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Abstract
The increased use of biomass for energy is as a key strategy in reducing carbon dioxide (CO2)

emission, which represents the largest anthropogenic contribution to the greenhouse effect. In

this thesis, aspects of an increase in the utilisation of biomass in the Swedish energy system

are treated.

Modern bioenergy systems should be based on high energy and land-use efficiency since

biomass resources and productive land are limited. The energy input, including

transportation, per unit biomass produced is about 4-5% for logging residues, straw and short-

rotation forest (Salix). Salix has the highest net energy yield per hectare among the various

energy crops cultivated in Sweden (Article I). The CO2 emissions from the production and

transportation of logging residues, straw and Salix, are equivalent to 2-3% of those from a

complete fuel-cycle for coal (Article II).

Substituting biomass for fossil fuels in electricity and heat production is, in general, less

costly and leads to a greater CO2 reduction per unit biomass than substituting biomass-

derived transportation fuels for petrol or diesel. Transportation fuels produced from cellulosic

biomass provide larger and less expensive C02-emission reductions than transportation fuels

from annual crops (Article III).

Biomass has the potential to become the dominating energy source in Sweden. The current

use of about 80 TWh/yr could increase to about 200 TWh/yr, taking into account estimated

production conditions around 2015. Swedish CO2 emissions could be reduced by about 50%

from the present level if fossil fuels are replaced and the energy demand is unchanged

(Articles III and IV). There is a good balance between potential regional production and

utilisation of biomass in Sweden. Future biomass transportation distances need not be longer

than, on average, about 40 km. About 22 TWh electricity could be produced annually from

biomass in large district heating systems by cogeneration (Article IV).

Cultivation of Salix and energy grass could be utilised to reduce the negative

environmental impact of current agricultural practices, such as the emission of greenhouse

gases, nutrient leaching, decreased soil fertility and erosion, and for the treatment of

municipal waste water and sludge, leading to increased recirculation of nutrients (Article V).

About 20 TWh biomass could theoretically be produced per year at an average cost of less

than 50% of current production cost, if the economic value of these local environmental

benefits is included (Article VI).
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to be negative".

Page 34, 8th line, "will be about 3 times higher, or about US$ 150/tonne C" should read

"will be about US$200/tonne C".

Page 43, 15th line, "IPECAC" should read "IPCC".

Article III

Table 8, replace with the following:

Biofuelsfrom agriculture land
Rape-methyl ester (RME)*
Biogas from lucerne^
Ethanol from wheat!
Ethanol from Salix,

acid hydrolysis"
Ethanol from Salix,
enzymatic hydrolysis"
Methanol from Salix^
Biofuelsfromforest land
Elhanol, acid hydrolysis"
Ethanol, enzymatic hydrolysis"
Methanol ^ t

Production costs based on
current biomass costs
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Note: Differs regarding methanol production costs. Cost calculations in article III based on estimated
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SUMMARY

Present global energy systems mainly based on fossil fuels are associated with a number of

environmental problems, of which the emission of greenhouse gases is one of the most serious.

The large-scale introduction of modern bioenergy systems has been identified as a key factor in

achieving more physically sustainable global energy systems with significantly lower net

carbon dioxide (CO2) emission.

This introductory essay provide a background to the work and to put the articles which

comprise this thesis into perspective. The first chapter presents a short overview of the

environmental impact of historical and current land use, and of the use of fossil fuels. The term

"sustainability" is also discussed, and the main questions addressed in this thesis are presented.

Some historical changes in Swedish and global energy systems, and current Swedish biomass

use, are described in Chapter 2.

In Chapter 3, strategies for reducing the environmental impact of the energy sector are

discussed. The use of renewable energy sources such as biomass and energy efficiency

improvements are two major strategies for reducing the environmental impact of energy

systems. The question of whether the available biospheric resources are sufficient to support

large-scale utilisation of biomass for energy and, at the same time, meet the demands for food

and fibre, is briefly discussed.

The methods used in this work in analysing energy systems and their environmental impact -

energy analysis and fuel-cycle analysis - are described in Chapter 4. Specific methodological

problems encountered in this work are also discussed.

In Chapter 5, strategies which can be applied in designing bioenergy systems in Sweden,

taking into account energy efficiency, CO2 mitigation, sustainable biomass production, regional

biomass utilisation and cost efficiency, are described. This chapter also summarises the results

presented in the articles.

In Article I, "Energy analysis of biomass production and transportation," the energy input in

biomass production and transportation is calculated and compared with the energy output in the

form of biomass yields. In Article II, "Emission of CO2 from biomass production and

transportation in agriculture and forestry", CO2 emission factors are used to calculate CO2

emission from fossil fuels used in biomass production and transportation.

In Article HI, "Reducing CO2 emissions by substituting biomass for fossil fuels", the

differences in net CO2 emission and cost between biomass and fossil fuel systems are analysed,

and the CO2 mitigation cost is calculated.

In Article IV, "Regional production and utilisation of biomass in Sweden", the balance

between the potential regional biomass production and utilisation in Sweden is analysed, and

future biomass transportation distances estimated. Factors that are considered in this analysis



are costs, energy efficiency and emissions of CO2, nitrogen oxides (NOX), hydrocarbons

(HC), and carbon monoxide (CO).

Articles V and VI treats the local environmental impact associated with energy crop

cultivation. Environmental changes when annual food crops are replaced by perennial energy

crops on Swedish arable land, are identified and quantified in Article V, "Environmental effects

of energy crop cultivation: identification and quantification". These environmental changes are

economically valuated in Article VI, "Environmental effects of energy crop cultivation:

economic valuation".

In Chapter 6, various factors which may influence the scale of implementation of physically

sustainable bioenergy systems in Sweden, are discussed. Examples of aspects of Swedish

bioenergy systems which require further investigation are given in Chapter 7.



1. INTRODUCTION

Biomass, or plant matter, has been used for energy production since the discovery of fire, and

was the dominating global energy source until the beginning of this century when fossil fuels

became the dominating energy source (WEC/IIASA, 1995). Today, there is a willingness to

increase the use of biomass, motivated by environmental considerations. The emission of

greenhouse gases, which may cause changes in the global climate, is reduced when sustainably

produced biomass is used instead of fossil fuels. During the history of man, however,

considerable local environmental damage has been caused by unrestrained land use. Thus, it is

important to use production methods in agriculture and forestry which have high energy and

land-use efficiency and do not cause local environmental damage. Production methods that

reduce current negative local environmental impact of land use should be used.

1.1 Environmental impact of historical and current land use
Throughout history, human beings have influenced their habitats, although hunter-gatherer

societies exerted only a limited impact. The impact on nature increased together with the

introduction and development of agricultural practices and technologies. Ever since the first

riverine civilisations developed 6000 years ago, forest land has been converted into arable land

leading to changes in the flora and fauna. When large agricultural civilisations, such as the

Roman Empire, were developed around 500 BC, the impact on nature was further increased

and affected larger areas. This was due to, for example, an increase in the use of annual crops,

such as cereals, leading to erosion, and the one-way flow of nutrients in the form of food to the

cities, causing impoverishment of the surrounding areas and waste and pollution problems

within the cities (Simmons, 1993).

From that time to the present day, this one-way flow of nutrients from rural areas to cities

has accelerated, due to continuously increasing global population and urbanisation. Today,

more than 80% of the population in industrialised countries lives in urban environments (United

Nations, 1994). To avoid impoverishment of the soil and to maintain, or increase, crop yield,

agrochemicals, such as commercial fertilisers and pesticides, came into large-scale use during

the middle of this century. Apart from environmental problems such as water pollution caused

by the concentration of natural compounds, problems also started to arise from man-made

chemical compounds which started to accumulate in living organisms (Simmons, 1993).

Current agriculture practices employing intensive soil tillage and a high proportion of annual

crops have resulted in the loss of soil humus and decreased soil fertility, as well as increased

soil erosion (Bouwman, 1990; Pimentel and Krummel, 1987). Since the Second World War,

an area equivalent to about 35-40% of current global arable land has been damaged, mainly due

to erosion (Gardner, 1997). Furthermore, current agriculture practices employing intensive



fertilisation with low precision regarding plant demand, cause environmental problems. Only

about 50% of the applied mineral nitrogen is normally taken up by annual crops, leading to a

high risk of nutrient leaching and emission of nitrous oxide (N2O) (Rijtema and de Vries, 1994;

Worell et al., 1995; Nevison et al., 1996). Current land use is also a major reason for the loss

of biodiversity worldwide (United Nations Conference on the Environment and Development,

1992). However, new agricultural technology itself does not necessarily cause environmental

damage. What should be considered is the use of technology in relation to the compatibility

between flows withdrawn by society and flows required to sustain the structure and function of

the ecosystem (Giampietro et al., 1992).

The development of agricultural practices leading to increased yields has made a continuous

growth in the global population possible, and has improved living conditions in part of the

world. A prerequisite for increased productivity in agriculture has been an increase in energy

use (Smil, 1991). Historically, the development of a society has been heavily dependent on

land-use for the production of fuel in the form of biomass, in addition to food and building

materials. For example, the rise and decline of wood-fuel supplies in the Roman Empire closely

parallelled the fortunes of the Empire itself (Perlin, 1991). With the industrial revolution, when

fossil fuels were introduced mainly due to the scarcity of biomass, this close connection

between development and land-use for biomass production was broken in the industrialised

world (Wilkinson, 1994). The availability of inexpensive fossil fuels has been a key factor in

the development of the industrial society (Goldemberg et al., 1988). Another important factor

has been the change to energy carriers with a higher grade, affecting social quality aspects of

energy carriers such as technical performance, reliability, localisation freedom, and handling

costs (Kander, 1998). The introduction of fossil fuels was also the beginning of new

environmental problems.

