transparent, inclusive and accountable since large-scale ac-

quisitions of land in developing countries are driven by an increased demand for land for bio-

energy. 

A couple of final points are worthy of inclusion. The above discussion of the welfare impacts of 

biofuel use has been focusing solely on the increased levels of food prices. However, changes in 

price volatility can also have large welfare implications, especially for the poorest of the poor 

(FAO et al. 2011). Babcock (2011) suggests that the way in which current biofuel support policies 

have been implemented in the U.S. (mainly through the use of mandates) have been contributing to 
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increased price volatility, whereas correctly formulated biofuel policies and the increased integra-

tion between energy and agricultural markets would actually have helped decrease the volatility of 

agricultural prices. 

Second, most scenario studies show relatively modest impacts on world food prices from future 

increases in global biofuel demand and consequently, given the continued strong economic growth 

in developing regions, associated welfare impacts can most likely be expected to be limited. How-

ever, the size of biofuel demand shocks that these model exercises implement, are still minor com-

pared to the bioenergy demand that might result from the combination of rising oil prices and strin-

gent climate policies. Most studies model demand increases of around one to a few EJ/year
10

, with 

concomitant land demand for biofuels in the order of 10-20 Mha, whereas long-term climate stabi-

lization scenarios put global bioenergy demand in the order of 100-300 EJ/year, demanding some 

500-1 000 Mha of land (Berndes et al. 2003). From the current studies, it is difficult to draw any 

clear conclusions on the impacts that such a large demand for land for biofuels might have on 

global agricultural markets and the welfare of the world’s poor. 

                                                      

 

10
 Havlík et al (2011) and Msangi et al (2007) are exceptions, with a total biofuel demand shock of 11.6 EJ 

and 6.2 EJ, respectively, but the latter study also estimates much larger impacts on food prices (see Table 8). 
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Table 6. Summary of a selection of studies estimating the effects of recent and future demand for biofuels on agricultural commodity prices. 

 Increase in the price of… In year… In… Model 

type 

Size of 

shock (EJ) 

Share… Price multiplier (%/EJ) 

Reference Wheat Corn Soybean Rice Oilseed Sugar ethanol biodiesel 2
nd

 gen. Corn Oilseeds 

Historic:                

  7.0%
a
   9.6% 5.5% 2006 EU CGE 0.9 67% 33% 0% 0.12 0.33 

(Birur et al. 2008)  8.7%
a
   5.9% 5.1% 2006 USA CGE 0.9 67% 33% 0% 0.15 0.21 

(Babcock 2011) 0.6% 2.6% 0.9% -0.1%   2006 USA PE 0.0 100% 0% 0% -0.96  

 3.9% 15.2% 1.3% 0.1%   2007 USA PE 0.1 100% 0% 0% 1.58  

 5.0% 11.7% 4.6% 0.9%   2008 USA PE 0.3 100% 0% 0% 0.37  

 6.1% 23.0% 2.8% 0.7%   2009 USA PE 0.5 100% 0% 0% 0.48  

 10.1% 26.8% 5.0% 1.2%   2010 USA PE 0.6 100% 0% 0% 0.43  

(Rajagopal et al. 2007)  21.0%     2006 USA PE 0.4 100% 0% 0% 0.48  

(Hausman  et al. 2012)  8.6%     2007 USA SVAR 0.1 100% 0% 0% 0.59  

(CBO 2009)  15-21% 16-27%    2008 USA PE 0.8 100% 0% 0% 0.22  

(Birur et al. 2008)  5.9%
a
   6.4% 11.0% 2006 Brazil CGE 0.9 67% 33% 0% 0.10 0.22 

(Rajagopal et al. 2009)  5-13% 2-7%    2006 World MPE 0.6 95% 5% 0% 0.16  

  15-28% 10-20%    2007 World MPE 0.9 93% 7% 0% 0.26  

(Rosegrant 2008)
b
 18% 20%  9%   2007 World PE 1.6 80% 20% 0% 0.16  

(Roberts and Schlenker 2009) 37.5%      2009 World PE 1.1 100% 0% 0% 0.35  

Scenarios:                

(Britz and Hertel 2011)
c
 2%   1% 48% 1% 2015 EU CGE 0.9

d
 0% 100% 0%  0.56 

(Kretschmer et al. 2009)
c
 6.5% 4.0%   4.3% 5.1% 2020 EU CGE 1.4

d
 60% 40% 0% 0.05 0.07 

 6.2% 4.2%   7.3% 5.6% 2020 EU CGE 1.4
d
 65% 35% 0% 0.04 0.14 

(Blanco-Fonseca et al. 2010) 8.3% 22.2% 0.5%  10.5% 20.7% 2020 EU PE 0.5 74% 26% 0% 0.62 0.82 

 12.5% 8.0%   19.5%  2021 EU PE 1.2 28% 72% 17% 0.23 0.22 

(Chen et al. 2011) 7.4% 24.1% 19.7% 5.0%   2022 USA MPE 3.2 100% 0% 58% 0.08  

 3.1% -5.6% 0.3% -1.0%   2022 USA MPE 3.2 100% 0% 98% -0.02  

(Hayes et al. 2009) 9.9% 22.3% 11.0% 4.0%   2022 USA PE 2.2 94% 6% 64% 0.11  

 20.5% 46.9% 21.3% 9.7%   2022 USA PE 3.0 96% 4% 47% 0.16  

(OECD 2008) 5.3% 7.5%
a
   3.1% -2.0% 2015 World PE 0.8 46% 54% 0% 0.19 0.07 

 8% 13%
a
   7% 0% 2015 World PE 1.8 46% 54% 29% 0.15 0.07 

(Blanco-Fonseca et al. 2010)
c
 2.1% 1.5%   2.3% -2.1% 2020 World PE 1.0 27% 73% 20% 0.06 0.03 
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Table 6 (continued). Summary of a selection of studies estimating the effects of recent and future demand for biofuels on agricultural commodity prices. 

 Increase in the price of… In year… In… Model 

type 

Size of 

shock (EJ) 

Share… Price multiplier (%/EJ) 

Reference Wheat Corn Soybean Rice Oilseed Sugar ethanol biodiesel 2
nd

 gen. Corn Oilseeds 

(Chakravorty et al. 2011) 14.2%
e
 2010 World PE - - - -   

 31.1%
e
 2025 World PE 0.8 67% 33% 15%   

 1.3%
e
 2010 World PE 0.3 45% 55% 21%   

 5.4%
e
 2025 World PE 0.8 67% 33% 48%   

(Kretschmer et al. 2009) 1.6% 1.6%   0.3% 1.3% 2020 World CGE 1.4
d
 60% 40% 0% 0.02 0.01 

 2.1% 2.0%   1.8% 1.9% 2020 World CGE 1.4
d
 65% 35% 0% 0.02 0.04 

(Msangi et al. 2007)
c
 30.0% 41.5%   76.0% 66.5% 2020 World PE 6.2 76% 24%

f
 0% 0.09 0.52 

 21.0% 29.5%   45.0% 49.5% 2020 World PE 6.2 76% 24%
f
 - 0.06 0.31 

 16.0% 24.0%   43.0% 43.0% 2020 World PE 6.2 76% 24%
f
 - 0.05 0.29 

(Rosegrant et al. 2008) 8.0% 26.0%   18.0% 12.0% 2020 World PE 1.7 82% 18% 0% 0.19 0.62 

