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Abstract 
 
Hagström, P. 2006. Biomass Potential for Heat, Electricity and Vehicle Fuel in Sweden. 
Doctoral dissertation. 
 
The main objective of this thesis was to determine how far a biomass quantity, equal to the 
potential produced within the Swedish borders, could cover the present energy needs in 
Sweden with respect to economic and ecological circumstances. Three scenarios were 
studied where the available biomass was converted to heat, electricity and vehicle fuel. 
Three different amounts of biomass supply were studied for each scenario: 1) potential 
biomass amounts derived from forestry, non-forest land, forest industry and community; 2) 
the same amounts as in Case 1, plus the potential biomass amounts derived from 
agriculture; 3) the same amounts as in Case 1, plus 50% of the potential pulpwood quantity. 

For evaluating the economic and ecological circumstances of using biomass in the 
Swedish energy system, the scenarios were complemented with energy, cost and emergy 
analysis. 

The scenarios indicated that it may be possible to produce 170.2 PJ (47.3 TWh) per year 
of electricity from the biomass amounts in Case 2. From the same amount of biomass, the 
maximum annual production of hydrogen was 241.5 PJ (67.1 TWh) per year or 197.2 PJ 
(54.8 TWh) per year of methanol. 

The energy analysis showed that the ratio of energy output to energy input for large-scale 
applications ranged from 1.9 at electric power generation by gasification of straw to 40 at 
district heating generation by combustion of recovered wood. The cost of electricity at 
gasification ranged from 7.95 to 22.58 €/GJ. The cost of vehicle work generated by using 
hydrogen produced from forestry biomass in novel fuel cells was economically competitive 
compared to today’s propulsion systems. However, the cost of vehicle work generated by 
using methanol produced from forestry biomass in combustion engines was rather higher 
compared to use of petrol in petrol engines. 

The emergy analysis indicated that the only biomass assortment studied with a larger 
emergy flow from the local environment, in relation to the emergy flow invested from 
society after conversion, was fuel wood from non-forest land. However, even use of this 
biomass assortment for production of heat, electricity or vehicle fuels had smaller yields of 
emergy output in relation to emergy invested from society compared to alternative 
conversion processes; thus, the net contribution of emergy generated to the economy was 
smaller compared to these alternative conversion processes. 
 
Key words: bioenergy potential, biomass potential, cost analysis, emergy, energy analysis, 
energy scenarios, systems analysis, thermochemical conversion. 
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1.  Introduction

Sweden is the fi fth largest of the European countries (449,964 square kilometres 
(The Swedish Institute, 2002)).  More than half of its land area is covered by forest. 
Historically, forests have always been a major primary energy source in Sweden, 
both for heating of dwellings in the rather cold climate and for industrial purposes 
(Arpi (ed.), 1959). 

Other natural resources forming the base for Sweden´s prosperity are rich metal 
ores and plenty of rivers, in earlier times serving as a transport system as well as 
a direct power source for fl our-mills and saw mills and also for pumps, bellows 
and hammers in the mining and metal industry. Nowadays, the rivers have lost 
their importance in the transport system and serve mainly as the basis for extensive 
hydroelectric power production (Eklund, 1991). 

With industrialisation process from the middle of the 19th century, Sweden had 
about 3.5 million inhabitants of which 10% lived in urban areas. Since then, the 
population has steadily increased and reached 5.1 million in 1900 and 9.0 million 
people in 2004, with about 85% living in urban areas (see Figure 1-1). 

Originally, wood was the dominant energy source, but coal gained importance 
and accounted for 27% of the energy supply of 87 TWhLHV in 1900 (LHV = Lower LHV in 1900 (LHV = Lower LHV
heating value). The coal was imported, as indigenous fossil fuel sources in Sweden 
are limited and quite insignifi cant on a national level. A hundred years later the 
population had increased by 75% (see Figure 1-1), and the energy supply was more 
than fi ve times as high (or seven times as high if conversion losses in nuclear power 
reactors are accounted for), and dominated by imported oil and uranium and to a 
lesser degree indigenous hydroelectric power and biofuels. 

Million people
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Figure 1-1. Population development in Sweden during the period 1900–2002. Total popula-
tion reached 9 million people in August 2004. Defi nitions of urban and rural changed in 1960. 
Since then, Statistics Sweden defi ne urban areas as having at least 200 inhabitants living in 
buildings normally not more than 200 meters apart from each other. Data from Statistics 
Sweden (1999, 12-Aug-2004 (URL)).
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Figure 1-2. Energy supply in Sweden during the period 1900–2002. Data on wood fuel 
1900-1955 adapted from Arpi ((ed.) 1959); data on  other energy supply 1900–1970 adapted 
from yearly reports by Statistics Sweden; data 1970–2002 from the Swedish Energy Agency 
(2003a, 2003b). The energy supply is based on lower heating values (LHV).
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The development of energy supply from 1900 to 2002 is shown in Figure 1-2, 
details of the development of bioenergy seperated into different sources are pre-
sented in Figure 1-3. Energy supply and use in 2002 are displayed in Figure 1-4, 
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Figure 1-3. Biomass use for energy in different sectors of the Swedish economy during 1900–
2002. Data 1900–1955 from Arpi ((ed.) 1959, Table  43) showing average of fi ve year periods 
adapted into TWhLHV per year; data 1956–1969 adapted from Statistical Yearbook of Forestry LHV per year; data 1956–1969 adapted from Statistical Yearbook of Forestry LHV
published annually by the National Board of Forestry; data 1970–2002 from the Swedish 
Energy Agency (2003a, 2003b). 
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Figure 1-4. Energy supply and fi nal energy use in Sweden in 2002. Adapted from Swedish 
Energy Agency (2003b). Hh = households, Com =  common purposes in the commercial and 
service sector, A = aviation fuel. The energy supply is based on LHVs.

where the amount of energy supplied is the sum of energy used and conversion and 
distribution losses.