1.2 Environmental impact of fossil fuel use

The use of fossil fuels causes several environmental problems, such as atmospheric pollution,

acidification and the emission of greenhouse gases. The climatic conditions on earth are

dependent on the atmospheric concentrations of greenhouse gases. The concentrations of CO2,

N2O and methane (CH4), for example, have grown considerably since pre-industrial times

(IPCC, 1996a). The concentration of CO2, which represents the largest contribution to the total

direct radiative forcing of the anthropogenic greenhouse gases in the atmosphere, has grown

from about 280 ppm in 1750 to the present level of almost 360 ppm. The increase in the

concentration of greenhouse gases can be attributed largely to human activities, mostly the use

of fossil fuels, but also to land use changes. During the 1980s, fossil fuel combustion was

responsible for about 77% of the total annual CO2 emission worldwide (UNDP, 1997). In



Sweden, the energy and transportation sectors contribute about 70% to the current total annual

CO2 emission (Skarby et al, 1995).

The global mean surface temperature has increased by between about 0.3 and 0.6°C since the

late 19th century, and according to the IPCC (1996a), this change is unlikely to be entirely

natural in origin. The environmental effects of increased global warming are difficult to assess.

For the mid-range IPCC emission scenario, where the atmospheric CO2 concentration is

assumed to be doubled by the year 2100 relative to 1990, models project an increase in the

global mean surface temperature of about 2°C. The average sea level is expected to rise as the

result of thermal expansion of the oceans and melting of glaciers and ice-sheets. Also, the

amount and intensity of precipitation are expected to be affected, as well as the frequency of

severe storms. The distribution of vegetation zones may also be changed. However, the effect

of climate change will vary significantly between different areas of the world. There is also a

risk that future global warming may involve surprises, especially as a result of the non-linear

nature of climate systems (IPCC, 1996a).

Combustion of fossil fuels is also the largest source of atmospheric pollution (UNDP,

1997). This process gives rise to large quantities of oxides of sulphur and nitrogen, heavy

metals, hydrocarbons (HC), paniculate matter and carbon monoxide (CO), which are directly

health-damaging pollutants. The emission of sulphur dioxide (SO2) and nitrogen oxides (NOX)

also give rise to the acidification of lakes and streams, and cause a loss of diversity in

vegetation and reduced forest vitality. Despite progress in environmental protection through, for

example, flue gas cleaning, the deposition of sulphur around the year 2010 is estimated to be

twice as high as the critical loads (thresholds for damage) in southern Scandinavia, and up to 5

times the critical load in parts of Central and Eastern Europe (UNDP, 1997).

1.3 Sustainability
The term "sustainable development" has been used increasingly often since the beginning of the

1980s (K&gesson, 1997). There are several definitions of sustainable development. One

definition by The World Commission on Environment and Development (1987) is expressed

thus: "sustainable development is development that meets the needs of the present without

compromising the ability of future generations to meet their own needs". Another definition,

which concerns the physical sustainability of a society with respect to material and energy

throughputs, thus excluding cultural implications, has been proposed by Daly (1990). In this

definition, a sustianable society would have to satisfy three conditions:



(i) the rate of use of renewable resources must not exceed the rate of regeneration,

(ii) the rate of use of non-renewable resources must not exceed the rate at which renewable

substitutes are developed, and

(iii) the rate of polluting emission must not exceed the assimilative capacity of the

environment.

Another operational definition of sustainability is given by Holmberg et al. (1996), where

the following four socio-ecological principles must be fulfilled, namely:

(i) substances extracted from the lithosphere must not systematically accumulate in

the ecosphere,

(ii) society-produced substances must not systematically accumulate in the

ecosphere,

(iii) the physical conditions for production and diversity within the ecosphere

must not systematically be deteriorated, and

(iv) the use of resources must be efficient and just with respect to meeting human

needs.

Our present industrial society is not physically sustainable for several reasons. Examples of

measures for reducing the impact on nature are: changes in land-use and agricultural practices,

increased recirculation of nutrients, improved resource use efficiency and reduced use of fossil

fuels. Our dependence on fossil fuels is unsustainable, not only because of their adverse

environmental impact, but also as these resources are limited.

1.4 Questions addressed in this thesis
In this thesis, some aspects of the possibility of developing a more physically sustainable

Swedish energy system through the increased use of biomass are analysed. Here, physical

sustainability includes resource use efficiency, agricultural and forestry management methods,

land use, greenhouse gas emission, emission of pollutants and the recirculation of nutrients.

Economic aspects are also considered, including direct production costs and environmental

costs.



The following questions are addressed in this thesis:

• How can biomass be produced and utilised in an energy-efficient way?

• How can emission of greenhouse gases be reduced in a resource- and cost-efficient way,

by replacing fossil fuels with biomass?

• To what extent technically could we replace non-renewable energy sources with biomass?

• What are the regional balances between potential biomass production and utilisation, and

what will the demands on transportation be?

• What would the local environmental impact of biomass production be, and how could this

impact be minimised?

• Could energy plantations lead to local environmental benefits and increased recirculation of

nutrients, and if so, what is the economic value of these benefits?

Before these questions are addressed, a historical background is given in the next chapter

regarding how Swedish and global energy systems have changed over time. Various strategies

for reducing the environmental impact of the energy sector are discussed in Chapter 3.



2. ENERGY SYSTEMS IN TRANSITION

2.1 Historical changes in Swedish and global energy systems

Since the industrial revolution, two important events have governed structural changes in the

energy system at all levels (WEC/IIASA, 1995). The first was the introduction of the coal-fired

steam engine. This was the first time that fossil fuel was converted into work. The steam cycle

allowed energy services to be more geographically independent, in comparison with, for

example, direct water-power, since coal could be transported and stored and then used as

needed. High geographical concentrations of coal and scarce supplies of fuel-wood resulted in

lower production and transportation costs for coal (Perlin, 1991). Also, running steam engines

with firewood was much more time-consuming than coal, due to the lower energy density of

wood (Kander, 1998). The result of the transition initiated by the steam engine was that coal

had replaced traditional non-fossil energy sources, such as wood, in industrialised countries by

the turn of the 20th century (see Figure 1) (WEC/IIASA, 1995). The second important factor

was the increased diversification of energy end-use technologies, energy carriers and supply

sources resulting from, for example, the introduction of electricity and the internal combustion

engine. An increase in the use of vehicles resulted in an increase in the use of petroleum, which

became the dominating commercial energy source around 1960.

The substitution pattern for energy carriers in Sweden is somewhat different from those in

the global energy system. Primary electricity production, hydro and nuclear, is relatively high

in Sweden (see Figure 2). Also, the proportion of biomass, in comparison with coal, was, and

still is, higher in the Swedish energy system than in the global energy system. These

differences are due to Sweden's natural endowment of vast forests and numerous rivers

(Kander, 1998). The main biomass-consuming industry during the 19th century was the iron

industry (Schon, 1992). Since the middle of this century, the main biomass-consuming

industry has been the forest industry. Hydro-power has been one of the most prominent

primary energy forms in Sweden since the beginning of this century, and has been an important

factor in the development of heavy industry in Sweden, e.g. the cellulose, paper, iron and steel

industries. Nuclear power from plants which were constructed during the 1970s and 1980s,

and hydro-power, account for more than 90% of the current Swedish electricity production

(NUTEK, 1996). Another difference between the Swedish and the global energy systems is

that the proportion of natural gas is significantly lower in the Swedish energy system.
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2.2 Current Swedish biomass use
As can be seen in Figure 2, the use of biomass has increased in Sweden since the 1970s, and

now accounts for about 13% of the total primary energy supply (17% excluding conversion

losses in electricity production). In comparison with other industrialised countries, the use of

biomass in Sweden is high. Today, biomass is estimated to account for, on average, only 2-3%

of the primary energy use in developed countries, while in developing countries it accounts for,

on average, some 35% (Hall et al., 1993). The proportion of biomass in the global energy

system is about the same as in the Swedish energy system.

By-products from the forest industry, such as spent pulping liquor, bark, wood-chips and

sawdust, account for about two thirds of the current Swedish biomass use (NUTEK, 1996).

The utilisation of by-products for energy production has continuously increased, and by-

products are now nearly fully utilised within the forest industry. Also, the use of forest fuels

such as firewood for heating in single-family houses has a long tradition in Sweden (Kander,

1998). Today, household firewood consumption amounts to about 15% of the total biomass

use (NUTEK, 1996). At the beginning of the 1980s, a new type of forest fuel was introduced

into the Swedish energy system. Logging residues from tree felling were introduced for heat

production in district heating systems. The market for logging residues has grown steadily

during the last two decades, and several forest enterprises are involved in this trade. Logging

residues represent about 15% of the total biomass use today (NUTEK, 1996).

Biomass from agriculture, such as straw and energy crops, plays a minor, but growing, role

in the current Swedish energy system. A market for short-rotation forest (Salix) has been

established, sometimes involving contract cultivation. Research in the area of energy

plantations, such as short-rotation forest, was initiated in the early 1970s, and the programme

has expanded (Christersson and Sennerby-Forsse, 1994). As a result, Sweden has taken a lead

internationally in research into and the development of dedicated energy crops such as Salix.

There are several reasons why modern bioenergy systems have been developed in Sweden.

One important reason was the increasing price of oil in the 1970s due to the oil crises, after

which the forest industry took action to reduce its dependency on oil, through, for example,

increasing the use of by-products for energy purposes. The oil crises were also a reason why,

in 1984, the Swedish Government introduced investment support for the extension of tree-

section terminals, where forest fuels were processed together with raw material for the pulp

industry (Hillring, 1995). Other reasons behind the development of bioenergy were trade and

labour market policies. The public referendum in 1980 on the future of nuclear power in

Sweden also increased interest in biomass (Parikka, 1997). In the late 1980s it became more

and more important to fulfil environmental ambitions with regard to energy use. Thus, taxes

and fees on emission resulting from fuels producing nitrogen-, sulphur-, and carbon dioxide in

heat production, were introduced at the beginning of the 1990s. These taxes together with

10



energy taxes, which are high by international standards, were sufficiently high to make biomass

less expensive than coal and oil for heat production (NUTEK, 1996). Furthermore, the price of

forest fuels has continuously decreased in real terms since the early 1980s. Commercial interest

in wood fuels also increased when the Wood Fibre Act ceased to apply at the beginning of the

1990s, leading to the deregulation of the market for by-products such as chips and sawdust

(Hillring, 1998).