 20.0% 72.0%   44.0% 27.0% 2020 World PE 3.7 83% 17% 0% 0.23 0.71 

(Timilsina et al. 2010) 1.1% 1.1%  0.8% 1.5% 9.2% 2020 World CGE    0%   

 3.3%   2030 World PE 11.6 - - 0%   

 4.9%   2030 World PE 11.6 - - 40%   

 5.7%   2030 World PE 11.6 - - 60%   

 2.5%   2030 World PE 11.6 - - 0%   

 0.0%   2030 World PE 11.6 - - 40%   

 1.7%   2030 World PE 11.6 - - 60%   

(Prins et al. 2011)  14.0%   10.0% 0.7% 2030 World CGE 0.7
d
 - - 0%   

(Schmidhuber 2007) 0.40% 0.40%  0.50%  9.80% 2030 World - 0.2 100% 0% 0% 0.02  

 0.60% 2.80%  1.00%  1.10% 2030 World - 0.1 100% 0% 0% 0.32  

 0.90% 3.40%  1.20%  11.30% 2030 World - 0.3 100% 0% 0% 0.12  
a  

Results for ‘coarse grains’. 
b  

Based on reported share of increase in world prices in 2007 due to expansion of biofuel demand between 2000-2007 and data on real commodity price changes between 2000-2007 from 
(World Bank 2012). 

c 
Approximate price increases taken from the following graphs: Figure 2 (Britz and Hertel 2011), Figure 8 (Kretschmer et al. 2009), Figure 6 (Banse et al. 2008), Figure 3.2 (Blanco-Fonseca et al. 

2010), and Figure 6 (Msangi et al. 2007). 
d 

Projected biofuels demand as mandated by the Renewable Energy Directive, taken from (EC 2007). 
e 

Weighted average of cereal and meat prices. 
f 
Assumes that all expansion of biofuels demand in the EU is for biodiesel. 
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3.4 POLICY DEVELOPMENT RELATED TO LAND-USE CHANGE 

As a result of a rapidly growing bioenergy market, a large number of national and international 

policies
11

, standards
12

 and certifications
13

 have been developing worldwide. Most initiatives origi-

nate from the European Union or the Unites States where biofuel policies were early developed as 

the renewable industry expanded. Certifications and policies have the opportunity of positively 

influencing environmental and social aspects of biofuel production. There is a common under-

standing that policies and certifications have been playing and will continue to play an important 

role to streamline and harmonize international biofuel development in a way that minimizes envi-

ronmental impact if proper traceability and monitoring components are included in the schemes. A 

large number of biofuel certifications exist today that target different social and environmental as-

pects of the production process which are developed by different organizations. Land-use change 

aspects of biofuel production are often issued through certifications, but may be more or less detai-

led. It should also be noted that land-use change in particular is regulated by other more legally 

binding laws, such as national governmental regulations on how land should be used, not by inde-

pendent certifications which are usually voluntary. 

The initiatives presented in this chapter are a selection of the various schemes in use today. All 

certifications presented are those that to some extent deal with land-use changes. 

3.4.1 The Renewable Energy Directive (RED) 

The Renewable Energy Directive (RED) was adopted by the European Commission in early 2009 

and has since then been a basis for policy development, research and activities linked to the imple-

mentation of the Directive. The RED sets binding national targets for renewable energy use (which 

correspond to the overall EU target at a 20% share of energy from renewable sources), as well as a 

target of 10% renewable fuels for transport by 2020 for each member state. Included in the direc-

tive is a set of sustainability criteria with which biofuels and bioliquids have to comply in order to 

count towards the national targets. It is also indicated that the Commission will return to the quest-

ion of the need for a sustainability scheme for energy uses of biomass, other than biofuels and bio-

liquids. The sustainability criteria include a target for greenhouse gas emission savings from the 

use of biofuels and bioliquids. The methodology for calculating the greenhouse gas emissions from 

the production and use of biofuels and bioliquids include emissions from carbon stock changes 

caused by land-use change. Land-use change is also touched upon in several ways throughout this 

Directive. Thus, land-use changes in the form of carbon stock changes e.g., when a forested area is 

cut down and converted to energy crop production are to be accounted for in the RED, as well as in 

the greenhouse gas calculations of biofuel production. 

The conventional way of comparing biofuel chains with fossil fuels is to perform a greenhouse gas-

related approach as pointed out in the RED. Even if biofuel use affects other aspects than the GHG 

                                                      

 

11
 A policy can be described as a rule of thumb to guide decisions and achieve a certain outcome. One 

example is the Renewable Energy Directive. 
12

 A standard is a process of establishing common norms for a certain process. 
13

 Certification means the conformation of certain characteristics of product or an organization. Certifications 

are often reviewed by an external independent organization. 
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balance, the carbon-based GHG approach is the universal approach in use today. In order for bio-

fuels to become superior to fossil fuel based transport fuels from a GHG perspective, the carbon 

offset generated through the displacement of fossil fuels with biofuels must exceed the carbon 

storage and carbon sequestration that are halted due to direct or indirect land use (van Stappen, 

2011). 

In 2010, the EC launched a report on indirect land-use changes linked to biofuels. Since indirect 

land-use changes are by their nature highly uncertain, the scientific estimates are also highly diver-

se. Since the scientific results vary to such an extent, the EC has suggested four possible options on 

how to deal with land-use changes related to GHG emissions, namely (EC, 2010) 

 take no action for the time being, while continuing to monitor, 

 increase the minimum greenhouse gas saving threshold for biofuels, 

 introduce additional sustainability requirements on certain categories of biofuels, 

 attribute a quantity of greenhouse gas emissions to biofuels reflecting the estimated indirect 

land-use impact. 

Introducing a specific iLUC factor for dedicated fuels, point four in the above list, is quite chal-

lenging as this also has to handle so-called “leakage effects
14

”. In October 2012, the European 

Commission put forward a proposal to introduce iLUC-factors for certain biofuel crops. 

According to the RED, undesirable land-use changes can be categorized into land-use change from 

bioenergy crop production from the following:  i) highly biodiverse land and ii) land with high 

carbon stock. Since the carbon stock of different land types depends on various factors, the RED 

aims at avoiding emissions from LUC by a general exclusion of some land types and by means of a 

minimum emission reduction target. Concerning the exclusion of certain land types, it is widely 

agreed that some land types such as forested lands, peatlands and wetland are particularly carbon 

rich and, therefore, do not automatically qualify for bioenergy production (Lange 2011). Concern-

ing the minimum GHG reduction, biofuels must reduce emissions compared with a fossil fuel 

comparator of at least 35 % to qualify for the emission reduction target. This means, for example, 

that biofuels produced from land with high carbon content before a land-use change is taking place 

are less likely to reach the 35 % threshold. 

Figure 15 illustrates the importance of the indirect land-use change emissions in European biofuel 

policy. 

                                                      

 

14
 Carbon leakage occurs when there is an increase in GHG emissions in one region/country as a result of 

GHG savings in another region/country. 
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Figure 15. Greenhouse gas emissions from direct and indirect land-use changes for biodiesel and bioethanol 

from different feedstock. The blue bars illustrate additional emissions when iLUC is considered, making the 

thresholds specified in the Renewable Energy Directive heavily dependent on the indirect land-use change 

emissions. (Renssen 2011). 

During 2012, the practical implementation in Sweden of the RED includes developing national 

greenhouse gas calculation tools for the emission savings criteria according to the Directive. The 

implementation means that organizations which produce or consume liquid or gaseous biofuels 

must use the method specified in the RED to calculate the greenhouse gas reduction of their sus-

tainable biofuel quantities. The term “sustainable quantities” means biofuel quantities which fulfill 

the sustainability criteria issued by the Swedish Energy Agency, originating from the RED GHG 

methodology. Organizations which cannot prove that their biofuel qualify for the reduction target 

(i.e. biofuels that do not reach the emission reduction target of 35 %) are not eligible for the tax 

exemption for the particular biofuel. In order to arrive at a sustainability decision, the economic 

operator must have a system that ensures sustainability in the entire production chain and that is 

audited by an external auditor. The economic operator must also apply for a sustainability decision 

at the Swedish Energy Agency. 