Comprehensive surveys of Swedish forestry and its historical role have been made 
by Arpi ((ed.) 1959) and Kardell (2003, 2004), and the role of forestry in Sweden’s 
development from an agrarian to a highly industrialized modern state has been thor-
oughly described. Besides industrial use, an equally important use of wood, though 
not so well documented, is for household requirements dominated by fuel wood. 

Energy use
Energy in Sweden, as in other industrialised countries with a climate similar to 
Sweden’s, is mainly used for three purposes: (1) heating, lighting and operation of 
premises and dwellings, (2) industrial processes and (3) transport. 

Premises and dwellings
In 1900, an energy amount of about 25 GJLHV per person (equivalent to about 3.8 LHV per person (equivalent to about 3.8 LHV
m3

f of wood (Arpi (ed.), 1959)) or roughly 35–40 percent of the total energy supply f of wood (Arpi (ed.), 1959)) or roughly 35–40 percent of the total energy supply f
was used for heating of premises and dwellings and for cooking. In 2002, the energy 
amount for the same purposes was 62 GJ per person, or about as much as for indus-
trial use (Swedish Energy Agency, 2004b). The difference is due to the larger heated 
space per person in homes and a substantially larger service sector with stores, 
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offi ces, schools, hospitals and other public buildings (Arpi (ed.), 1959; Swedish 
Energy Agency, 2004a). Another difference not accounted for is the dissimilarity in 
energy quality. In 1900, the energy was supplied as fuels; today, energy quality is 
much higher as one third of the use is supplied as electricity (see Figure 1-4). Some 
electricty is used for cooling of food, in homes as well as in stores, but also for cool-
ing spaces in public buildings with lots of electrical equipment producing more heat 
than is comfortable (Swedish Energy Agency, 2004a).

As the population increased and moved into more densely built-up areas, wood 
energy use per person decreased, partly because space heating became more effi -
cient, and partly because increasing amounts of imported coal and oil were used for 
household heating. Therefore, the total demand for wood fuel did not increase with 
the increasing population but was rather constant in the period 1900 to 1945, with 
exception of the World Wars, when imports of coal and oil were curtailed and the 
need had to be covered by indigenous resources (Arpi (ed.), 1959). 

After the Second World War, imported oil started to replace other alternatives for 
space heating. In the beginning of the 1960s, oil was so cheap that it even replaced 
wood fuel in households in the countryside where people had free access to wood 
from their own forest. Wood fuel for residential heating decreased from about 35 
TWhLHV in 1945 to less than 7 TWhLHV in 1945 to less than 7 TWhLHV LHV/year in the years shortly before the fi rst oil 
crisis in 1973. After that, the use of round wood for residential heating of small 
houses increased to about 11 TWhLHV/year (See Figure 1-3). However, over the last 
three decades biomass has to a large extent replaced oil in the rapidly expanding 
district heating sector (Swedish Energy Agency, 2004b).

The need for imported oil was considerably reduced with the construction of 
nuclear power stations between 1972–1985. This resulted in a doubling of electric 
power generation capacity, with much of the electricity being allocated to the resi-
dential and service sector, 73.4 TWh in 2002, of which 22.8 TWh were used for 
space heating. Another 5 TWh of electricity was used in district heating plants in the 
same year (Swedish Energy Agency, 2004b).

District heating
The use of district heating started during the latter half of the 1940s and expanded 
during the 1950s and 1960s, as a result of the extensive investments in new hous-
ing and other buildings built during that period, in conjunction with a substantial 
need for modernisation or replacement of boilers in the country’s existing building 
stock. Group heating systems were gradually linked to form larger systems, with a 

Table 1-1. Supply of district heating in 2002 divided by energy sources, TWhLHV (Swedish 
Energy Agency, 2003a)

Oil 4.2
Natural gas, including LPG 3.3
Coal, including blast furnace gas 1.9
Biofuels, peat etc. 33.0
Electric boilers 1.3
Heat pumps 7.4
Waste heat 3.5
Total 54.6
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particularly substantial expansion of district heating from 1975 to 1985, partly due 
to district heating’s ability to replace oil through its fl exibility of fuel use. Replac-
ing a multitude of small individual boilers by district heating enables the heat to be 
supplied from a smaller number of larger boilers with high effi ciency, reducing both 
fuel requirements and emissions from heating of residential buildings and commer-
cial premises (Swedish Energy Agency, 2004a). 

The country has about 13,000 km of distribution mains, which supplied 49 TWh 
of heating in 2002. Of this, over half was used for residential space heating, about 
30% for heating commercial premises and over 15% by industry (Swedish Energy 
Agency, 2003b).