Apart from energy policy, agricultural policy has led to government support of research and

development in energy plantations. The overproduction of food crops has become a major

problem in Sweden, as in other European countries. Thus, energy crop production on set-aside

land not needed for food crop production may be a suitable complement to the traditional

agricultural system (Christersson and Sennerby-Forsse, 1994).

The use of biomass in Sweden has the potential to increase significantly, and several

analyses of the Swedish biomass potential indicate that biomass could be a major energy source

in Sweden in the future (Borjesson et al., 1997). The largest potential sources are logging

residues from forests, and dedicated energy crops from agriculture, such as energy grass and

Salix.



3. STRATEGIES FOR REDUCING THE ENVIRONMENTAL IMPACT
OF THE ENERGY SECTOR

The objective of an energy supply system is to provide the energy services necessary for all

sectors of the economy. Two major strategies can be employed to reduce the environmental

impact of current energy systems: (i) increasing the energy efficiency of the whole energy

chain, from the extraction of primary energy sources to the final energy use, and (ii) shifting

energy supplies to alternatives which are better able to support sustainable development

objectives.

3.1 Energy efficiency
The World Commission on the Environment and Development (1987) and the United Nations

Conference on the Environment and Development (1992), have highlighted energy efficiency

improvements as a central strategy for creating a more sustainable energy system. In contrast to

energy savings, energy efficiency improvements are defined as measures that reduce energy use

while maintaining energy service levels. Energy efficiency improvements can be achieved

through the whole energy system. Energy use can also be reduced by improved material

efficiency. In analogy with energy efficiency improvement, material efficiency improvement is

described as a reduction in the consumption of primary materials without substantially affecting

the service or function of a product (Worrell et al., 1997).

Examples of the importance of considering the potential for both energy and material

efficiency improvements, are given in scenarios developed by Worrell et al. (1997). Under

"business-as-usual" conditions, the global energy consumption will grow at an estimated

average rate of 2.0% per year between 1990 and 2020, while the economic and population

growth rates are estimated to be 3% and 1.4% per year, respectively. Under the advanced

technology/ecologically driven scenario, which assumes development and implementation of

new energy-efficient technologies, the growth in global energy demand can be limited to 0.6%

per year. If material efficiency improvements are considered, in addition to energy efficiency

measures, the growth rate of energy consumption may decrease to 0.2% per year by the year

2020.

These scenarios, as well as other global energy scenarios, developed by WEC (1993) and

WEC/TIASA (1995), for example, indicate that the current trend in the industrialised world,

with a slower increase in primary energy consumption than in economic growth, has the

potential to be strengthened over time. Prior to 1970, the increase in primary energy

consumption normally followed the increase in economic growth. However, since the 1970s,

the primary energy consumption growth rate in OECD countries has been slower than the

economic growth rate (UNDP, 1997). There are three main reasons for this decrease in energy
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intensity, namely (i) improvements in the efficiency of energy carrier production, (ii)

improvements in the efficiency of end-use technologies, and (iii) structural changes towards

less energy-intensive commercial activities. At high levels of affluence, commercial activity

tends to shift toward less energy-intensive production, arising from both the shift in consumer

preference to more valuable, less material-intensive products and the shift in production to

better-performing materials (UNDP, 1997). However, there are large variations in energy

intensity trends between different countries (Nilsson, 1993). Another general trend when

commercial activities increase in society, is that the proportion of high-quality energy forms,

such as liquids and grid-dependent energy forms, increase in comparison with solid energy

forms. The future rate of increase in energy consumption is expected to be much higher in the

developing world than in the developed world, due to a higher rate of population growth and

more energy-intensive industrial production (WEC/IIASA, 1995).

3.2 Renewable energy - the case of biomass
Renewable energy sources, such as hydro-, solar- and wind-energy, represent energy sources

which are better able to support sustainable development objectives. More extensive use of

these energy sources could significantly reduce the emission of greenhouse gases and air

pollution. If sustainably produced, the use of biomass will also significantly reduce long-term

net CO2 emission, as the CO2 released when biomass is burned is normally equal to the amount

absorbed from the atmosphere by the plants as they grow. Also, in most cases, the use of

biomass will reduce the emission of sulphur and heavy metals when replacing coal and oil.

Other benefits from the global expansion of modern bioenergy systems, apart from reduced

environmental impact, may be increased social and economic development in rural areas

reducing migration to urban areas, and increased diversity in the fuel supply reducing the risk

of monopoly price manipulation or unexpected disruption of supplies (Johansson et al, 1993).

According to several sources (e.g. Johansson et al., 1993; WEC/IIASA, 1995; Shell

International Petroleum Corporation, 1996; IPCC, 1996b), biomass has the potential to become

one of the largest global renewable energy sources by the end of the next century. A unanimous

conclusion in these analyses is that large-scale implementation of modern bioenergy systems

will be needed to significantly reduce the emission of greenhouse gases from the global energy

system. If this scenario were to be realised, the historical connection between energy supply

and land-use that was broken in the industrialised world during the industrial revolution when

fossil fuels were introduced, could, to some extent, be re-established.

One crucial determinant of the prospects for the global expansion of modern biomass energy

systems is whether the available biospheric resources are sufficient to support large-scale

utilisation of biomass as an energy source, while at the same time meeting the demands for food

and fibre. Population size, the technology utilised and the demands for various services,
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determine the future biomass requirements (Berndes, 1997). Furthermore, the long-term effect

of air pollution, acidification and global warming, on forestry and agricultural production is

uncertain (see e.g. Lundahl, 1995; Berg, 1997). Thus, there are considerable uncertainties

involved in estimating the future global potential of biomass for energy production purposes.

Changes in consumption patterns in societies with rapid economic growth and improved

welfare could affect the supply of biomass. For example, the amount of arable land available

for energy crop production could be reduced if dietary patterns change towards an increase in

the consumption of meat, as the resource efficiency in animal production is significantly lower

than in plant production (Berndes, 1997). Historically, meat consumption per capita has

increased with increasing economic wealth in a society (see e.g. Carlsson-Kanyama, 1997).

The proportion of animal protein relative to the total protein consumption is about three times

higher in developed countries than in developing countries (FAO, 1993). Also, the

consumption of paper products has been found to increase with increased commercial activity in

a society. The average per capita paper consumption in the OECD countries, for example,

increased from about 150 kg in 1970 to 230 kg in 1990 (Kagesson, 1997). A continuation of

this trend would lead to reduced availability of wood for energy use. However, an increase in

the recirculation of waste paper may, to some extent, reduce the demand for pulp from virgin

fibres. Models including sensitivity analyses of global biomass potentials where parameters

such as future population growth, economic growth, regional production conditions,

consumption patterns for food and fibre, and energy demand are considered, are under

development (see e.g. Wirsenius and Berndes, 1996; Yamamoto, Yamaji and Fujino, 1997).

Some analysts argue that the potential global biospheric productivity is just sufficient to

supply the future population with food and fibre, especially if the conservation of natural

vegetation and loss of arable land due to erosion, urbanisation, and salinization are taken into

account (Brown, 1997; Leach, 1995; Kendall and Pimentel, 1994). The demand for arable land

for food production may increase if current cultivation practices are changed towards reduced

use of agrochemicals, leading to lower yields per hectare. On the other hand, current cultivation

practices could be improved if agrochemicals were to be used with a higher efficiency, leading

to reduced environmental impact (Worrell et al., 1995; Swedish Environmental Protection

Agency, 1997a). Traditional plant breeding and new biotechnology could increase crop yields,

thus decreasing the land requirement for food production. New technologies such as genetic

engineering should, however, be used carefully to avoid an increased risk of reducing the

stability and resilience of natural systems (Giampietro, 1994). New forestry management

methods using, for example, optimised fertilisation, could significantly increase biomass

production in forests without causing nutrient leaching (Linder, 1995; Berg, 1997).

According to Pimentel and Giampietro (1994), more efficient and environmentally sound

technologies must be developed and put into practice as soon as possible, but technology alone
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is not sufficient to ensure an adequate supply of natural resources in the long term. Other

changes will be needed, such as reductions in population growth and changes in consumer

patterns. For example, a change in dietary patterns in the developed world involving a reduction

in the amount of meat consumed would free land for plant production. According to IPCC

(1996b), on the other hand, large increases in crop land will probably not be needed for food

production if agricultural production can be modernised and intensified in environmentally

acceptable ways. A study by Larson et al. (1995), for example, showed that with a continuation

of historical trends in grain yield, considerable unforested land would be available for biomass

energy production in many developing regions, despite increased food requirements for a

growing population.

An analysis which deals with biomass scenarios for the European Union (EU) shows that

the EU could meet 15-20% of its current primary energy demand by the middle of the next

century with sustainably produced biomass from agriculture and forestry (Lako and Gielen,

1997). Here, sustainability means ecological farming, balance between imports and exports of

agricultural products, and a relatively large area set aside for nature and biodiversity protection.

These results show considerable resemblance to results for Western Europe in an earlier global

biomass analysis by Johansson et al. (1993).

Meeting the demands for the expansion of modern bioenergy systems thus presents a great

challenge. These energy systems must have a high energy and land-use efficiency to reduce the

risk of conflict between biomass production for energy and the demand for food and fibre, as

well as making areas with high biodiversity available for protection. The biomass must also be

produced by physically sustainable production methods not causing negative local

environmental effects. Finally, biomass energy systems must be cost efficient in order to be

able to compete with fossil fuel energy systems. Chapter 5 describes how modern Swedish

bioenergy systems can meet these goals. In the following chapter, methods for the analysis of

energy systems and their environmental impact are discussed, as well as the problems

associated with such methods.
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4. ANALYSIS OF ENERGY SYSTEMS AND THEIR ENVIRONMENTAL
IMPACT

The need for multidisciplinary approaches in analysing the complex problems that arise in our

society and in reducing or eliminating them, has increased over time. Systems analysis is a

multidisciplinary problem-solving process that has evolved to deal with these complex

problems. According to Miser and Quade (1985), systems analysis, in general, "is an

approach, a way of looking at a problem and bringing scientific knowledge to bear on it".