3.4.2 Certification initiatives – biofuel crops 

Regulation for assessment of conformity for fuel ethanol (INMETRO) 

The objective of the Brazilian INMETRO regulation is to promote exports and avoid technical 

barriers to trade. The initiative will develop a program for the certification of biofuels, initially only 

applicable for ethanol used for transport. The scope of the regulation is crop production and biofuel 

processing (Huertas et al, 2010). 

Roundtable of sustainable Palm Oil 

The objective of the Roundtable of Sustainable Palm Oil (RSPO) is to promote the growth and use 

of sustainable palm oil and develop standards for palm oil. The criteria included in the certification, 

which has been applied since 2008, cover major economic, social and environmental aspects, in-
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cluding direct land-use change issues. Indirect land-use change is excluded from the scheme. Prin-

cipal countries using the scheme include Indonesia, Malaysia and Colombia where most of the 

world’s palm oil is produced. It is a broad certification scheme but is solely focused on the produc-

tion of palm oil and does not cover the transport or processing of the products. Several national 

interpretations of the scheme have been developed in such countries as Ghana and Thailand that 

address key concerns at the national level, similar to the national interpretations of the Renewable 

Energy Directive in Europe. If needed, the national laws can be complemented by the higher certi-

fication benchmark. 

RSPO plans to include greenhouse gas emission calculations in its scheme and propose a way to 

handle greenhouse gas emissions related to land-use change (Scarlat and Dallemand, 2011). 

Roundtable for Responsible Soy Production 

The RTRS (Roundtable for Responsible Soy Production) is developed to promote responsible soy 

production, trade and processing. The standard includes five principles including environmental 

responsibility (Scarlat and Dallemand, 2011). However, land-use change issues were not included 

in the original standard but are included today since a voluntary RTRS certification scheme has 

been developed that complies with the RED (RTRS 2010). 

Bonsucro (former Better Sugarcane Initiative) 

Bonsucro has been developed in order to promote sustainable sugarcane production and reduce 

negative impacts on social, economic and environmental aspects. It includes a GHG calculation 

methodology which includes emissions associated with dLUC. Emissions related to iLUC are not 

included due to the lack of methodology and data. Bonsucro has submitted an application to the 

European Commission for its certification to be recognized as a voluntary scheme. If this becomes 

successful, importers of sugarcane ethanol to the EU will be able to show compliance with the 

RED (Scarlat and Dallemand, 2011). 

3.4.3 Certification initiatives – European initiatives 

Renewable Transport Fuels Obligation (United Kingdom) 

The Renewable Transportation Fuels Obligation (RTFO) applies to road transportation fuels in the 

United Kingdom. The certification includes reporting on emissions from dLUC. Biofuel suppliers 

under the RTFO must also report on the land-use change history of the biofuel, if known, as ex-

pressed in the Renewable Energy Directive (Scarlat and Dallemand, 2011). 

Sustainable production of biomass (The Netherlands) 

In the Netherlands, the Cramer Commission has developed principles for the sustainability of bio-

mass for energy (called NTA 8080). The principles cover both liquid and solid biofuels. Emissions 

related to direct land-use change are included, whereas indirect land-use change emissions are not 

(Scarlat and Dallemand, 2011). 

International Sustainability and Carbon Certification (Germany) 

The International Sustainability and Carbon Certification (ISCC) cover six principles linked to the 

sustainable production of bioenergy. The GHG calculation methodology also addresses emissions 
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from direct land-use change in line with the methodology used in the RED (Scarlat and Dallemand, 

2011). 

CEN/TC 383 Standard for sustainably produced biomass for energy applications 

The European Committee for Standardization (CEN) has established the Committee CEN/TC 383 

for “Sustainably Produced Biomass for Energy Applications”. The CEN/TC 383 may also develop 

requirements additional to those found in the RED which may be classified as a standard more than 

a certification. Six working groups have been established, one of which is dealing with indirect 

land-use change (but also indirect effects on socioeconomic aspects and food) (Scarlat and 

Dallemand, 2011). 

3.4.4 Certification Initiatives – International initiatives 

Roundtable on Sustainable biofuels 

Originally a Swiss initiative, the Roundtable on Sustainable Biofuels (RSB) includes 12 principles 

for biofuel production. The intention is to develop a methodology to issue indirect impacts, such as 

iLUC and food security. The RSB is also discussing the possibility of including iLUC in the exist-

ing GHG methodology (Scarlat and Dallemand, 2011). 

California Low Carbon Fuel Standard 

Adopted in 2007, the Low Carbon Fuel Standard (LCFS) is intended to reduce GHG emissions for 

transportation fuels. The actual calculation methodology includes direct and indirect effects as well 

as emissions, including land-use change effects. The standard includes a model by which GHG 

emissions from land-use changes can be calculated by using an emission factor based on the type of 

land conversion and its carbon storage (Scarlat and Dallemand, 2011). 

The Council on Sustainable Biomass Production 

The Council on Sustainable Biomass Production (CSBP) was developed in the United States and 

has been formulating a wide range of sustainability criteria. The GHG calculation methodology 

developed considers land conversion and is aimed at including also indirect land-use change 

(Scarlat and Dallemand, 2011). 

Global Bioenergy Partnership 

The Global Bioenergy Partnership (GBEP) was developed in 2005 by the members of G8 in order 

to develop an international framework for bioenergy sustainability. The partnership is intended to 

build consensus, identify synergies and encourage integration. Criteria formulated under the GBEP 

include land-use change issues. Indirect land-use change will be further refined (Scarlat and 

Dallemand, 2011). 

United States Renewable Fuels Standard 

In 2005, the Energy Policy Act established a Renewable Fuels Standard (RFS) that required 

blending biofuels into transportation fuels. The Act includes targets for blending advanced biofuels, 

as well as conventional biofuels. The U.S. Environmental Protection Agency is in charge of track-

ing renewable fuel volumes from production to end-use. The renewable fuel standard was updated 

in 2010 and now requires a reduction in GHG life cycle emissions by 20 % for 1
st
 generation bio-
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fuels, 50 % for advanced biofuels and 60 % for cellulosic biofuels. According to the regulation, the 

GHG emission methodology should include all life cycle emissions for all fuels, including emis-

sions from iLUC. 

ISO/PC 248 Sustainability Criteria for Biofuels 

The International Standards Organisation (ISO) will develop biofuel standards related to bioenergy 

production. The ISO/TC 248 Project Committee will address sustainability issues related to social, 

economic and environmental aspects. 

Forest Stewardship Council (FSC) 

The international organization Forest Stewardship Council (FSC) aims to promote sustainable for-

est management. The scheme primarily addresses biodiversity issues and focuses mainly on the use 

of wood and timber rather than on biomass for energy (Höglund and Gustavsson, 2011). The FSC 

standardization documents are in constant development, as opposed to static. 

Verified Sustainable Ethanol Initiative 

The Swedish company SEKAB, involved in ethanol production and development, has developed 

the Verified Sustainable Ethanol Initiative. The initiative includes land-use change aspects; it pro-

hibits the deforestation of rainforests to preserve biodiversity and the requirements of land-use 

change (Scarlat and Dallemand, 2011).  

Programme for the endorsement of Forest Certification Schemes (PEFC) 

The PEFC scheme promotes sustainable forest management. It addresses primarily biodiversity, 

ecosystem services and social aspects of forest management practices (Höglund and Gustavsson, 

2011). 