The fuel mix in district heating plants has changed considerably over the last 20 
years. In 1980, over 90% of fuel input for district heating and combined heat and 
power (CHP) plants was in the form of oil. Currently, the fuel mix is more varied, 
with biofuels being the main energy source, as shown in Table 1-1. 

Industrial activities
In Sweden, a small number of sectors account for the bulk of energy use in industry. 
The pulp and paper industry uses about 47%, the iron and steel industry about 15% 
and the chemical industry about 6.5%. Together, these three energy-intensive sec-
tors account for over two-thirds of total energy use in industry. Engineering industry, 
although not regarded as energy-intensive, nevertheless accounts for about 8% of 
total energy use in industry, as a result of its high proportion of total industrial output 
in Sweden (Swedish Energy Agency, 2003b).

Figure 1-5. Forest workers taking a break from stacking wood for charcoal burning some-
where in “Bergslagen” district in the 1930s. Photographer unknown.



12

Mining and metal industry
Besides agriculture and fi shing, mining and metal production has been an important 
basis for the Swedish economy since the 15th century. For example, in the 17th cen-
tury the Great Copper Mountain of Falun in mid Sweden produced more than half 
of the world production of copper, enabling Sweden to develop to the most powerful 
nation in Northern Europe during the period 1560–1720 (Sundberg, 1991). In the 
mines, large amounts of fuel wood were used to crack the rock by fi re. Even more 
wood in the form of charcoal was needed in the copper, iron and steel works. Access 
to wood and charcoal were in most cases the limiting production factors, until the 
mid 19th century when improved and new technology decreased dependence on 
charcoal (Arpi (ed.), 1959; Kardell, 2003). 

Cracking rock by fi res piled against the walls of the shafts, tunnels and drifts, 
was slowly replaced from the 1630s by blasting with gunpowder, although wood 
fi res were still used in some mines into the 19th century when explosives such as 
dynamite took over (Hult et al., 1989). The Swedish charcoal consumption peaked et al., 1989). The Swedish charcoal consumption peaked et al.
in 1885 and decreased slowly up to the 1920s and then more rapidly as the metal 
manufacturing industry changed to other energy sources (coke and electricity) (Arpi 
(ed.), 1959). Today, the Swedish mining and metal industry is still an important part 
of the national economy, but it is totally independent of wood for energy.

Saw milling industry
Timber has always been an important raw material for housebuilding and other 
construction. Earlier, the logs were divided into planks and boards by hand with 
axes and wedges or by pit-sawing, but saw mills driven by water power were built 
from the 15th century. These mills had to be located at water falls of a managable 
size which decided the capacity. The raw material supply was limited to the forests 
located up-stream and the products were made for a local market as land transport 
over longer distances with oxen or horses was too expensive. Some export occured, 
but the products were low quality as they had to be fl oated down the rivers to the 
coast for further transport by boat. The wood often became contaminated with sand 
during the river fl oating and had to be washed and dried before it could be sold (Arpi 
(ed.), 1959; Kardell, 2003). 

Steam power was introduced into saw milling in the middle of the 19th century, 
nullifying the localised dependence on the power source. The saw mills could be 
placed wherever there was a signifi cant concentration of timber available and could 
be designed for practically any size of production as the fuel for the steam engines 
was abundant in the form of sawdust and other residues from the milling process 
(Arpi (ed.), 1959). 

The saw mills for local production, driven by water power or steam, stayed in the 
inland areas, but production units for export were erected at the mouths of rivers 
in North and Middle Sweden and in the province of Värmland. The advantages 
included: potential timber could be supplied from the forests of the whole river 
valley; timber from other valleys could be rafted along the coast to the saw mill; 
large amounts of timber could be stored in the water; and the planks and buttons 
could be loaded directly from the timber-yard onto ships bound for the rapidly grow-
ing European market (ibid.).ibid.).ibid.
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The preconditions for rapid expansion of export were favourable in the middle 
of the 1800s. The metal works in Middle Sweden had, by tradition, put a claim on 
a large part of the forests, and in some areas, almost all forest had been used for 
charcoal production; thus, the forest was relatively young in such areas and larger 
amounts of old growth timber were not available. However, in North Sweden there 
were large unexploited forests along the rivers, which offered good transport facili-
ties, and sizeable saw mill districts grew up at the river mouths (ibid.). ibid.). ibid.

From 1850 to the turn of the century, the export of sawn wood increased from 
0.4 to 5.1 million m3. The expanding saw milling industry was one of the strongest 
economic forces during the middle of the 1800s when the foundation for the modern 
industrialized Swedish society was laid (ibid.). ibid.). ibid.

Steam engine technology greatly improved during the latter half of the 19th cen-
tury, and older saw mills used all falling sawdust, in addition to other residues in 
the boilers, which were working with low steam pressure and low effi ciency. As 
improved technology was introduced, more of the residues could be used for other 
purposes. Gradually, from the middle of the 1870s the market value of by-products 
increased in that edgings and slabs, covered by sawdust, were commonly burnt to 
charcoal for use in the iron and steel industry (ibid.).ibid.).ibid.