Systems analysis helps discover factors and components previously overlooked or neglected.

Examples of methods or techniques that have been developed within this approach are energy

analysis, life-cycle analysis and fuel-cycle analysis.

4.1 Energy analysis
Interest in energy analysis of activities and production systems increased significantly during

the 1970s, when energy prices increased due to the oil crises. In an energy analysis, the energy

flow in production systems and activities is determined. Ways to improve energy efficiency,

and thus achieve reductions in energy use, can be identified through energy analysis

(Johansson & Lonnroth, 1975). Both biological and technical production systems can be

included in energy analyses, and several analyses of agricultural production, including energy

crop production, have been carried out during the last two decades (see e.g., Stout, 1979;

Pimentel, 1980; Stout, 1990; Fluck, 1992; Marland and Turhollow, 1991; Turhollow and

Perlack, 1991). In Article I, an energy analysis of biomass production in Sweden is presented.

Here, both the direct use of fuels, such as motor fuels, and the indirect use of fuels embodied in

the production of fertilisers, seeds, pesticides and agricultural and forestry machinery, are

included. The energy input is then compared with the energy output in the form of biomass

yields.

The energy analysis of bioenergy systems is somewhat more complicated than the energy

analysis of fossil fuel systems, as it includes not only a technical system but also a biological

system. For example, both energy efficiency improvements and increased biomass yields over

time must be considered in an energy analysis of bioenergy systems (see Article I). The result

of an energy analysis of biomass production may be expressed in two different ways: (i) the

energy input per unit biomass produced, or (ii) net energy yield. The energy input per unit

biomass produced is a measure of how energy efficient the biomass production is, as the

energy yield is compared with the energy required for production or recovery. This measure is

useful when different biomass sources, such as residues from forestry (e.g. logging residues)

and agriculture (e.g. straw), municipal organic waste, and energy crops, are compared. The net

energy yield (energy yield minus energy input) per hectare per year, however, is a measure of
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the land use efficiency. This measure is of importance when different energy crops are

compared, as the amount of arable land available for energy crop production is limited

(Schlamadinger et al., 1997).

An alternative approach to energy analysis is exergy analysis (see e.g. Nilsson, 1997; de

Beer et al., 1998). In an exergy analysis, not only energy loss in a production system is

determined but also loss of energy quality. Exergy is defined as useful energy, or that part of

the energy that can be used to produce work. However, when comparing energy efficiency in

the production of different biomass sources, the exergy analysis approach is not useful. The

energy quality losses are about the same in all biomass production systems, as the compositions

of the energy carriers used in the production of biomass, such as liquid fossil fuels, natural gas

and electricity, are similar (Article I).

4.2 Life-cycle and fuel-cycle analyses
Life-cycle analysis (LCA) is a flourishing, but sometimes abused, discipline with its roots in

energy analysis (ExternE, 1995). With an increased awareness of the environmental impact of

the use of fossil fuels, as well as other resources, in production, the concept of energy analysis

expanded to include emissions and other environmental effects. While there are several

variations, all life-cycle analyses are, in theory, based on a careful account of all energy and

material flows associated with a system or process (Lindfors et al., 1995). According to

Agenda 21 (United Nations Conference on the Environment and Development, 1992), life-

cycle perspectives should be used when assessing products and processes. The LCA approach

has been used in studying both biological production systems, such as food production (see,

e.g., Carlsson-Kanyama, 1997) or biomass production (see, e.g., Kaltschmitt et al., 1997),

and technical production systems, such as electricity production from various fuels (see, e.g.,

ExternE, 1995; Vattenfall, 1996).

The Society for Environmental Toxicology and Chemistry (SETAC) has sought to define an

internationally acceptable methodology for LCA, in order to overcome certain problems that

have been identified, and to allow comparison between the results of different studies (Consoli

et al., 1993). The SETAC methodology proceeds through the following stages:

(i) definition of objectives and system boundaries,

(ii) collection of data to provide an emission inventory,

(iii) classification of emissions into impact categories,

(iv) characterisation of impacts,

(v) normalisation (relative weighting to be given to different impact categories), and

(vi) valuation (translation of impact assessments into common unit).
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This definition of LCA restricts the analysis to the impact on ecological systems, human

health and resource depletion. S0rensen (1993), on the other hand, proposes a much broader

definition of energy life-cycle analysis, including social, economic, security, development and

political impacts. The European Union project, ExternE, is concerned with the development of

an operational accounting framework for external costs of fuel cycles, and includes only the

effects on human health and the environment (ExternE, 1995).

LCA was first applied in the field of energy (Kuemmel et al., 1997). According to ExternE

(1995), fuel-cycle analysis can be considered a particular example of life-cycle analysis, in

which the system studied consists of a complete fuel cycle. Examples of the up-stream and

down-stream processes in a fuel cycle are extraction, processing and transport of fuel,

construction of the conversion plant, treatment of flue gases, generation and treatment of waste

and by-products, and removal of the plant at the end of its service lifetime. In practice, a

complete analysis of each stage of a fuel cycle is often not necessary in order to meet the

objectives of the analysis. However, it is important to demonstrate that certain stages of a fuel

cycle can be neglected. The results of a study carried out by Vattenfall (1996), for example,

showed that the construction and removal of a power plant only contribute to a limited extent to

the overall emission from a complete fuel cycle.

Articles II and /// are based on the fuel-cycle analysis approach, but only emissions of CO2

are included. In these articles, the differences in net CO2 emission between biomass and fossil

fuel systems are analysed. The reason for employing this restriction is that the issue of climate

change will be one of the most important driving mechanisms for increased use of biomass in

the industrialised world during the coming decades. One prerequisite, however, is that the use

of biomass does not lead to increased local environmental damage. The analyses do not include

characterisation, or valuation, of environmental damage due to net CO2 emission. Instead, an

economic valuation has been carried out in Article HI in the form of CO2 mitigation costs for

different bioenergy systems.

4.3 Methodological problems
There are several methodological challenges within life-cycle and fuel-cycle analyses. Examples

of methodological problems encountered in the analysis of biomass fuel cycles for comparison

with fossil fuel cycles are: (i) the definition of system boundaries, (ii) the location of pollutant

emission and deposition, and (iii) the economic valuation.



4.3.1 Definition of system boundaries

An essential step in fuel-cycle analysis is to define the systems to be compared in such a way

that they produce the same level of goods and services, and that the full impact is captured

(Schlamadinger et al., 1997). Bioenergy systems present some analytical challenges not found

in fossil fuel systems. For example, bioenergy systems might rely on the use of large land areas

and the reference system must consider alternative land uses that this land resource represents.

Furthermore, the dynamic nature of biological systems, such as carbon fluxes and growth

dynamics, necessitate the explicit consideration of the time frame.

The fuel-cycle analyses described in Articles II and ///, consider the differences in net CO2

emission between biomass and fossil fuel systems, but do not include the effects of net carbon

uptake or release in biological systems. The effect of this on the results depends on several

factors, such as the kind of biomass, the alternative land use and the time frame applied.

When forest residues are used for energy production, carbon will be released much more

rapidly during combustion than would be the case during natural decomposition. Several

researchers have investigated this time lag, e.g. Marland and Schlamadinger (1995),

Schlamadinger et al. (1995) and Eriksson and Hallsby (1992). The increased use of logging

residues for energy, instead of leaving them in the forest, could affect the carbon storage in

forest litter and soils. A survey made by Lillieskold and Nilsson (1997) shows that results from

twelve Swedish field trials are not in agreement, but the results indicate a minor decrease in the

soil carbon content. However, the effect on net CO2 emission is limited, as the carbon stocks

tend towards a new equilibrium on a somewhat lower level, whereas biomass harvest and fossil

fuel substitution continue (Schlamadinger et al., 1997). According to Schlamadinger et al.

(1995), the time-dependent characteristic "carbon neutrality ratio", i.e. the amount of CO2

absorbed from the atmosphere by the plants or trees as they grow divided by the CO2 released

when the biomass is burned, lies between 0.5 and 0.8 after 20 years and between 0.7 and 0.9

after 100 years for logging residues.

When annual food crops are replaced by perennial energy crops on mineral soils, the soil

carbon content may increase (Article V). This increase will, however, cease when the soil

carbon level reaches a new, higher equilibrium. When annual food crops are replaced by

perennial energy crops on drained organic soils, the release of soil carbon through biological

oxidation will be slowed down. The duration of this reduction in CO2 emission depends on the

thickness of the peat layer, which will eventually be removed through continuous biological

oxidation. Thus, in the short-term perspective (a few decades), assuming that the alternative

land use is to be annual food crop cultivation, the carbon neutrality ratio could exceed 1.0 when

using biomass from perennial energy crops.
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Thus, the potential for CO2 reduction will be slightly underestimated and the cost of CO2

reduction slightly overestimated, considering perennial energy crops, and vice versa

considering logging residues.

4.3.2 Location of pollutant deposition

Fuel-cycle analyses tend not to be explicit in the calculation of environmental impact. Regarding

air pollution, for example, uniform mixing in the earth's atmosphere is often assumed, and

thus, each pollutant is independent of the site of release. While this is not a problem for

greenhouse gases, it is unrealistic for NOX, SO2, hydro carbons (HC) and paniculate matter.

Since air flows are induced at many geographically different points under a variety of

conditions, it is simply not practicable to keep track of the details of local emissions (ExternE,

1995).

This problem was encountered in the study presented in Article IV, in which the emission of

NOX, CO, and HC from a complete biomass fuel cycle in Sweden was compared with that from

a complete fossil fuel cycle. The emission from biomass production, transportation and

conversion takes place locally within Sweden, while the emission from fossil fuel extraction

and overseas transport takes place outside Sweden. The geographical implications of the

location of the pollutant deposition were not considered in this study.