3.4.5 The Swedish Forestry Act 

Swedish forest policy has a long tradition and the most recent review of the National Forestry Act 

was implemented in 1994. Compared to earlier versions, the contemporary Swedish Forestry Act 

advocates a balance between forest production and conservation values. Two overarching goals of 

equal value were established; one for production and another for safeguarding biodiversity. The 

intention is to make forest management sustainable. In 2004, following the intensified debate of 

human-induced climate change, the Forestry Act was reviewed further and now has a stronger em-

phasis on climate issues. Main stipulations of the current Swedish Forestry Act: 

 mandatory reforestation after final felling 

 a ban on the felling of young stands 

 an obligation for forest owners to carry out preventive control of insect pests 

 special management regimes for valuable hardwood and upland forests 

 a general duty of care for forest objects or sites of natural, historical or heritage value  

(KSLA 2009). 



BIOFUELS AND LAND USE IN SWEDEN – AN OVERVIEW OF LAND-USE CHANFE EFFECTS 

f3 2013:7 84 

 

The Forestry Act focuses on biodiversity protection; general conservation considerations in the law 

include the establishment of buffer-zones along watercourses, limitations of clear-felling areas and 

the retention of tree-filled areas within the clear-cuts. Land-use change is not directly mentioned in 

the Forestry Act but is dealt with indirectly through mandatory reforestation and a ban on fellings 

of young stands. The Act does not directly pinpoint climate issues or land-use changes in the con-

text of biofuel production (Agency 2010). 

Use of the forest and forest residues for biofuel purposes is not explicitly regulated by forestry 

legislation in Europe, with the exception of the Swedish Forestry Act requiring a notice to the au-

thorities before clear-cuts and when logging residues are removed from the forest. The Swedish 

Forestry Act also gives advice concerning nutrient compensation and ash recycling (Stupak 2007a). 

Changes in land use, for example final felling operations or soil preparation prior to forest planta-

tions is in other words regulated indirectly in forest legislation; however, not for the purpose of 

tackling land-use change effects. 

The environmentally protective structure in the Forestry Act is in other words constructed from a 

landscape-biodiversity perspective for the purpose of creating distribution corridors, habitats with 

long continuity and appropriate amounts of dead and decaying wood. 

In Sweden, primarily two major forest certification schemes are recognized; the Forest Stewardship 

Council (FSC) and the Program for the Endorsement of Forest Certification Schemes (PEFC). FSC 

is one of the most commonly adopted forest certification schemes to encourage sound forest man-

agement at different levels and contain social, ecological and economic aspects. 

3.4.6 Socio-Economic criteria in policy 

As shown in Table 7, most schemes include socioeconomic aspects in one way or another. Socio-

economic issues are mainly expressed in international agreements and conventions, and many ex-

isting schemes express or mirror such international frameworks. Several schemes use requirements 

from international conventions, such as the ILO Convention, as a minimum baseline. Despite the 

inclusion of socio-economic aspects in many schemes, there is a great need to harmonize and de-

velop a common methodology to measure and monitor such aspects (IFPRI 2011). 
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Table 7. Overview over existing certification schemes and factors included. “x” indicates that the factor is 

included in the scheme. For example, the RED includes three aspects related to LUC, but not iLUC (adapted 

from Scarlat and Dallemand, 2011). 

Factor Scheme RED RSPO RTRS BSI RTFO NTA 

8080 

ISCC RSB CSBP GBEP US-

RFS 

LCFS 

              

LUC General x x (x) (x) x x x x  x   

 GHG 
calculation 

x x  x x x x x   X  

  Monito-
ring 

x    x x       

iLUC General           X  

  GHG 
calculation 

          X x 

Bio-diver-
sity 

 x   x x x x x x x   

Socio-
economic 
aspects 

Economic 
develop-
ment 

 x x x  x x x  x  x 

 Social 
aspects 

x x x x x x x x  x  x 

  Labour 
conditions 

 x x x x x x x x x  x 

3.4.7 Fossil fuels and Land-Use Change 

The research on anthropogenic land-use change effects are more or less exclusively directed to-

wards the production and use of biomass, in particular the production of biofuels. The coupling of 

bioenergy demand to LUC has been receiving a great deal of attention from researchers and policy 

makers. In the debate and research so far, the LUC effects of fossil fuels production and use are 

scarce. Gorissen et al. argue that the exploration of fossil fuel resources also induces land-use 

change, especially in the case of the exploration of unconventional fossil fuels, such as oil shale 

and tar sands, which involve ecosystem disturbances in the form of surface mining and horizontal 

well drilling. As conventional fossil fuel reserves decrease, unconventional fossil fuels (e.g. tar 

sands) become increasingly profitable to exploit, thereby increasing the risk of negative land-use 

changes also from fossil fuels. Regulating only the LUC effects associated with biofuels (not fossil 

fuels as well as other uses of biomass) can disturb the transition towards renewable fuels because 

the commercialization of renewable resources might be decelerated. Further, it can be argued that 

using fossil fuels as a reference energy system for comparisons with bioenergy necessitates a more 

comprehensive knowledge and assessment of the LUC performance of fossil fuel systems 

(Gorissen et al 2010). 

3.4.8 Additional studies addressing policy and LUC 

Since there is a scientific uncertainty regarding the scale and severity of indirect land-use change 

related to biofuels for transport, there is a challenge in developing suitable policies. If the policy 

governance of sustainable bioenergy use were not based on full information regarding adverse 
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effects caused by land-use change (including indirect land-use change or iLUC), political and eco-

nomic decision-making would rely on uncertain bases and the consequences might result in welfare 

losses to the entire society. Not taking the aspect into account or underestimating the impact might 

create welfare losses; in addition, erroneous accounting of the impact (i.e. overestimation) might 

also generate losses because of missed opportunities. 

Gawel and Ludwig (2011) analyze the approaches developed for taking indirect land-use change 

into account. While instruments for certification schemes have been developed to tackle direct ef-

fects, the methodology of iLUC accounting is still in its infancy. However, three main approaches 

for governing iLUC-related bioenergy may be identified: the impact-related approach (e.g., the 

introduction of universal LUC requirements for all types of biomass or by protecting hot spots of 

biodiversity), the product assignment approach (e.g., the introduction of iLUC-factors) and the 

general government approach (e.g., introducing options for the effect of lowering the pressure on 

land use or by demanding continuous information on the impacts to legislators). The assessment of 

the discussed or even already implemented approaches shows that there is no predominant method 

that performs well, is practicable, available or finds general societal consensus. The conclusion by 

Gawel and Ludwig (2011) is that ”a more preferable option under present circumstances might be 

to diminish bioenergy targets and to choose bioenergy pathways with minor land use conflicts (e.g. 

residues) in order to lower the pressure on land-use change processes in bioenergy-producing re-

gions worldwide”. 

Di Lucia et al. (2012) analyze ways to deal with iLUC of biofuel policies by learning from policy 

fields where similar dilemmas have been confronted in the past. A risk-indifferent, risk-taking, 

preventive and precautionary approach are identified for the cases studied of carbon dioxide cap-

ture and storage (CCS), nuclear power and radioactive waste, genetically modified organisms 

(GMO) and biofuels for transport (past experience of environmental impacts). The results show 

that a preventive approach appears to be the most practical choice in terms of effectiveness and 

stakeholder acceptance. However, it also involves the risk of treating scientific uncertainty as cer-

tainty. 

Havlík et al. (2011) who analyze the global land-use implications of first and second generation 

biofuel targets provide the following policy recommendation: “Due to the complexity of the system 

with both possible positive and negative effects and since no clear technology champion for all 

situations exists, policy action should focus directly on the positive and negative, environmental 

and social effects linked with biofuel production, rather than on biofuel production itself”. 

A study by Huertas et al. (2010), based on interviews with different stakeholders, indicates that the 

Brazilian ethanol sector may adopt sustainability certification requirements rather than leaving 

markets where such requirements become established and turning to markets with less stringent 

demands. At the same time, results indicate that so far, the certification initiatives have not resulted 

in any profound changes in the Brazilian ethanol sector. It should also be noted that since the addi-

tional costs associated with certification may imply that small producers are unable to afford com-

plying with certification (UNCTAD, 2008), certification may favor large corporations. 