In the saw milling process, only about 50% of the raw material is received as 
planks and boards. The rest is by-products, which is used as fuel in varying degree 
and different ways at different times. In the 1850s to the 1920s, most of the residues 
were used as fuel for steam engines at the saw mills and as charcoal for the iron and 
steel industry. In the 1920s and onwards, the steam engines were replaced by electric 
motors and the charcoal market was declining as a result of structural and techno-
logical changes in the steel industry. However, simultaneously sulphate pulpmills 
were erected which could use wood chips from the saw mills in their process. In 
this way, the by-products were still mainly used for energy but in another industrial 
sector (ibid.).ibid.).ibid.

The sawn products have to be dried. In the past, the boards were piled up in the 
wood yards and dried naturally by sun and wind; today, drying is performed in 
kilns fuelled by bark and other wood residues (Kardell, 2004). The by-products not 
used in the saw mills or pulp mills are often sold to district heating plants or to the 
expanding wood pellet industry (Swedish Energy Agency, 2004a). 

The following example based on Swedish Energy Agency (2003b) and National 
Board of Forestry (2004) illustrates the present importance of the saw milling indus-
try as a user and producer of wood for energy. The round wood consumption of the 
saw mills in 2002 was 34.3 million m3

fub  of which 11.8 million m3
fub  were transferred 

to pulp mills and particle board and fi bre board plants. The production of sawn wood 
products was 16.1 million m3

f . The difference between wood supply and products f . The difference between wood supply and products f
was (34.3 – 11.8 – 16.1) million m3

fub  = 6.4 million m3
fub . The bark delivered to the 

saw mills with the timber may be estimated at 12% x 34.3 million m3
f  = 4.1 million f  = 4.1 million f

m3
f . Hence, the amount of residues available for energy generation was about 10.5 f . Hence, the amount of residues available for energy generation was about 10.5 f

million m3
f , theoretically equal to about 23 TWh. Of this, 4.8 TWh were used for f , theoretically equal to about 23 TWh. Of this, 4.8 TWh were used for f

industry. Most of the remainder was probably delivered to district heating plants and 
other industries as bark is not allowed to be discarded for environmental reasons. 
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Pulp and paper industry
Two chemical methods are generally used for extraction of cellulose, namely the 
sulphite or the prehydrolysis kraft (sulphate) method. The kraft method is the most 
common and accounts for approximately 80% of world cellulose production. Kraft 
pulping involves chemical treatment of wood with caustic soda and disodium sul-
phite at high temperature, high pH and high pressure. Lignin in the wood is converted 
to water-soluble lignosulphonate that comes out of the wood, and is often referred 
to as kraft black liquor. Some hemicellulose and other secondary metabolites are 
also removed during this process. The cellulose yield is of the order of 45% and is 
about 95% pure (hemicellulose being the major contaminant) (Münster, 1998). The 
black liquor contains potentially valuable inorganic chemicals, which are recovered 
in a Tomlinson recovery boiler. In this process, the organic components are burnt to 
generate steam and electricity for the pulping process (Ekbom et al., 2003).et al., 2003).et al.

Mechanical methods are also used for pulp production. Grinding of roundwood 
by rotating grindstones was introduced in Germany in the 1840s (ForestSweden 
Webhotel, 2005 (URL)). The pulp produced is called groundwood pulp. In the early 
1930s, an engineer, Arne Asplund, invented a new method for refi ning wood chips, 
namely defi bration of wood chips in disc refi ners (Lindström, 1998). The pulp pro-
duced by this method is called refi ner mechanical pulp. The pulp yield may be up to 
97% by these methods (Borg, 1989). In the 1970s, the refi ner mechanical pulp proc-
ess was further developed. Pretreatment of wood chips with steam was introduced, 
leading to production of thermomechanical pulp (TMP). Another pulp assortment 
was also introduced, namely chemi-thermomechanical pulp (CTMP), where the 
wood chips are impgregnated with sodium sulphite (Na2SO3) (Waluszewski, 1990; 
Lindström, 1998). The pulp yield is about 90% for TMP and CTMP, but the strength 
of the paper produced is higher compared to paper produced by groundwood pulp.

A large disadvantage of mechanical pulp is the high consumption of electricity in 
the manufacturing process. Depending on the quality of paper produced, the use of 
electricity is between 1800 - 2500 kWh/t for TMP (Lindström, 1998), to be com-
pared with the use of electricity at the kraft process, which is about 740 kWh/t90
(KAM, 2000). However, the pulp yield is roughly twice as much for mechanical 
pulp compared to chemical pulp, as mentioned above. Paper produced by the dif-
ferent pulp assortments have different properties regarding e.g. strength, opacity, e.g. strength, opacity, e.g.
printability and brightness, which lead to a different range of application for the 
different pulp assortments.

Transport
Shipping has been important for Sweden since the Viking age. Merchant shipping 
was further developed during Sweden’s period as a great power in the 17th century. 
Domestic goods were even transported by shipping along the coasts at this time 
(The Swedish Transport Council, 1985). Simultaneously, road construction became 
an important task for the Swedish state authority, and the standard of the Swedish 
main roads were comparable with road patterns on the Continent of Europe (Ahl-
ström, 1985).