4.3.3 Economic valuation

Since the late 1980s, the monetary valuation of environmental externalities seems to have been

the dominant paradigm in the comparative environmental appraisal of contending energy

options (see e.g. Hohmeyer, 1988 and 1996; Ottinger et al, 1990; ExternE, 1995). However,

there are considerable theoretical and methodological imperfections in the economic valuation of

environmental effects. A survey made by Stirling (1997), for example, shows that results

obtained for the external environmental costs of electricity supply options vary over a wide

range of values, up to four orders of magnitude, yielding a variety of orders of preference for

the different generation options. Furthermore, some analysts argue that several natural

resources simply cannot be assigned a monetary value, and that other, non-monetary valuation

methods should be used when externalities from different activities are compared (Soderbaum,

1986).

Several methods can be used in the monetary valuation of the environmental effects of

biomass fuel cycles. These methods can be divided into two categories. One category employs

an existing relation between a change in environmental impact and a change in the cost of a

product or an activity. An example is reduced soil erosion through the cultivation of perennial

energy crops, leading to lower cultivation costs. Several environmental effects are, however,
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very difficult, or impossible, to value in monetary terms, as there is no relation between

changes in the cost of a product or an activity and environmental changes. Examples are

emission to air and water. In these cases, other valuation methods must be used, such as the

damage, restoration, avoidance, or the substitution cost methods (Soderqvist, 1996). The

damage cost refers to the cost of environmental damage caused by a human activity, the

restoration cost refers to the cost of restoring environmental damage, and the avoidance cost

refers to the cost of avoiding environmental damage through, for example, flue gas cleaning.

The substitution cost is the cost of achieving a similar environmental benefit to that achieved by

the ecosystem being studied, but in another relevant, and cost-efficient way. An example of a

substitution cost is the cost of reducing nutrient leaching through the restoration of wetlands,

which have the same purification function as buffer strips consisting of perennial energy crops

along streams.

Earlier studies in which the impact of energy systems has been monetarily valued, for

instance, Hohmeyer (1988), Ottinger et a!. (1990), and ExternE (1995), are mainly based on

damage costs. However, according to the 1PCC (1996c) damage cost estimates of greenhouse

gas emission are necessarily uncertain. Apart from the scientific uncertainties in climate change,

there are additional uncertainties due to: (i) limited knowledge of regional and local effects, (ii)

difficulties in measuring the economic value of effects, even where the effects are known, (iii)

difficulties in predicting future technological and socio-economic developments, and (iv) the

possibility of catastrophic events and surprises. Furthermore, cost calculations may vary

significantly depending on the assumptions made, such as the choice of discount rate (see e.g.

IPCC, 1996c; ExternE, 1995; Azar and Sterner, 1996).

A general conclusion drawn by Finnveden (1996) is that the later the economic valuation is

made in the cause-effect chain, the higher the uncertainty. This means, for example, that the

uncertainty in calculating the damage cost of greenhouse gas emission is greater than that in

calculating the avoidance cost of CO2 emission. This would support the use of avoidance or

substitution costs. A prerequisite for the use of the avoidance, or the substitution cost method

is, however, that society is willing to pay to avoid emission, rather than suffer damage

(ExternE, 1995). This willingness to pay can, for example, be expressed in terms of

environmental taxes and fees.

In the fuel-cycle analysis presented in Article 111, the cost of CO2 mitigation was calculated

when biomass is used to replace fossil fuels. However, the value of the environmental effects

of energy crop production is not included. The value of environmental effects when perennial

energy crops are used to replace annual food crops on arable land was estimated in a later study

which is presented in Article VI. Here, the substitution cost method was used to estimate the

economic value of changes in emission to air and water. The substitution costs used were based

on activities and technology which are currently in use in Sweden. With regard to other



environmental effects, such as reduced erosion or recirculation of municipal waste, the values

are based on reduced cultivation and/or waste treatment costs. One reason for choosing these

valuation methods, instead of the damage cost method, is that the uncertainties in the

calculations are thought to be lower. Also, current Swedish environmental and energy policies,

including environmental fees and taxes, are taken as an indication that society is willing to pay

to avoid the emission of the pollutants included in the analysis.

There are also uncertainties in the avoidance and substitution cost methods. For example, the

CO2 mitigation cost calculations described in Article HI do not include transaction costs, such

as the cost of obtaining information on different technologies and costs related to risks and

uncertainty. Only direct costs, such as fuel costs and investment and operating costs for end-

use and supply technologies, are included. Furthermore, the cost estimates for new

technologies under development, such as integrated gasification and combined cycle technology

(IGCC), are uncertain as these technologies are not yet commercially available. The choice of

discount rate will also influence the results.

Applying the substitution cost method to environmental valuation involves several

methodological problems. Two examples from Article VI that illustrate such problems are the

value of carbon accumulation in mineral soils and reduced CO2 emission from organic soils,

when perennial energy crops are used to replace annual food crops. The substitution cost of

carbon accumulation in mineral soils can be based on different measures of CO2 mitigation,

such as energy efficiency improvements or the replacement of fossil fuels. The cost of CO2

mitigation depends greatly upon how mitigation is achieved. Mitigation through energy

efficiency improvements, for example, could be realised at negative to zero net cost, while

mitigation through replacement of fossil fuel cycles, such as natural-gas-based power

production, results in relatively high costs (IPCC, 1996c). Thus, it is not possible to calculate a

single substitution cost in valuating the accumulation of soil carbon in mineral soils, as this cost

must be related to the level of ambition in CO2 mitigation. An interval of substitution costs was

therefore used (Article VI), based on CO2 mitigation costs when biomass replaces fossil fuels.

The cost at the middle of this interval is equivalent to the current Swedish CO2 tax of US$

180/tonneC.

Another methodological problem arises in the valuation of reductions in CO2 emission from

organic soils due to changed land use. The reduction in CO2 emission is caused by reduced soil

tillage, thus, it is not caused by the actual cultivation of perennial energy crops but by the

cessation in annual food crop cultivation. An equivalent reduction in CO2 emission would be

achieved if the land were to lie fallow. Taxation of the cultivation of annual crops on a level

equal to the land compensation to the farmer (used in calculating the cultivation cost of energy

crops) would make it economical to let the land lie fallow. Thus, the substitution cost cannot

exceed the land compensation to the farmer, even when the value of the CO2 reduction is
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higher. As a result, the value of this reduction in CO2 emission, expressed as US$/tonne C,

will be lower than the value of the accumulation of soil carbon in mineral soils (see Article VI).

Such differences between the value of CO2 mitigation from a change in land-use due to

different soil types, as well as the difficulty in appointing a single substitution cost in valuating

the accumulation of soil carbon in mineral soils, are avoided when, for example, the damage

cost method is used.
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5. A SWEDISH BIOENERGY STRATEGY

There are several alternatives for the production and utilisation of biomass for energy purposes.

These alternatives fulfil the demands for physical sustainability to varying degrees. The cost

efficiency of the different alternatives also varies. In this chapter, strategies which can be

applied in designing bioenergy systems in Sweden, taking into account energy and land-use

efficiency, CO2 mitigation, sustainable biomass production, regional biomass utilisation and

cost efficiency, will be described. The strategies are restricted to large-scale bioenergy systems.

Small-scale bioenergy systems, such as systems for heating single houses using boilers fuelled

with firewood or pellets, are not included. In general, large-scale bioenergy systems have

higher energy efficiency and lower emission of air pollutants than small-scale systems (Rosen-

Lidholm et al., 1992).

Biomass resources included are residues from forestry and agriculture, such as logging

residues and straw, and energy crops cultivated on arable land. Energy from municipal organic

waste has not been included in the analysis. The energy potential from this biomass resource

has been estimated to be about 5 TWh/yr, which is, according to the Biomass Commission of

the Swedish Government (Official Report of the Swedish Government, 1992), equivalent to

about 5% of the total Swedish biomass potential for logging residues, straw, Salix and energy

grass.

5.1 Energy efficiency
In general, the energy input per unit biomass produced is lower for residues from agriculture

and forestry, such as straw and logging residues, than when growing energy crops, especially

annual crops (Article I). Among the various energy crops grown, short-rotation forest, or

Salix, has the highest energy efficiency. Under current Swedish production conditions, the

energy input, including transportation, per unit biomass produced is about 4 to 5% for straw,

logging residues and Salix. Salix also has the highest net energy yield per hectare per year

among the various energy crops cultivated in Sweden.

As noted in Section 3.1, there is a significant potential for the reduction of energy use

through both energy and material efficiency improvements. Examples of this are improved

energy efficiency in the production of chemical fertilisers, increased recirculation of organic

waste, higher precision in fertiliser application, improved tractors and field machinery and

improved soil tillage systems (see e.g. Worrell et al., 1995 and 1997). Considering this

potential, and the potential for increased biomass yields through improvements in breeding and

cultivation technology, especially for dedicated energy crops, the primary energy use per unit

biomass produced may be reduced by 30-50% within a few decades. Increased net energy

yields per hectare will also have an impact on future biomass potentials. On the other hand, a
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transition from fossil-fuel-based to biomass-based biomass production, is estimated to increase

the primary energy input in biomass production somewhat, due to higher conversion losses

(Article I).

The energy input in biomass transportation is low in comparison with the amount of energy

transported. For the current average transportation distance of wood chips in Sweden, which is

about 80 km (Statistics Sweden, 1996), the energy input due to transportation by truck is

equivalent to about 1% of the energy content of the wood chips. The energy input due to

transportation could be lowered by using other transportation modes, such as train and boat

(Article I).

Earlier energy analyses of biomass production (e.g. Turhollow and Perlack, 1991; Marland

and Turhollow, 1991), often give a higher energy input in biomass production than that

reported in Article I. One explanation of this is that most data used in earlier analyses regarding

embodied energy input in biomass production are from the 1970s. Considerable energy

efficiency improvements have been made since then in the production of fertilisers, pesticides

and agricultural machinery.