Di Lucia (2010) examines whether the sustainability certification system in the EU Directive 

2009/28/EC (EC, 2009) can effectively ensure sustainable production of biofuels outside the EU by 

means of a case study of Mozambique. The focus is on evaluating the mode of EU external govern-

ance, i.e., the way the scope of the EU policy is expanded to include non-EU countries partly based 
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on interviews. According to Di Lucia (2010), the EU attempts to impose its rules and values on 

sustainable biofuels by using its leverage through trade. The study finds that Mozambican industry 

is interested in participating in the EU market to promote its application to the EU system, while 

the lack of participation in the decision-making process does not advance the idea of a legitimate 

and appropriate policy in Mozambique. Stronger emphasis on a network- oriented approach based 

on the substantial involvement of foreign actors and on international policy legitimacy is suggested 

as a way to move ahead. It should be noted that only five countries were directly involved in the 

EC consultation process, three of them (Brazil, Malaysia and Indonesia) with well-established bio-

fuel industries. However, the developing world, where a policy for sustainable biofuels can have 

substantial positive impacts, but where the biofuel industry is still in its infancy, does not have the 

same opportunity to influence the policy process. 

3.4.9 Summarizing policy measures and Land-Use Change 

Policies, certifications and standardizations are crucial in order to prevent negative land-use change 

effects. Many certification initiatives and standards address the land-use change issue in a variety 

of ways; these initiatives are usually expressed as GHG performance requirements. However, based 

on research so far, lignocellulosic biofuels may produce less negative effects compared to biofuels 

from agricultural crops. 

The wide range of biofuel feedstock and conversion options used while producing biofuels means 

that biofuel certification faces large difficulties in formulating relevant criteria. Major concerns 

relate to the impacts that may occur in terms of biodiversity loss, impacts on water, water quality, 

food prices and land-use change, to name a few. 

Even if biofuel certification were to address indirect land-use change, it is unlikely that all indirect 

effects can be avoided since they can be driven by other factors, as well as their effect on producers 

across different markets. From a policy development point of view, it might be doubtful to define 

principles and criteria that pinpoint only one particular end-use (biofuels), but no other uses (e.g. 

food). During the agricultural or forest management phase of the biofuel crop, the end-use of the 

biomass is not always known, which means that there are great uncertainties in presenting policies 

that are likely to end up in biomass for energy purposes alone. 

Some existing schemes are intended to prevent iLUC. The Renewable Energy Directive promotes 

biofuels made from wastes and non-food cellulosic materials. The U.S. Renewable Fuels Standard 

(US-RFS) and the California Low Carbon Fuel Standard promote advanced biofuels (biofuels 

based on cellulosic feedstock) with lower iLUC impacts. 

Still, there is great inconsistency and low harmonization among existing schemes dealing with 

LUC. There are signs that the trend is towards a more coherent and international framework; sev-

eral schemes aim to comply with the Renewable Energy Directive. Nevertheless, the increased 

internationalization and globalization of biofuel standards are necessary to secure complex prob-

lems such as the indirect effects of biofuel production. Harmonization is needed to streamline defi-

nitions, approaches and methodoloies among existing schemes which means that new definitions 

are needed to avoid suboptimization; definitions of, for example, forest land, high conservation 

value areas, marginal areas, etc. As indirect effects can have global dimensions across countries as 

well as across markets, rigid and functioning schemes must also act in a harmonized manner across 

countries and markets. 
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Finally, the efforts of making biofuel production sustainable should also go hand in hand with 

making agriculture and forestry sustainable as well. 

3.4.10 Knowledge gaps 

There is a need for fresh knowledge concerning the impact of different policy mechanisms. With-

out such knowledge, it might be difficult to judge if a certain policy will live up to its intentions or 

whether it would create other undesireable side effects. Moreover, such fresh knowledge is needed 

on the ways in which different policies and certifications work together on a global market. Various 

policy options on land use effects in policy making should be evaluated in order to assess the actual 

impact of a policy. Land-use change aspects in policies are often vague and impossible to properly 

measure, and a better understanding of how such aspects might be developed and integrated into 

policy making would be valuable. 

The effects of having a great variety of national and international initiatives working independently 

of each other is also questionable compared to having a few comprehensive international frame-

works. Future research might be helpful in developing policy options that are measurable, effective 

and that avoid goals that are conflicting with other LUC aspects. 
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4 SYNTHESIS 

4.1 INTRODUCTION 

Humanity is transforming the terrestrial ecosystems at a global scale through the use of land for the 

production of food, feed, fiber, timber, and bioenergy. This current land use is in many ways prob-

lematic for the environment and is far from sustainable (Rockström et al. 2009; Foley et al. 2011). 

However, it is important to remember that all land-use change does not have to be detrimental to 

environmental sustainability, as there are opportunities to transition from current land use to land 

use that is better for the environment, for example by increasing soil carbon and biodiversity. Nev-

ertheless, there is a considerable risk that land use change from increased production of biofuels 

will increase the pressure on the environment, and this risk must be carefully managed. 

It is also important to consider that abstaining from using biofuel implies using fossil fuels. While 

most research regarding sustainability issues from LUC relate mostly to biofuel production, it is 

likely that the extraction of fossil fuel resources also induces LUC impacts. For example, fossil fuel 

exploitation can pose direct and indirect threats to biodiversity when reserves are located in fragile 

or biodiverse areas, as well as contribute to greenhouse gas emissions during the extraction and 

processing of unconventional fuel sources, such as oil sands and shale gas. 

This report shows that issues related to land-use change are widespread and difficult to overview 

and can impact the local, regional or global environment. Synthesizing the information from the 

previous chapters is, therefore, valuable. 

4.1.1 Framework of the synthesis 

Land-use changes due to biofuel production can have impacts locally, regionally or even globally 

and affect a variety of socio-economic and environmental aspects. The effects can occur instanta-

neously or emerge slowly during a long period of time. Moreover, land-use changes are affected by 

policies and stakeholder decisions on local, regional and global levels. With the literature review as 

a base, the synthesis will discuss aspects of land-use change from a broader perspective, taking into 

consideration society, policies and future biofuel development. 

Figure 16 shows how land-use change influences a variety of aspects at a local, regional, and global 

context. Wherever biomass is produced, i.e. on land in Sweden or elsewhere in the world, the pro-

duction is affected by local and distant factors and has local and distant effects. The actual land use 

(inner circle) affects future production capacity on that land (green arrow). The production affects 

the local environment (biodiversity, water and soils) and local economy, and the local context in 

turn affects production (blue arrows). Production also affects the climate and world market, and is 

affected by them (orange arrow). Distant effects (orange arrows) can be both direct (i.e., green-

house gas emissions from land use) and indirect (i.e., affects land use in other countries in addition 

to food prices). 
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Figure 16. Local, regional and global land use implications. 

4.2 MAJOR CHALLENGES IN THE CONTEXT OF LUC AND BIOFUEL 

PRODUCTION 

In the literature review, a number of important land-use change issues associated with biofuel pro-

duction at a local, regional and global scale, have been identified. These issues are either a result of 

direct or indirect land-use changes and have an impact on the local, regional and global scale. 

4.2.1 Deforestation, forest management and climate change 

Globally, deforestation is a major contributor to emissions of greenhouse gases. Through defor-

estation highly diverse ecosystems can be removed and replaced by agricultural lands. The carbon 

stock of standing biomass decreases and the crops that are grown after the land conversion often 

cannot reach the same carbon uptake rate. Carbon that has been stored in the soil can also be lost to 

the atmosphere. Other issues might arise as a consequence of the deforestation, such as losses of 

biodiversity, soil erosion, etc. 