Road transport was assessed as not being enough for domestic transport of goods. 
Thus, many canal construction projects were initiated during the 1780s. The fi rst 
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was Strömsholm’s canal, which opened communication between lake Mälaren and 
the province of Dalarna. The Göta canal was opened in 1832 and led to a shortened 
distance for transport between the Baltic sea and the North sea (Ahlström, 1985).

In an international perspective, the constructions of railways started rather late 
in Sweden. The Swedish Parliament decided in 1853/54 that the main railways, 
the trunk lines, should be constructed by the Swedish state. The fi rst railways was 
opened for traffi c in 1856, the trunk lines were completed in South and Central 
Sweden in the middle of the 1870s and in Northern Sweden in the beginning of the 
20th century. Railways were also constructed by private companies for transport of 
goods, as e.g. agricultural products, iron ore, charcoal, iron and steel (Ahlström, e.g. agricultural products, iron ore, charcoal, iron and steel (Ahlström, e.g.
1985).

The breaktrough of industrialism in the 1880s led to an increase in shipping. In 
1880, the distribution of domestic transport of goods was 0.4 billion ton kilometre 
by rail and 0.6 billion ton kilometre via shipping. In 1900, domestic transport of 
goods was equal for both railway transport and shipping, about 1 billion ton kilome-
tre. Since 1900, transport by rail became dominant (The Swedish Transport Council, 
1985).

Floating was used on a large scale during the 17th century. The company Stora 
Kopparberg fl oated building timber used in their mines, and oak-trees were fl oated 
along Göta Älv and Viskan to be used for shipbuilding. However, the fi rst law for 
permitting fl oating in Sweden was not introduced until 1766, and the conception 
“public fl oatway” was introduced in 1880 (Krantz, 1986). At that time, transport 
via fl oating was 1.0 billion ton kilometre, and the main quantities were used as saw 
timber (The Swedish Transport Council, 1985; Eklund, 1991).

Motorized forwarding and road transport of roundwood was introduced during 
the 1920s and at the same time, the establishment of hydroelectric power began 
to expand. These were two reasons for decreased fl oating (Eklund, 1991). The last 
river used for fl oating was Klarälven in Värmland, and activity totally stopped in 
1991 (National Board of Forestry, 2004).

As railways were considered the most important transport system of the future, 
road maintenance was neglected at the end of 1880s. However, the use of bicycles 
increased during the end of the 19th century, resulting in a greater interest in road 
maintenance. Better roads led to better conditions for the use of cars. The break-
through for cars in Sweden arose at the car exhibition in Stockholm in 1903. After 
that, several Swedish manufacturers, as e.g. Vagnfabriks AB (VABIS) in Södertälje e.g. Vagnfabriks AB (VABIS) in Södertälje e.g.
and Maskinfabriks AB Scania in Malmö, began producing both cars and lorries. 
Volvo produced their fi rst car in 1927 and SAAB began their car production in 1950. 
The number of cars in Sweden increased from about 50,000 in 1945 to 1.8 million 
in 1965. By then, Sweden had the largest motor-vehicle density in Europe (Hult et 
al., 1989). In 2002, the number of cars in Sweden was fully 4 millions (Statistics al., 1989). In 2002, the number of cars in Sweden was fully 4 millions (Statistics al.
Sweden, 2005 (URL)).

In 1930, the work required for transporting people by road vehicles was equal 
to the work required for transporting people by rail. The total work required for 
transport of people then doubled during the 1930s, from 5 to 10 billion passenger 
kilometre. During the Second World War, private car traffi c was markedly reduced 
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due to lack of petrol. However, after the war, the number of private cars increased 
rapidly (The Swedish Transport Council, 1985).

The development of domestic and international aviation in Sweden began in 1936, 
due to the inauguration of Bromma airport north-west of Stockholm. The Second 
World War resulted in rapid technological development of both aeroplanes and 
ground-based equipment, e.g. communication systems, which led to rapid develop-e.g. communication systems, which led to rapid develop-e.g.
ment of civil aviation after the war (Hult et al., 1989).et al., 1989).et al.

In 2002, the total work required for domestic transport of people was 128 billion 
passenger kilometre; 91% was performed via road transport, 7% by rail and fully 
2% via aviation. (Swedish Energy Agency, 2003b). The domestic transport work 
of goods was fully 91 billion ton kilometre in 2003; 41% was performed via road 
transport, 22% by rail and 37% via shipping (Swedish Energy Agency, 2004a).

The energy use for transport (excluding foreign shipping) was 90.5 TWh in 2002, 
which corresponds to 23% of the total, fi nal national energy use; 0.5 TWhLHV con-LHV con-LHV
sisted of ethanol; 2.9 TWh consisted of electricity; 0.1 TWhLHV consisted of natural LHV consisted of natural LHV
gas and light petroleum gas (LPG); and the remainder 87.0 TWhLHV consisted of LHV consisted of LHV
different kinds of oil products (petrol, diesel/gas oil, medium/heavy fuel oils and 
aviation fuels) (Swedish Energy Agency, 2004b).

Energy supply
Swedish energy supply is heavily dependent of non-renewable fuels, such as fossil 
fuels and uranium. In 2002, 1576 PJ (437.7 TWh), or 71.1% of total energy sup-
plied in Sweden (being 2217 PJ (615.8 TWh)), came from these sources. The part  
from renewable energy resources (mainly biofuels and hydropower) was 596 PJ 
(165.5 TWh), or 26.9% of total energy supplied in Sweden (see Figure 1-4) (Swed-
ish Energy Agency, 2003a).