However, not only the production and transportation of the biomass should be energy

efficient, but also the conversion to final energy carriers. There are several ways of using

biomass for energy purposes, e.g. for heat, electricity or transportation fuel production. The

most efficient way to convert biomass into heat and electricity is through cogeneration

(Gustavsson and Johansson, 1994). With respect to transportation fuels, it has been found that

the preferred transportation fuel would be produced from cellulosic biomass, rather than from

conventional annual crops, such as oil plants, cereals and sugar beet (Johansson, 1996a). This

is mainly the result of more efficient utilisation of the land area. Technologies for producing

transportation fuels such as ethanol, methanol and hydrogen from woody biomass are,

however, not yet commercially available.

5.2 CO2 mitigation
In Articles II and ///, the differences in net CO2 emission between biomass and fossil fuel

systems are analysed, excluding the effects of net carbon uptake and release in biological

systems. The results presented in Article II show that the production and transportation of

logging residues, straw and Salix exhibit the lowest CO2 emissions per unit energy delivered

for the different biomass sources analysed. Compared with the CO2 emission from a complete

fuel cycle for coal, the net emission of CO2 from current Salix production (including

transportation), is 35 to 40 times lower.

The efficiency of converting biomass to transportation fuels cannot be directly compared

with the efficiency of converting biomass into heat and electricity, since different energy

carriers serving different end-uses are involved. Measures based on the reduction in CO2
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emission per unit biomass when replacing fossil fuels can facilitate a comparison

(Schlamadinger et al., 1997). Such a comparison is motivated due to the scarcity of biomass for

energy purposes. Substituting biomass for fossil fuels in electricity and heat production

provides, in general, a greater reduction in CO2 per unit biomass than does substituting

biomass-derived transportation fuels for petrol or diesel (Article HI). The main reason for this is

an increase in conversion losses when solid biomass is converted into liquid transportation

fuels. For transportation, alcohols produced from cellulosic biomass provide larger and less

expensive CQremission reductions than transportation fuels from annual crops.

One example of the importance of considering the dynamic nature of biological systems

when calculating CO2 mitigation, is shown in Figure 3. When perennial energy crops,

preferably energy grass, are used to replace annual food crops on organic soils, the reduction in

CO2 emission from this land-use change may exceed the reduction due to fossil fuel

substitution {Article V). This is due to less frequent soil tillage in perennial crop cultivation than

in annual crop cultivation, which lowers the biological oxidation of the organic matter.

However, the estimation of reduced CO2 emission from organic soils is based on theoretical

calculations and has not been verified in field trials (see e.g. Kasimir-Klemedtsson and

Klemedtsson, 1996). The greenhouse gas mitigation obtainable through changed land use on

mineral soils, through soil carbon accumulation due to less frequent soil tillage and increased

input of organic matter from litter and roots, is lower than that obtainable through changed land

use on organic soils. Gradually, however, the CO2 mitigation due to the change in land use will

be reduced and finally cease. On the other hand, the CO2 mitigation per hectare from fossil fuel

substitution could increase in the future due to increased biomass yields (see Figure 3).

The use of forests for carbon storage has been proposed as an alternative to using biomass

for energy. However, in the long term more effective CO2 reduction can be obtained by

growing biomass for CO2 abatement through substituting fossil fuels, than by growing

standing biomass for carbon storage (see e.g. Sclamadinger and Marland, 1996). As in the case

of carbon accumulation in arable soil when perennial energy crops are grown, an equilibrium

will be reached as the forest stand matures where the build-up and decomposition of biomass

are balanced.
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Figure 3. Reduction in CO2 emissions due to changed land use when perennial energy crops are used to replace
annual food crops, and when different fossil fuels are replaced by biomass or biomass-produced fuels from short-
rotation forest (cultivated on mineral soils and all soils in the future) and energy grass (cultivated on organic
soils). (Source: data from Articles III and V).

In Article IV, the analysis of the total emission of NOX, CO and HC from a complete

biomass cycle in Sweden, including production, transportation and conversion in a large-scale

plant, is presented. The results indicate that the emission of NOX and CO from a biomass cycle

may be almost equivalent, or slightly higher than those from an oil fuel cycle, while the

emission of HC may be lower. Compared with a coal fuel cycle, the emission of NOX, CO and

HC from a biomass cycle may be less than half. The emission from the production of biomass

may exceed the emission from the production of fuel oil, while the emission from oil

transportation normally exceeds the emission from biomass transportation, due to much shorter

transportation distances for locally produced biomass. A fuel cycle based on natural gas was

not included in the analysis. The emission of NOX, CO and HC (excluding CH4) from such a

fuel cycle is normally lower than from a fuel cycle based on oil or coal.

27



A life-cycle analysis of biofuels and fossil fuels carried out by Kaltschmitt et al. (1997)

show a similar result as that presented in Article IV regarding life-cycle emission of NOX, as

this could be somewhat higher from bioenergy carriers (such as wood chips from poplar and

willow) than from light oil, used in heating plants. The life-cycle emission of SO2, on the other

hand, may be lower.

5.3 Sustainable biomass production

If biomass plantations were to consist mainly of annual crops and be situated on marginal soils

not cultivated today, containing high biodiversity, the large-scale introduction of biomass

plantations may lead to reduced biodiversity and an increase in the use of agrochemicals.

However, if energy crop plantations were to consist of perennial crops, such as energy grass

and short-rotation forest, and be situated on set-aside land not needed for food production, thus

replacing annual food crops, such a change in land use could result in local environmental

benefits (Article V).

In Article V, it is shown that an increase in the proportion of perennial energy crop

cultivation in the Swedish agricultural landscape may increase soil fertility and reduce soil

erosion. The area covered by permanent vegetation zones has been drastically reduced since the

1930s. In the south of Sweden, for example, the number of areas with high vegetation, such as

shrubs and trees, has been reduced by 70-80%, and the number of areas with low vegetation,

such as grass, by about 50% (Jonsson, 1993). By using Salix plantations as shelter belts

preventing wind erosion, or perennial energy crop cultivation in general as vegetation zones

preventing water erosion, the yield from protected food crop cultivation could be increased

(Article V). Nutrient leaching resulting from current agricultural practices, which causes

eutrophication, may be reduced if perennial energy crop plantations are utilised as buffer strips

along open streams. The biodiversity is estimated to be almost unchanged, or slightly increased

in open farmland, when perennial energy crops are used to replace annual food crops.

Also, Salix plantations may be used in restoring soils which are contaminated by cadmium.

Since the beginning of this century, the cadmium content in Swedish wheat has doubled; the

main sources of this cadmium being commercial phosphorus fertilisers followed by industrial

deposition (Andersson, 1992). After harvesting of the Salix, the accumulated cadmium can be

removed from the ash through flue gas cleaning when the Salix is combusted (Obernberger et

al., 1997).

Not only the negative environmental effects resulting from current agricultural practices

could be reduced by the expansion of energy crop plantations, but also negative environmental

effects from the rest of society. The recirculation of nutrients can be increased by using

municipal waste, such as waste water and sewage sludge, as a fertiliser in perennial energy

crop plantations (Article V). The recirculation of essential nutrients such as phosphorus is of
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special importance, as phosphorus is a depletable resource. Estimates of how long the proven

reserves, which are unevenly distributed throughout the world, will last, vary from 350 to 1200

years (Swedish Environmental Protection Agency, 1997b). The quality of the raw material will,

however, decrease as phosphorus reservs with higher and higher contents of heavy metals will

have to be exploited. Furthermore, the recirculation of organic waste is an example of material

efficiency improvement which also leads to a decrease in energy demand, as the need for

energy-intensive commercial nitrogen fertilisers will be reduced (Worrell et al., 1995). Today,

the main obstacle to the extensive use of Salix plantations for waste water treatment is

uncertainties regarding the risk of spreading pathogens.

Large-scale recovery of logging residues from forestry also seems to be compatible with

preserving the long-term productivity of soils and the biodiversity (Articles HI and IV).

Ongoing measures in Swedish forests to preserve biodiversity, such as changing harvesting

methods for final felling from clear cutting to selective cutting, increasing the proportion of old

trees and dead wood, and preserving areas with a high variety of species, appear to be much

more important in ensuring biodiversity in the forest than leaving all logging residues on areas

where forests have been cut down. Further investigation of this issue is, however, needed.

To ensure the long-term productivity of forest soil, the wood ash from energy conversion

must be recycled. The recirculation of wood ash, like the recirculation of organic waste, is

important to avoid losses of essential nutrients from depletable sources and in reducing the risk

of water pollution from landfills (Swedish Environmental Protection Agency, 1997b). In some

situations, logging residue removal combined with wood ash recirculation may even decrease

acidification and improve the nutrient balance in forest soil, by reducing the nitrogen load in

areas exposed to heavy atmospheric nitrogen deposition (mainly southwest Sweden)

(Lundborg, 1997). Wood ash contains all the important nutrients except nitrogen and has a

liming effect. In areas with low atmospheric deposition of nitrogen (northern Sweden), the use

of recirculated wood ash should therefore include nitrogen fertiliser.

In Articles III and IV, it is estimated that the current use of biomass in the Swedish energy

system could be more than doubled, from about 80 to 200 TWh/yr, taking into account

estimated future productivity and land available for biomass utilisation. Time-related and

economic constraints regarding the plantation of energy crops on arable land and the utilisation

of large amounts of logging residues have, however, not been analysed. Such constraints might

affect the amount of biomass which can be practically utilised at a given time. Previous

estimates of the Swedish biomass potential range from 20 to 70 TWh/yr considering energy

crops and straw from agriculture, and from 20 to 125 TWh/yr considering logging residues

from forestry (Borjesson et al., 1997). The estimates in this thesis range from 60 to 120

TWh/yr, including both energy crops and logging residues. The possibility of future import or

export of biomass has not been considered. Regarding the impact of a rapid climatic change,
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biomass from forestry could be adversely affected, while short-rotation biomass production in

agriculture would adapt more readily to changing environmental conditions (Lundahl, 1995).