In Swedish forests, higher biomass production can be reached by increased harvests of tops, 

branches and stumps, as well as the nitrogen fertilization of forests and ash recycling. These 

changes in forest management affect greenhouse gas emissions from forest soils. Forest manage-

ment practices for biofuel production would need to be monitored and modelled better so that man-

agement can be adapted to minimize negative environmental impacts. Moreover, changed forest 

practices may affect future forest growth, which is of major importance and requires long-term 

research. 
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A controversial issue related to the quantification of the climate effects of biomass is the timing of 

emissions. When biomass is burned, the carbon that is sequestered in a growing tree is released into 

the atmosphere over a short period of time. The carbon emitted by the combustion of biomass and 

loss of soil carbon must be “paid back” by being sequestered in new and growing biomass which – 

depending on the type of biomass – can take anything from two to 100 years to develop. Until now, 

this growth cycle has normally not been taken into account in greenhouse gas balances of biofuels. 

In this report, we have also described the climate effects attributable to changes in albedo, aerosols 

and evapotranspiration; these changes may have both warming and cooling effects. For example, 

converting all year-round dark forest to agriculture that during the winter will be snow-covered 

produces a much whiter and more reflecting surface, which has a cooling effect. Cooling effects of 

a land-use change can be so large that it outweighs the warming effect of greenhouse gas emissi-

ons. However, since the estimations are based on rough approximations, while in reality local 

variations play a major role, the uncertainties are large. 

4.2.2 Degradation of biodiversity 

There is a general consensus among experts and governments worldwide that the biodiversity cri-

sis, revealing the non-sustainable character of the human exploitation of natural resources, is one of 

the main threats to humanity (Millennium Ecosystem Assessment 2005, Rockström et al. 2009, 

Miljödepartementet 2009, UNEP 2011). Land-use changes caused by an expanded and intensified 

forestry or agriculture are nationally and globally among the most important threats to biodiversity. 

Intensified biofuel raw material production is qualitatively similar to other large-scale forestry or 

agriculture, but may have detrimental additive effects on biodiversity (for example, by using previ-

ously discarded biomass or land). The loss of species alters key processes of importance to the 

long-term productivity of ecosystems and is, therefore, an indicator of globally unsustainable land 

use. Environmentally motivated biofuel production must thus be established with great care or else, 

it may counteract its ultimate purpose of delivering sustainability. 

As the literature review on biodiversity issues and land-use change clearly shows, the impact of 

biofuel raw material production on biodiversity may be negative, neutral or positive and the direc-

tion of the impact depends on the respective crop, habitat or land use replaced, landscape context of 

the plantations or group of organisms considered. Available studies give preliminary indications on 

the effects of different production systems on biodiversity, but further detailed studies are needed 

as a knowledge base for more solidly sustainable assessments of full-scale systems. The available 

literature is sparse in relation to the anticipated scale of bioenergy production (in Sweden as well as 

in other countries). It may not be surprising that research is lagging behind a quickly growing in-

dustry; however, it is urgent that every opportunity is taken to learn from new land use methods 

applied in experimental or full scale versions. 

Further, there is emerging research about how biofuel feedstock can be produced in combination 

with the production of other ecosystem services on a win-win basis, but land use practice and pol-

icy still lag behind. 

4.2.3 Nutrient leakage and removal 

The market has become interested in using all parts of forest trees (stems, branches, tops, needles, 

and stumps). A change in the intensity of the production in a forest leading to the increased use of 
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additional parts of the forest biomass has effects on growth potential, nutrient pools in forest bio-

mass and soils, as well as the leaching of nutrients from forests. 

The intensified use of forest biomass may also increase soil acidity and the loss of base cations 

leading to acidification. Studies have shown either no effect or a negative effect of intensive bio-

mass harvesting on productivity in the short-term. Long-term studies are not yet available. Most 

studies show no unified effects on nitrate leaching after an intensified outtake of biomass (stems, 

branches and leaves/needles); however, studies reveal that the soil storage of nutrients is depleted, 

showing a negative nutrient budget which, in turn, will decrease long-term wood production ca-

pacity. The nutrient balance needs to be adjusted through one or several of the following recom-

mendations:  i) reconsidering the outtake of biomass, ii) returning ashes to the forest or iii) fertiliz-

ing the forest. 

On Swedish agricultural land, an increased use of perennial energy crops instead of annual food 

crops may reduce direct environmental impacts from agriculture. The characteristics of perennial 

energy crops, such as low fertilizer input, low nutrient loss or high nutrient use efficiency values 

produces high efficiency in biomass production and less environmental effects from nutrient use. 

Perennial crops, such as reed canary grass and willow, have a year-round soil cover that is effective 

in reducing nutrient leakage. Perennial energy crops, if placed in suitable locations in the agricul-

tural landscape, thus have the potential of contributing to reduced nutrient leakage from agriculture. 

However, the replacement of food production on Swedish agricultural land with perennial energy 

crops can cause indirect land-use change, moving the negative environmental effects of agricultural 

production to another location. 

4.2.4 Challenges in quantifying iLUC 

As the theory in iLUC-modelling is based on economic market reactions to an increasing demand 

for biofuels, as opposed to the more natural science-based quantification of direct changes, the 

quantification of climate change due to indirect land-use changes is very different from the quanti-

fication of direct changes. 

According to current knowledge, there are great uncertainties as well as varying assumptions and 

methodologies among studies trying to quantify iLUC. The effects and methodological problems 

facing such studies are similar to research trying to measure biofuel contribution to rising food 

prices and poverty. What can be concluded, however, is that most studies acknowledge the exist-

ence of iLUC effects from biofuel production and that most studies present results that show that 

iLUC is relevant to the overall GHG balance. Based on existing knowledge, the European 

Commission published a proposal for greenhouse gas emissions from biofuels, but only for mem-

ber state reporting purposes, in October 2012 to introduce so-called iLUC-factors into the EU cal-

culation methodology. The proposal points out the direction for future biofuel production in Europe 

and that 2nd generation biofuels rather than agriculturally based biofuels should be promoted. 

4.2.5 Contribution to rising food prices and poverty 

Based on existing research, it seems clear that increased biofuel demand has had an impact on 

global food prices. Our literature review shows that a spectrum of different approaches to assess the 

contribution of biofuel use to the 2007-2008 food price crisis has been used. Although results vary, 

most studies find that a 30-50 percent increase in feedstock (corn and oilseeds) prices was due to 
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rising biofuel demand. Note, however, that most studies focus on the effect of U.S. ethanol demand 

on domestic corn prices, while there is much less evidence of the impact of EU biodiesel demand 

on oilseeds and vegetable oil markets. 

A number of studies have also tried to assess the consequences of further near-term increases of 

biofuels on agricultural markets. The results from these studies vary a great deal, partly depending 

on the methodologies used, with partial equilibrium models predicting larger price increases than 

general equilibrium models based on assumptions regarding the penetration of second generation 

biofuels which through their lower land use requirements assert less pressure on food prices. 

It is also clear that higher food prices disproportionally impact the world’s poor. Many of the 

world’s poorest countries are net importers of food and will lose from higher food prices. Similarly, 

the major share of the population in these countries are net consumers of food and adapt to higher 

food prices by eating less, eating lower quality foods, or cutting back on other expenses. It is esti-

mated that approximately 100-200 million people globally would have been lifted out of poverty 

and food insecurity had not agricultural commodity prices increased over the 2007-2008 period. 

Increased global demand for land for biofuel production has also contributed – directly and indi-

rectly – to large scale land acquisitions of farmland in developing countries by foreign investors, 

with the result that rural populations have lost access or rights to their land, leading to negative 

impacts on livelihoods and development opportunities. 