The energy supply mixture has changed markedly during the last three decades. 
Since 1970, a majority of the fossil fuels has been replaced by nuclear power. The 
supply of biomass, including peat and waste, has also increased slowly, from 155 
PJLHV/year (43 TWhLHV/year) to 354 PJLHV/year (98.2 TWhLHV/year) in 2002. Thus, 
biomass contributed to 15.9% of total energy supplied in Sweden in 2002. This 
increasing supply of biomass has mainly replaced fossil fuels (see  Figure 1-3) 
(Swedish Energy Agency, 2003a, 2003b).

Biomass
The term ”biomass” is defi ned as material of biological origin excluding material 
embedded in geological formations and transformed to fossil. “Biofuel” means fuel 
produced directly or indirectly from biomass and “bioenergy” denotes energy from 
biofuels (European Committee for Standardization, 2003).

Biomass is mainly used for heat generation, but some of it, 22.3 PJLHV (6.20 LHV (6.20 LHV
TWhLHV) in 2002, is also used for electric power generation in CHP plants and in 
industrial back-pressure plants. In 2002, approximately 1.8 PJLHV (0.5 TWhLHV (0.5 TWhLHV LHV) of 
ethanol was also produced from biomass for use as vehicle fuel (Swedish Energy 
Agency, 2003a).
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Commercial use of biomass in Sweden is now widespread, both municipally and 
industrially, as fuel in heating plants and CHP plants. In 2002, 127.8 PJLHV (35.5 LHV (35.5 LHV
TWhLHV) was used in municipal district heating plants, whereas 182.9 PJLHV (50.8 LHV (50.8 LHV
TWhLHV) was used in industry. 67% (i.e. 122.4 PJi.e. 122.4 PJi.e. LHV (34.0 TWhLHV (34.0 TWhLHV LHV)) of the biomass 
use in industry consisted of black liquors in the pulp industry (Swedish Energy 
Agency, 2003a). 

Round wood for residential heating
The supply of round wood was rather high (around 30 TWhLHV.) until the second LHV.) until the second LHV
world war (see Figure 1-3). After the second world war, the supply of round wood 
decreased until 1965, as round wood for residential heating was replaced by oil 
fi ring. However, since 1965 the supply of round wood for residential heating has 
been constant, and is now around 8 TWhLHV (see Figure 1-3).

Logging residues
Today, logging residues are the dominant wood fuel assortment derived from for-
estry and that are used for district heating generation in Sweden. The use of this 
assortment has increased markedly during the two latest decades, and in 2002, the 
supply was 6.6 TWhLHV

1. As shown in Chapter 3, the potential amounts are much 
greater than current use.

Charcoal
In 1900, the amount of round wood used for charcoal production in Sweden was 
approximately 10 TWhLHV (see Figure 1-3). However, this assortment started to LHV (see Figure 1-3). However, this assortment started to LHV
decline after the First World War, and in 1960 it was non-existent.

By-products from saw mills
Wood chips, sawdust and bark are by-products from saw mills. Bark is mainly used 
as fuel, both internally at the saw mills and as fuel in district heating plants. Wood 
chips and sawdust are also used as fuel internally at the saw mills and as fuel in dis-
trict heating plants, but are also used as raw material in the pulp and board industry. 
The total amount of by-products used as fuel internally at the saw mills was 4.9 
TWhLHV in 2002 (Swedish Energy Agency, 2004b). The corresponding amount sold LHV in 2002 (Swedish Energy Agency, 2004b). The corresponding amount sold LHV
to the pulp and board industry in 2002 was 22.7 TWhLHV

2, and the amount sold as 
fuel to the district heating sector was 12.8 TWhLHV

3.

By-products from pulp mills
The by-products from pulp mills are mainly bark and black liquor. The bark received 
is used internally in the pulp mills as fuel for the generation of steam, which is used 
in pulp and paper processing. The total amount of bark from Swedish pulp mills in 
2002 was 6.9 TWhLHV (Swedish Energy Agency, 2004b).LHV (Swedish Energy Agency, 2004b).LHV

Black liquor derives from the wood fi bre extraction step in pulp processing, and 
consists of dissolved wood organics, mainly lignin, and inorganic chemicals used 
in this extraction step. After extraction (which is performed in a digester), the black 
liquor contains 15 – 17% solids. In the next process step, it is evaporated so that the 
solid content is increased to 70 – 80% (Ekbom et al., 2003).et al., 2003).et al.
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The black liquor is treated in Tomlinson boilers, in order to recover the inorganic 
chemicals. These chemicals are then separated in the bottom of the boiler as a smelt 
bed of molten salts. It is then further dissolved with a weak wash in a tank to form 
green liquor, which is used in the wood fi bre extraction step. Thus, the inorganic 
chemicals are recycled in the pulp process (Ekbom et al., 2003).et al., 2003).et al.