The assumption in Articles III and IV of the amount of arable land available for energy crop

production in the future (equivalent to 30% of the current total arable land), is based on an

earlier estimate by the Biomass Commission of the Swedish Government (Official Report of the

Swedish Government, 1992), of how much arable land will be required for food production for

domestic consumption. This estimate does not include an extensive analysis of how changed

agriculture practices towards more ecological methods may affect the amount of land available

for energy crop production. Furthermore, increased food export from Sweden resulting from a

future increase in global food demand is not considered.

A recent analysis by the Swedish Environmental Protection Agency (1997a), concludes that

significant quantities of energy crops could also be produced when a more physically

sustainable agricultural production system is considered. About 20 to 25% of the arable land

could become available for the production of short-rotation forest and energy grass. This

scenario is based on a balanced combination of both intensive and extensive agricultural

production. According to the Swedish Environmental Protection Agency (1997a), extensive

production means ecological farming without the use of agrochemicals, but employing

biological pest control, recirculation of organic waste and manure, and a balanced crop rotation

system including large quantities of pasture for cattle which ensures high biodiversity. Intensive

production involves high-yield crops where agrochemicals are used with high precision leading

to low environmental impact. Animal production is assumed to consist mainly of milk cows

with high production, and pigs and chickens with a low input of fodder per kilogram product.

However, there is still a conflict in this scenario between, for example, preserving large

quantities of pasture with high biodiversity through an increased utilisation of cattle, and large

quantities of arable land for energy crop production.

The concept of using a combination of intensive and extensive production technology could

also be applied to forestry to minimise the overall environmental impact. New forestry

management methods, such as optimised fertilisation, could increase the biomass production in

forestry significantly (Borjesson et al., 1997). Optimised fertilisation means a balanced input of

all essential nutrients for the trees, based on analyses of the nutrient status of both the soil and

the trees. This will decrease the risk of negative environmental effects such as nutrient leaching.

Also, forest sites suitable for fertilisation normally only host a limited number of rare plants and

animals threatened by extinction, thus optimised fertilisation is believed to have only a small

influence on biodiversity (Borjesson et al., 1997). In fact, increased biomass production with

optimised fertilisation at some forest sites with low biodiversity could make other forest sites

with high biodiversity available for protection. Optimised fertilisation of 25% of Swedish forest

land and the use of stem wood for energy purposes, for example, could almost double the
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biomass potential of forestry (from 70 to 130 TWh/yr), compared with the case in which no

fertilisation is employed, as both logging residues and large quantities of excess stem wood not

needed for industrial purposes could be used for energy purposes (Borjesson et al., 1997).

The utilisation of energy crop plantations to reduce negative environmental effects of current

agricultural practices, as discussed in Article V, will also affect the future biomass potential.

The reduction in the amount of land available for food production due to energy crop

plantations would, to some extent, be compensated for as energy plantations can reduce soil

erosion and increase soil humus levels, leading to increased food crop yields. If perennial

energy crop plantations are used as buffer strips to prevent nutrient leaching from food crop

cultivation, a somewhat higher intensity in food crop cultivation may be possible, leading to an

increase in the amount of land available for energy production.

5.4 Regional biomass utilisation

There appears to be a good balance between potential regional production and utilisation of

biomass in Sweden, and it would thus be possible to achieve short biomass transportation

distances (Article IV). In replacing fossil fuels used in Sweden for heat and electricity

production, more than 75% of the biomass required can be produced locally within the county

considering a biomass potential of 60 TWh/yr including both Jogging residues and energy

crops. Energy crop cultivation is assumed to be geographically evenly distributed through, for

example, mandatory set-aside land. Taking into account future improvements in production

conditions, the biomass potential could not only replace fossil fuel use for heat and electricity

production, but also some liquid fossil fuels for transportation. The Swedish CO2 emission

could then be reduced by about 50% (Articles 111 and IV). However, these scenarios do not

include potential energy efficiency improvements in energy use. If more energy-efficient end-

use technologies are considered, biomass could suffice for a major part of the Swedish

transportation fuel requirement, leading to an even greater reduction in CO2 emission (see e.g.

Johansson, 1996b).

The phasing out of Swedish nuclear power plants will increase the demand for new

electricity-generating capacity. Cogeneration is an energy- and cost-efficient way of converting

biomass into electricity. The potential for the cogeneration of electricity with new technology in

large district heating systems (DHSs) in Sweden is equivalent to about 30% of the current

nuclear power production, or 22 TWh/yr (Article IV). Furthermore, about 7 TWh/yr of

electricity could be cogenerated in the Swedish pulp industry (Borjesson et al., 1997). Thus, a

suitable strategy for the utilisation of biomass could be as follows:
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(i) replace fossil fuels in existing heat and combined heat and electricity production,

(ii) increase cogeneration in large DHSs in densely populated areas and at pulp mills in forest

regions, and

(iii) produce transportation fuels in sparsely populated areas with excess biomass and no

large DHSs or forest industries.

This strategy is in accordance with the goals of the future Swedish energy system, which are

to reduce greenhouse gas emission, to phase out nuclear power, and to produce inexpensive

energy (Official Report from the Swedish Government, 1996).

The large-scale introduction of energy crops is estimated to reduce the current average

transportation distance of wood chips of 80 km by about 50% (Article IV). Not only do energy

crop plantations have a higher energy density per hectare than logging residues, but energy crop

plantations can be located closer to densely populated areas. On the other hand, increased

recovery of logging residues could result in increased transportation distances. This can,

however, be compensated for by the successive replacement of old, fossil-fuel-fired heat and

power plants by new, biomass-fired plants, which will increase the number of locations where

biomass can be utilised.

5.5 Cost efficiency
The price of forest fuels has been reduced by about 50% since the mid-1980s in Sweden,

giving a current price of around US$ 15 /MWh, including transportation (US$ 1 = SEK 7.13).

For comparison, the costs of coal and light fuel oil in Sweden are around US$ 8 and US$

21/MWh, respectively, excluding taxes (Article 111). The production cost of energy crops, such

as Salix, is somewhat higher (about 30% including transportation costs) than the cost of

logging residues (Article IV). The production and transportation costs of biomass are estimated

to decrease further in the future, due to improved cultivation and recovery methods, and by

improved transportation technology, respectively.

The production cost of energy crops will vary depending on the local conditions. According

to Rosenqvist (1997), several factors are crucial to the production cost of Salix, of which the

yield is one of the most determining factors. Another factor of importance is the land cost, as

well as the interest rate, as planting Salix should be considered an investment over a 25-year

period. Thus, the production cost of energy crops will vary due to, for example, soil

conditions. The recovery cost of logging residues could also vary depending on local

conditions. For example, the logging residue system is normally more profitable in forests in

southern Sweden than in northern Sweden, as the amount of logging residue per unit area after

felling is higher and the transportation distances shorter (Hillring, 1995).
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The transportation cost of wood chips (by truck) is estimated to amount to, on average, 20-

25% of the total cost today (Article IV). As discussed in Section 5.4, the large-scale

introduction of energy crops may reduce transportation distances and thereby transportation

costs. Biomass transportation costs could also be reduced for longer transportation distances by

changing the mode of transportation, from truck to train or boat (Article IV).

When calculating the cost of different energy systems, both production and environmental

costs should be considered. In Article III, environmental cost calculations were restricted to

include only CO2 mitigation costs. It was concluded that the cost of CO2 mitigation depends

greatly upon how mitigation is achieved, as the cost when substituting biomass for fossil fuels

varies from about US$ 60 to US$ 360 per tonne C (excluding taxes). The lower cost refers to

the replacement of coal, while the higher cost refers to the replacement of diesel used in

vehicles. Thus, substituting biomass for fossil fuels in electricity and heat production is, in

general, less costly than substituting biomass for fossil liquid fuels used for transportation,

when the CO2 mitigation cost is considered. For transportation, methanol produced from Salix

or logging residues has the lowest emission-reduction cost, followed by ethanol produced from

woody biomass. However, when the value of other environmental effects of biomass use is

taken into account, the question of in which areas biomass should be used will become more

complicated. For example, local air pollution might have an impact on the value of using

alternative transportation fuels in city areas (Johansson, 1996a).

The cost calculations in Article HI do not include the economic value of local environmental

benefits from biomass production, when perennial energy crops are used to replace annual food

crops. When such economic values are included, the cost of biomass production may be

significantly reduced, which will improve future market conditions for biomass (Article VI).

For example, around 20 TWh biomass could theoretically be produced per year in Sweden, at

an average cost of less than 50% of the current production cost. It is assumed that priority will

be given to plantations with the highest total value, as several different environmental effects

could be achieved on the same cultivation site. Purification of waste water in energy crop

cultivation has the highest economic value, equivalent to roughly the production cost of Salix

and energy grass, followed by reduced nutrient leaching through riparian buffer strips,

recirculation of sewage sludge, and reduced wind erosion through shelter belts consisting of

Salix. The value of other environmental benefits, such as the accumulation of soil carbon,

reduced N2O emission, cadmium removal and reduced water erosion, is estimated to be less

than 20% of the production cost of energy crops.

When the economic value of local environmental benefits from energy crop cultivation is

included, the cost of CO2 mitigation when substituting biomass for fossil fuels will be

significantly reduced in comparison with the costs presented in Article III. When biomass is

irrigated with waste water, for example, the CO2 mitigation cost for bioenergy systems
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replacing natural gas systems is calculated to be about US$ 45/tonne C (Gustavsson and

Borjesson, 1998). The CO2 mitigation cost for bioenergy systems will be further reduced,

when the CO2 mitigation from changed land use is also included. In comparison with natural

gas systems using decarbonization, where the CO2 is removed from the flue gases and stored,

for example, in depleted natural gas fields onshore, the CO2 mitigation cost is estimated to be

lower for biomass systems. When using biomass irrigated by waste water for combined heat

and electricity production, for example, the CO2 mitigation cost for natural gas systems using

decarbonization will be about 3 times higher, or about US$ 150/tonne C (Gustavsson and

Borjesson, 1998).