4.2.6 Policy development 

Today, numerous policies, certifications and standards exist to ensure the existence of sustainable 

biofuel production. Some policies were developed in an international context, such as the EU RED, 

while others target specific biofuels. Some policies are voluntary, while others are legally binding. 

Another controversy is that policies for sustainable biofuel production often presuppose the pro-

duction of raw material for the specific biofuel end use. However, during plantation and growth, it 

is not always decided if a specific crop or tree will end up as biofuel, since it could also be har-

vested to produce such products as rape seed oil for human consumption or sawn wood products. 

Based on existing research, it is clear that a more harmonized approach is needed to consider the 

many effects of land-use change, regardless of the end use of the forestry and agriculture products. 

4.2.7 Socio-economic aspects 

Most human activities – agriculture, forestry, transport, housing and manufacturing – are all inter-

connected with the issue of land-use change. From a socioeconomic point of view, land-use change 

can be both positive and negative. Bioenergy production can create job opportunities in rural areas, 

while at the same time interfering with the traditional way of life, landscape preservation and recre-

ational values. If increased biomass production in Sweden was to be successful, it would have to be 

developed in collaboration with all kinds of stakeholders, including farmers, rural communities, 

tourists, and hunters, in order to benefit from opportunities and manage conflicts. 
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4.3 VIEWS OF STAKEHOLDERS 

As a part of this study, a workshop was arranged in order to discuss the results of the literature 

review in general and discuss stakeholder views on LUC issues in particular. In this section, stake-

holder views are presented based on the project workshop. 

4.3.1 How the biofuel industry perceives the LUC issue 

Lack of political long-term decisions 

In Sweden, as in other countries, the markets for biofuel have been backed up by short-term poli-

cies (up to four years) which have been creating markets for renewable fuels, such as the ethanol 

market and infrastructure. Because of the uncertainty regarding how greenhouse gas effective bio-

fuels are compared to fossil fuels (and how to account for LUC-emissions), decision- makers are 

reluctant to make long-term commitments. The Swedish biofuel industry requests long- term gov-

ernment decisions on how to promote biofuels over the long run. An often stated argument as to 

why the introduction of second generation biofuels are not yet on the market at a larger scale is that 

investments are put to a halt because the lack of political will and direction. This is important con-

sidering LUC and iLUC-effects; the European biofuel industry has been waiting several years for a 

decision on how to account for iLUC (a proposal is now circulating for approval). Such uncertainty 

naturally creates concern and decision delays for the biofuel industry. This delay is especially prob-

lematic because even though there is scientific consensus that the environmental effects, including 

ILUC effects, are lower for 2
nd

 generation biofuels than for currently produced fuels, the lack of 

political direction has delayed the development of 2
nd

 generation biofuels. 

The “food versus fuel debate” has implied that the benefits of using biofuel have been questioned 

from an ethical perspective. Also in this area, there is a need for clear policy decisions. As the bio-

fuel industry expands, the growing market will have consequences for the global access to food, 

commodity markets and food prices, as we have seen during the literature review. On the other 

hand, an expanding biofuel industry may open up new opportunities for poor regions – small farms 

and rural communities – to benefit from the income from biofuel production and reduce unem-

ployment. 

A common argument for biofuel production in other countries is that it would promote economic 

and social development. However, such development must also be backed up by policies in order 

to prevent undesirable social and socioeconomic effects. Mechanisms to prevent such undesirable 

results include certifications and policy measures which need to be long-term in nature. 

Policies that target a specific end use 

Biofuel policies are usually developed with the view that a particular feedstock should be used for a 

particular end use and with the anticipation that this is already decided at the crop field which is not 

always the case in reality. Regardless of whether the crop ends up as biodiesel or cooking oil, the 

harvest of rape seed might create land-use change effects. The industry is critical of the fact that 

products are punished just because they are used for biofuels and advocates that all end uses should 

be subject to regulations regardless of their end use. Even if fossil fuel extraction that more or less 

depends on extraction techniques can induce land-use change, fossil fuels are rarely mentioned in 

the LUC-debate. With measures and regulations that target only biofuels, the industry feels it is 

penalized for actions it cannot reasonably influence. 
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Complex methodology accounting for LUC 

Accounting for LUC and iLUC is a complex task. A common perception of the biofuel industry is 

that the methodology of accounting for LUC is complex and does not solve the problems. On the 

contrary, complex accounting might act as a barrier to biofuel expansion and create unnecessary 

administrative burdens. If the methodology becomes too complex, it would present obstacles to 

market development. Moreover, today’s methodology to account for LUC is predominantly a mat-

ter of greenhouse gas calculations and does not take into account other effects described in this re-

port, such as biodiversity, soil chemistry, albedo and so on. The methodology to account for LUC 

is also highly incertain, as described in the literature review. 

Use of fertilizers 

Since less land is needed to produce the same amount of feedstock, increased fertilization is one 

way of increasing biomass growth, thereby avoiding increased negative LUC impacts. In Sweden, 

there are a number of legal obstacles to the use of fertilizers in forests, coupled with risks associ-

ated with biodiversity and nutrient leakage. For the industry, costs can be excessive but industry 

nevertheless expects fertilization to be carried out if the legal framework were to become more 

cooperative. 

4.3.2 Solutions 

General long-term policies 

The biofuel industry often suggests general and cost-effective measures to handle LUC-issues ra-

ther than specific targeted biofuel policies. Such policies should also be developed to take into con-

sideration the agricultural and energy sectors at the same time. An important contemporary contro-

versy is whether biofuel production involves both agricultural and energy polices or not, but the 

policies are not yet fully integrated on national or EU levels. In Sweden, there are agricultural sub-

sidies available for the creation of buffer zones surrounding sensitive nature areas and catch crop 

cultivation to reduce nutrient leakage, but they are not allowed to be used for energy purposes. 

Intensified cultivation 

The intensified production of biomass can represent a solution to LUC issues related to climate im-

pact. By producing more biomass on each hectare of land, for example by plantations of fast-grow-

ing trees, a higher demand for biofuels may not necessarily require expanding land use. Depending 

on soil quality and climatic region, yields can be increased in various ways (by new crop varieties, 

other management techniques or increased fertilizing). However, as there are risks concerning pes-

ticides, nutrient leakage and biodiversity, such intensification can be controversial and requires 

careful management and policy development. 

Efficient use of waste and more efficient post-harvest agricultural management 

By using available resources such as food and waste more efficiently and by developing modern 

and effective management practices, LUC effects can be reduced. In developing countries, up to 25 

% of the crops harvested can be destroyed due to poor processing and storage systems. By devel-

oping better storage conditions for food crops and bioenergy crops, less feedstock has to be dis-

carded, which might decrease the pressure to expand agricultural areas. In industrialized countries, 

up to 25 % of the food ready for consumption is discarded. By reducing the amount of discarded 
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food and by improving storage systems along the food logistics chain, less food must be produced, 

thereby reducing the need for using more arable land. 

Energy crops on agricultural land. 

On agricultural land, plantations of salix, poplar and energy grasses offer a number of opportuni-

ties: 

 give considerably higher biomass yields than annual crops, 

 contribute to reduced environmental impacts from agriculture through the reduced use of 

pesticides, less nutrient leakage and improved biodiversity in the agricultural landscape, 

 increase carbon storage in vegetation and soils, and 

 keep the potential to produce food on the land in the future. 

Before Salix can become an important raw material for biofuel production, processing techniques 

must be further developed. Biofuel produced from salix and other cellulosic raw material is today 

regarded as 2
nd

 generation fuels. Today, salix is mostly used in heat and power plants to produce 

heat and electricity. 