The organic components from the wood dissolved in the black liquor are burned 
in the Tomlinson boiler. The heat released is used for steam production, which is 
used  for providing heat and electric power to the pulp and paper processing. The 
amount of black liquor deriving from the Swedish pulp mills in 2002 was 34.0 
TWhLHV (Swedish Energy Agency, 2004b).LHV (Swedish Energy Agency, 2004b).LHV

Energy crops from agriculture
Willow (Salix viminalis L.) is a commonly used species for energy crops in Sweden. 
The commercial introduction of willow cultivation started in 1991, when Sweden 
received a new agricultural policy for decreasing overproduction of food. 

Interest of cultivation of energy crops on arable land increased at the same time, 
as biofuels became more competitive when environmental and energy taxes on 
fossil fuels were considerably increased (Hadders & Olsson, 1996; Rosenqvist et 
al., 2000). In 2002, the area of cultivated willow was slightly more than 14,600 hec-al., 2000). In 2002, the area of cultivated willow was slightly more than 14,600 hec-al.
tare, which corresponds to approximately 0.5% of total arable land in Sweden (The 
Swedish Board of Agriculture, 2002).

Investigations on using grass as a fuel in Sweden started at the beginning of the 
1980s, with reed canary grass (Phalaris arundinacea L.) being the most promis-
ing species regarding cultivation and quality (Andersson, 1989; Burvall, 1997). 
Reed canary grass may be cultivated in throughout Sweden, but harvest yields are 
estimated to be lower in southern Sweden compared to the northern parts, due to 
greater biological degradation in southern Sweden (Swedish Business Development 
Agency, 1994). In 2002, the area of cultivated reed canary grass in Sweden was 650 
hectare (Tarighi, 2005).

The topical use of straw as a fuel in Sweden is estimated by Nilsson (1999a) to be 
about 40,000 metric tons (0.14 TWhLHV) per year. This may be compared with the 
use of straw in Denmark, where the power plants are obliged to utilize 1.0 million 
metric tons per year (Zhou et al., 2005). However, the physical potential of using et al., 2005). However, the physical potential of using et al.
straw for energy purposes in Sweden is estimated to be much larger than current 
use. The extent of arable land where straw may be recovered for energy purposes is 
estimated to be 1.1 million hectare, according to the Swedish Government (1992b). 
Axenbom et al. (1992) estimate the Swedish potential of straw for energy purposes et al. (1992) estimate the Swedish potential of straw for energy purposes et al.
to be 500,000 metric tons (2 TWhLHV) per year.

Peat
Peat is a soil type of organic origin, which is formed through biological and chemi-
cal processes in wetlands. It consists of plant and animal parts which have been 
incompletely degraded due to lack of oxygen. The carbon content is slightly more 
than 50% of dry matter (Ministry of Industry, Employment and Communication, 
2002).
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Sweden’s peat supply is large, as approximately 25% of the land area is covered 
with peat. The peat land area is estimated to be about 6.5 million ha (the peat layer 
is thicker than 30 cm). Peat extraction greatly infl uences the environment, as the 
original biotope is extinguished. However, suitable treatment of the topical area 
after fi nal extraction may reduce the negative infl uences, and the area can receive 
new high-quality aspects. Current peat extraction is performed on slightly more 
than 10,000 ha in Sweden (Ministry of Industry, Employment and Communication, 
2002).

The use of peat for energy purposes amounted to 3.9 TWhLHV in 2002, which is the LHV in 2002, which is the LHV
highest amount to date. Approximately 30% of the peat used for energy purposes is 
imported (Swedish Energy Agency, 2003b).

Waste
In Sweden, waste materials have been used for district heating production since the 
1970’s. In 2002, the amount of waste used for district heating production was 5.2 
TWhLHV. This amount is expected to increase markedly in the future, due to the pro-LHV. This amount is expected to increase markedly in the future, due to the pro-LHV
hibition on landfi ll sorted combustible waste, which was introduced in Sweden in 
2002 (Swedish Energy Agency, 2003b).

From 2005, it is prohibited to landfi ll organic waste in Sweden (Swedish Energy 
Agency, 2003b), which may increase interest in digestion; e.g. organic waste from e.g. organic waste from e.g.
the food industry and grocers will increase during the coming years, resulting in a 
larger potential of biogas production. In 2002, the use of biogas in Sweden was 448 
GWhLHV, where 38 GWhLHV, where 38 GWhLHV LHV was used for electric power generation, 325 GWhLHV was used for electric power generation, 325 GWhLHV LHV
was used for heat production and 85 GWhLHV was used as vehicle fuel. The biogas LHV was used as vehicle fuel. The biogas LHV
was mainly produced via digestion of sewage sludge in wastewater treatment plants 
and via anaerobic degradation of waste at landfi ll stations (Swedish Energy Agency, 
2004a).

Fossil fuels
Coal and coke
Globally, industrialization has been driven by fossil fuels. Sweden is no exception: 
from the beginning of the 1870s to the beginning of the 1910s the annual import of 
coal and coke increased from 590,000 metric tons to 4900,000 metric tons (Statistics 
Sweden, 1925). The supply declined during the World Wars, due to diffi culties in 
supply by import. In 2002, the use of steam coal was 1520,000 metric tons (Swedish 
Energy Agency, 2004b).