The CO2 mitigation costs presented above can be compared with estimates of the marginal

damage cost of CO2 emissions, according to a review by Frankhauser and Tol (1996), in which

they varied from about US$ 5 to US$ 125/tonne C. Most estimates are at the lower end of this

range. Nordhaus (1993), for example, estimated the damage cost of global warming to be about

US$ 5/tonne C. Estimates made by Azar and Sterner (1997), are about 50 to 100 times higher

(from US$ 260 up to US$ 590/tonne C), than the estimate of Nordhaus. This difference is

almost completely due to the choice of discount rate and the weight given to the costs in the

developing world so that they reflect actual welfare losses.
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6. IMPLEMENTATION ISSUES

There are several reasons why new modern bioenergy systems have been developed in Sweden

during the last two decades. Examples are increased oil prices, governmental investment

support, high taxes on fossil fuels, and reduced cost of forest fuels (see Chapter 2). Current

energy and carbon taxes, however, are applied only to heat production with fossil fuels and are

significantly lower for industrial consumers than for other users. As discussed in Section 5.4,

new electricity-generating capacity might be needed in the future, and cogeneration is an

energy- and cost-efficient way of converting biomass into electricity. However, with the current

energy and carbon taxation, there is only a weak incentive to utilise biomass for electricity

production in cogeneration plants, while separate fossil-fuel-based power production is

encouraged. Subsidies are used to increase investments in biomass-fired cogeneration plants,

but the impact of these subsidies on the difference in cost between energy systems in Sweden is

quite small (Gustavsson and Borjesson, 1998).

A carbon tax, applied generally, would increase the competitiveness of renewable energy

sources compared with fossil fuels, and create incentives to use fossil fuels with a low carbon

content and plants and supply systems with high energy efficiencies. End-use energy efficiency

would also be stimulated, as the cost of reducing CO2 emissions would be included in the

energy price. If the current Swedish carbon tax, which is equivalent to about US$ 180/tonne C,

were to be applied generally, substituting biomass for fossil fuels as described in Article HI

would, in most cases, be a cost-efficient way to reduce CO2 emissions. Considering a short-

term perspective, the reduction of CO2 emission from changed land use, especially on organic

soils, is very cost efficient (Article VI).

Considering new biomass conversion technologies, such as cogeneration using combined

cycle technology or the production of ethanol and methanol from cellulosic biomass, these

technologies will require continued R&D in order to become commercially available.

Considering the large-scale implementation of energy crop plantations, factors other than

those connected with energy policy are important. Today, there is a potential surplus of logging

residues in Sweden, which puts pressure on the price of biomass, and reduces the demand for

energy crops. An increased international trade in biomass could also affect the price of biomass.

Furthermore, current agricultural policy encourages Swedish farmers to grow annual crops

with higher flexibility in land use, instead of perennial energy crops. Agricultural subsidies and

thus future prices of food crops, as well as the amount of mandatory set-aside land, are very

uncertain, as the common agricultural policy (CAP) in the European Union is frequently

revised. Such uncertainties reduce fanners' willingness to invest in long-term projects such as

Salix cultivation.
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Economic inducements for farmers to establish plantations with environmental benefits, as

discussed in Article VI, are another factor that could affect the introduction of perennial energy

crop cultivations. Thus, a long-term stable agricultural policy which promotes cultivation

systems with environmental benefits appears to be important in encouraging the establishment

of perennial energy crop plantations.

Apart from economical incentives, several other factors have been identified which affect the

degree of utilisation of modern bioenergy systems in Sweden. Lack of knowledge regarding the

cultivation of new energy crops, such as Salix, may decrease farmers' willingness to invest in

such a plantation. This kind of problem may be overcome by arranging help from special

advisers, or by allowing specialised companies to manage Salix plantations through contract

cultivation. These two opportunities exist already today in Sweden. Furthermore, the visual

impact of short-rotation forest may affect the willingness to establish such a plantation.

Depending on the nature of the surrounding landscape, and the design of the cultivations, short-

rotation forest plantations may have positive or negative effects on the landscape (NUTEK,

1993).

With regard to an increase in the utilisation of forest fuels, the attitude of forest owners and

local foresters towards logging residue recovery may be of importance. Today, the economic

compensation to forest owners for logging residues is low. Thus, other factors may affect the

willingness of forest owners to sell logging residues. An example is easier replanting when

logging residues are recovered after final felling. Local foresters normally hold a strong

position within the local production network, and the degree of integration of forest fuel into

local forestry operations may vary considerably depending on whether the attitude of local

foresters towards forest fuel is positive, negative or indifferent (Ling, 1996). The

competitiveness of biomass in the future may also be affected by consumers' preferences

towards energy generation methods. The results of a survey in Sweden showed that the concept

of biomass for energy purposes is poorly understood, as almost half of the respondents did not

know what it meant (Frankel, 1996). Furthermore, people generally do not associate their own

electricity and heating consumption with its environmental impact. Thus, for biomass to

become more competitive as a result of increased consumer demand for renewable energy

sources, consumers must have better knowledge about this type of energy.

36



7. FUTURE RESEARCH

Several aspects of biomass systems that need further investigation were identified in chapters 5

and 6. For example, fuel-cycle analyses of modern bioenergy systems should be expanded to

include small-scale technology using refined wood fuels, such as boilers fuelled with pellets or

briquettes. Today, there is a growing market for wood pellets in Sweden. Furthermore,

emissions other than CO2, e.g., SO2, NOX, N2O, HC, CO, CH4, paniculate matter and heavy

metals, should be included in fuel-cycle analysis comparing bioenergy and fossil fuel systems.

The local and regional environmental impacts which depend of the location on the source of the

emission should also be considered.

Long-term effects on biodiversity and the productivity of forest soil due to the recovery of

logging residues including wood ash recirculation, need further investigation. Analyses similar

to those presented in Articles V and VI should also be carried out for logging residues,

including identification, quantification and economic valuation of potential local environmental

benefits, or negative effects, from logging residue recovery and wood ash recirculation.

Furthermore, the impact of carbon fluxes during different periods of time in forest systems on

the CO2 mitigation cost for logging residues, need to be analysed.

Sensitivity analyses of the amount of arable land that could be available in Sweden in the

future for energy crop production, taking into account parameters such as changes in cultivation

practices, dietary patterns, and exports and imports of food, are needed. Time-related and

economic constraints regarding the plantation of energy crops and the utilisation of large

amounts of logging residues, should also be analysed in more detail. Some of the potential local

environmental benefits when perennial energy crops are used to replace annual food crops,

must be tested and verified in practical field trials. Also, uncertainties regarding the risk of

spreading pathogens when Salix plantations are used for municipal waste water and sludge

treatment must be clarified. Another important issue requiring investigation is the robustness of

various bioenergy systems against the long-term effect of, for example, acidification and

climate change.

A research field which is relatively unexplored today, is the area of policy issues related to

the expansion of bioenergy systems. For example, the issue of how to design incentives that

promote physically sustainable production and utilisation of biomass, taking into account both

CO2 mitigation and local environmental effects, should be analysed. Also, the effects of

agricultural policy, including various subsidies and regulations, on the conditions for growing

perennial energy crops, must be clarified.
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8. CONCLUSIONS

Current energy systems, based mainly on fossil fuels, are responsible for more than 70% of the

annual carbon dioxide (CO2) emission worldwide, representing the largest anthropogenic

contribution to the greenhouse effect. Energy efficiency improvements and an increased use of

renewable energy sources, such as biomass, have been identified as two key strategies in

achieving more physically sustainable energy systems with significantly lower emissions of

greenhouse gases.

Biomass has the potential to become the dominating energy source in Sweden in the next

century. When estimated production conditions around 2015 are considered, about 200 TWh

biomass per year could be utilised for energy. Present Swedish CO2 emissions could be

reduced by about 50%, when fossil fuels are replaced, assuming an unchanged energy demand.

A prerequisite is, however, that energy and land-use efficient biomass production systems are

utilised. Furthermore, an expansion of biomass utilisation should be based on modern

bioenergy systems resulting in overall environmental benefits, including those to the local

environment.

Efficient bioenergy systems may be based on perennial energy crops and logging residues.

These biomass sources can be produced at low cost, in comparison with annual energy crops

and fossil fuels when environmental taxes are included. The recovery of logging residues,

including wood ash recirculation, is likely to have only a limited impact on the biodiversity.

Energy grass and short-rotation forest could be cultivated to reduce the negative environmental

impact of current agricultural practices, such as emission of greenhouse gases, nutrient

leaching, decreased soil fertility and erosion. Perennial energy crop plantations could also be

used for the treatment of municipal waste water and sludge. This would also increase the

recirculation of essential nutrients such as phosphorus. When the economic value of these

environmental benefits is included, the production costs of Salix and energy grass could be

significantly reduced, thus enhancing the competitiveness of these biomass sources.

There is a good balance between potential regional production and utilisation of biomass in

Sweden, and it would be possible to achieve biomass transportation distances of, on average,

about 40 km. Even if biomass were to be transported long distances, the energy used could be

low, and the cost relatively low, provided that rail or sea transport is used. Substituting

biomass for fossil fuels in electricity and heat production is, in general, less costly and leads to

greater CO2 reduction per unit biomass than substituting biomass for gasoline or diesel used in

vehicles. Transportation fuels produced from cellulosic biomass provide larger and less

expensive CO2-emission reductions than transportation fuels from annual crops.
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New electricity-generating capacity might be needed in the future and cogeneration is an

energy and cost efficient way of converting biomass into electricity. Thus, a suitable strategy

for the utilisation of biomass could be: (i) to replace fossil fuels in existing heat and combined

heat and electricity production, (ii) to increase cogeneration in large district heating systems in

densely populated areas and at pulp mills in forest regions, and (iii) to produce transportation

fuels in sparsely populated areas with excess biomass.

Several factors will influence the scale of implementation of physically sustainable modern

bioenergy systems, and various types of incentives will probably be needed to achieve large-

scale implementation. Examples are consistent economic incentives which reflect the

environmental benefits of both the production and utilisation of biomass, legislative measures,

for example, mandatory wood ash recirculation after logging residue recovery, and improved

information about modern bioenergy systems to biomass producers, as well as to biomass

consumers and final users of heat, electricity and transportation fuels.
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