However, all production of biofuels rather than food on agricultural land has an iLUC effect. As 

yields grow, the above-mentioned energy crops give less iLUC per MJ of biofuel than cereal and 

oil crops. Despite these opportunities, the production of cellulosic energy crops is not increasing, 

and Swedish salix is currently in decline. 

Energy crops may have some slight positive effects on biodiversity compared to previous, large 

scale agriculture (by being perennial and structurally more diversified). 

Moreover, there are indications that old traditional land management can be modernized to provide 

bioenergy feedstock sustainably, efficiently, and in harmony with ambitious biodiversity targets. 

4.4 FUTURE OPPORTUNITIES AND MAJOR KNOWLEDGE GAPS 

In the context of global land use challenges, the environmental and social risks in Sweden may 

seem trivial and even negligible. However, the situation in Sweden is the primary responsibility of 

Swedish actors, and there are many reasons for keeping high standards for Swedish biofuel pro-

duction. The first conclusion for Sweden in a global context is that as we change land use, we 

should be careful not to export land-use-related environmental problems to other parts of the world. 

From a producer-perspective, this should primarily be done by increasing biomass production on 

Swedish land if such production can be carried out without harm to our environment (especially re-

garding climate change since this is an environmental effect with global consequences) and without 

reducing food production in Sweden. 

Much of the negative effects on biodiversity and ecosystem services relate to the scale and intensity 

of the production system in question. This applies to Sweden as well as globally. Small scale pro-

duction can create local benefits, such as energy security and employment opportunities. Policies 

should be developed that benefit small scale production and diversity in production systems. 
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4.4.1 Future research and knowledge gaps 

A number of knowledge gaps have been identified throughout the literature review: 

General knowledge gaps 

 More research is needed on the impact of LUC related to fossil fuel production, e.g. when 

exploiting unconventional fossil fuels such as tar sands and shale gas so that the impact 

from fossil fuels can be compared to the impacts from biofuels (Gorissen et al 2010). 

 More knowledge is needed in order to translate modern scientific knowledge to practice. 

Much is already known regarding greenhouse gas fluxes to and from the biofuel production 

system. The knowledge must be developed into guidelines that can be introduced into 

practice. 

 Strategies for where to produce biofuels to avoid negative effects. More knowledge is 

needed concerning where biofuel production should be located, in what climatic region and 

on what types of soils. 

Greenhouse gas emissions from soils 

 Measurements of greenhouse gases. There is a large need for measuring carbon dioxide, 

methane and nitrous oxide from both forest and agricultural lands under various manage-

ment practices. These measurements can yield a knowledge base for systems analyses in 

order to facilitate priorities between different biomass sources from a climate perspective. 

 Studies on how forest growth is affected by harvest of tree tops, branches and stumps. 

 Water transport of carbon from forests from a landscape perspective. 

 How forests and biomass growth are affected by management using continuous tree cover 

compared to conventional clear-cutting. 

 Knowledge of the potential for carbon storage in agricultural soils as land-use changes 

from annual food crops to perennial energy crops (including studies of roots and carbon 

turnover in soils). 

 How nitrous oxide emissions are affected by different types of cropping systems and man-

agement activities. 

 As organic soils are major emitters of greenhouse gases, it is important to find the best uses 

for these soils. There are indications that bioenergy production in some form can be a good 

management option for reducing GHG emissions from forested or agriculturally organic 

soils, but more research on this topic is needed. 

Plant nutrient and other soil chemistry aspects 

 Short-term studies on the effects of the outtake of biomass and the effects of wood ash 

recycling on forest production, as well as soil and water quality. 

 Long-term studies of intensified biomass outtake from forests. 

 Effects of the fertilization of forests. 
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 Continued work on how to transform experimental knowledge on wood ash recycling into 

practical guidelines in order to optimize the dose (i.e. optimizing fertilization doses yield-

ing better biomass growth and at the same time avoiding negative environmental effects). 

 Biochar is a promising option for long-term carbon sequestration in soils. Research on bio-

char is at an early stage and so far, there are more questions than answers regarding how 

biochar affects biomass productivity and long-term soil fertility. 

Biodiversity 

 There is a need for comprehensive studies on sustainability assessments of full-scale sys-

tems (given that biofuels production will be increased and more raw material is needed). 

 Effects on biodiversity following the removal of stumps and clear-cutting residues. In more 

detail, studies are needed to reveal the effects on certain species after stump removal). 

 Possibilities to grow willow beyond arable land need further investigation. 

 Develop practices to adopt crop management to optimize biodiversity (finding optimal har-

vesting time and frequency, cutting height, species mix and so on). 

 Particularly important is to initiate studies that lead to “win-win production systems”. Such 

research would give an indication of whether new species are worth introducing at a large 

scale. 

 Analyses and assessments of landscape scale effects are needed. Today we have limited 

understanding of the proportion of land covered by energy crops vis-à-vis the total area and 

location of remaining habitat patches in relation to species area requirements and landscape 

fragmentation. 

 Given future increased demand for biofuels, there is a need for studies of biodiversity ef-

fects taking into consideration the expected national increase in biomass use. 

Socioeconomic aspects in Sweden 

 More research is needed on how various stakeholders may be affected by land-use change 

caused by an increasing biofuel production. 

 Ways to manage conflicts of interest between different stakeholders. 

 How recreational values may be accounted for when deciding on biofuel strategies for the 

future. 

 Research on how farmers can combine bioenergy production within their business. 

 Socio-economic and technical barriers and opportunities for increased biomass production. 

Biophysical and biogeochemical climate impacts of land-use change 

 The influence of albedo effects of biomass production need to be further studied. 

 The importance of compounds (aerosols) emitted from biomass burning (natural fires and 

human-induced fires) and how these compounds impact the climate. 
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 More research is needed to understand how the evapotranspiration balance in forests influ-

ences the climate. 

 The feedback loops between climate and vegetation is important for the understanding of 

land-use change induced climate impacts. Feedback loops and their consequences are 

poorly understood. 

Indirect land-use change 

 Since estimates of iLUC are diverse, an increased knowledge on how to model iLUC is 

needed, using either economic or other types of models. This will improve our under-

standing of pros and cons, but never lead to a definite answer. 

 Increased knowledge of historical cultivation systems and soil management on actual sites, 

as well as soil carbon, its past trend and other specific local conditions. Such understanding 

would reduce uncertainties in quantifying carbon stock. 

 So far, only greenhouse gas emissions have been included in iLUC calculations. Including 

biophysical and biogeochemical impacts, such as changes in albedo, aerosols and evapo-

transpiration, could change the evaluation of iLUC climate impact effects. 

Effects on food prices, food security, poverty and land rights 

 The link between biofuel crop production and food prices is not known in detail. Biofuel 

production has had some effect on food prices, but the interdependence between food and 

biofuel crop cultivation is poorly understood. 

 As is the case estimating iLUC-effects on climate, the effects of biofuel production on 

world poverty need to be further studied. 

Policy development related to land-use change 

 More research is needed on how biofuel policy mechanisms should be developed to con-

sider several aspects of land-use change issues. Today, land-use change issues associated 

with greenhouse gases have been the subject of most studies. 

 Measurable criteria should be further developed so that biodiversity and social aspects can 

be more easily measured and regulated through policy-making in the same way as 

greenhouse gas emissions (social life cycle analysis, biodiversity indicators, etc.). 

 A major challenge is to develop policies that reach up to its intentions, while at the same 

time avoiding conflicts with other sectors and regulations. 

The literature review and synthesis presented in this report have shown that land use on this planet 

is already placing high stress on ecosystems, atmosphere, soils and human life. Land-use change 

because of increased biofuel production is, therefore, at large risk of aggravating these problems. 

To avoid such risks and instead explore the opportunities for beneficial land-use change that exist, 

there is a need for continued responsible and sensitive collaboration between industry, policy-

makers, researchers and local communities 
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