Oil
The import of crude oil increased steadily after the Second World War until the 
fi rst oil crisis in 1973, from barely 500,000 metric tons in the second half of the 
1940s to barely 12 million metric tons in the beginning of the 1970s (Statistics 
Sweden, 1955, 1975). However, the fi rst oil crisis led to an intensive political debate 
in Sweden regarding national dependence on imported crude oil. The extension of 
nuclear power during the 1970s and 1980s (discussed below) led to a decrease in 
the supply of oil used for power generation (see Figure 1-2). However, increased 
refi nery capacity in Sweden during the 1970s and 1980s led to a continuously large 
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import of crude oil. In 1985, the import of crude oil was 13.8 million metric tons, 
whereas the corresponding import was 18.2 million metric tons in 2002 (Swedish 
Energy Agency, 2004b). During the same period, the Swedish export of refi ned fuels 
also markedly increased (Hagström & Nilsson, 2004).

Natural gas
Natural gas was introduced into Sweden in 1985 and usage increased rapidly until 
1992, after which growth continued at a more modest rate. In 2002, imports amounted 
to 933 million m3, equivalent to 9.3 TWhLHV. Industry, and CHP and district heat-LHV. Industry, and CHP and district heat-LHV
ing plants, each accounted for about 40% of total use, with domestic consumers 
accounting for about 15%. A small amount of natural gas is also used as motor fuel 
(Swedish Energy Agency, 2003b).

Electricity
In 2002, the Swedish net electric power production was 516 PJ (143.4 TWh) of 
which 238 PJ (66.0 TWh), or 46.1%, was based on hydroelectric power, and 236 PJ 
(65.6 TWh), or 45.7% of the production was based on nuclear power. The remain-
ing 8.2% of electric power produced was derived from CHP, condensing power, gas 
turbines, industrial back-pressure power and windpower (Swedish Energy Agency, 
2003a).

Hydroelectric power
Sweden has more than 100,000 lakes, covering approximately 10% of its area. There 
are many rivers, of which thirteen have a mean annual fl ow of more than 100 m3/s 
at the mouth.The fi rst generating stations based on hydro power were established 
in the 1880s. These stations were usually built where there had previously been 
directly driven machinery for mills, saws, hammers etc. The stations were small and etc. The stations were small and etc
essentially intended to supply power to industries and communities in the immediate 
vicinity. Hundreds of such small local hydroelectric power stations were constructed 
during the end of the 19th and the beginning of the 20th century. As the technique of 
transferring power over longer distances developed at the beginning of the 1900s, 
it became possible to exploit the large rivers in the south and middle of the country. 
Development on a larger scale for electric power generation began in the 1910s and 
reached its peak in 1950–1970 when the production capacity expanded from around 
20 to about 65 TWh/year. However, amounts vary greatly according to the weather. 
In the dry year 1996, the production was down to 52 TWh, but in 2000 and 2001 it 
was as high as 79 TWh/year.

Most hydroelectric power comes from nine rivers in the northern half of Sweden. 
Only minor expansions of hydroelectric power capacity are allowed; according to a 
decision by the Swedish parliament, the four unexploited rivers in the northern part 
of the country will be saved and untouched of environmental reasons.

Nuclear power
Three months after the atom bombs fell over Hiroshima and Nagasaki in August 
1945, the Swedish government started planning for a research and development 
program for nuclear power with emphasis on civil applications, but also including 
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nuclear weapons. The Swedish peace movement was very strong and politically 
infl uential with leaders such as Alva Myrdal and Inga Thorsson. After heavy debates 
in the 1950s and the 1960s whether to continue the development of nuclear weap-
ons, this part of the program was abandoned in 1968 (Kaijser, 2001).

Nevertheless, the development of civil nuclear energy continued. The fi rst Swed-
ish nuclear reactor was built in Ågesta, just south of Stockholm, and was put into  
commercial operation in 1964. It was a CHP plant and would deliver 55 MW of 
heat for district heating and 10 MW of electric power (Kaijser, 2001). This reactor 
was decommissioned in 1974 due to low profi tability (Hult et al., 1989). A second et al., 1989). A second et al.
nuclear reactor was built at Marviken, near the city of Norrköping, during the 1960s. 
It was constructed as a power plant with a maximum electric power output of 200 
MW. However, that plant was never put into operation as a nuclear power plant, 
as the project was strongly criticized for not meeting the necessary safety require-
ments. Instead, it was reconstructed and put into operation as an oil-fi ring power 
plant (Kaijser, 2001).

The nuclear reactors in Ågesta and Marviken consisted of heavy-water reactors 
(HWRs). In the early 1960s, it became possible to import enriched uranium from 
the USA, which made the light water reactors (LWRs) a possible alternative. HWRs 
were questioned from a commercial point of view by many Swedish power compa-
nies, and as a result subsequent nuclear power plants constructed in Sweden con-
sisted of LWRs (Kaijser, 2001). The fi rst one was put into operation in Oskarshamn 
in 1972, and the two last reactors, the eleventh and twelfth, was put into operation 
in Oskarshamn and Forsmark in 1985.

Much of the electricity generated via nuclear power replaced fossil fuels, which 
were reduced from about 350 TWh/year in 1972 to about 250 TWh/year in 1985 
(see Figure 1-2). However, nuclear power continued to be a controversial issue in 
the Swedish parliament. The resistance came, and still comes, from environmental-
ists in all political parties, who claim that nuclear power production is unsafe with 
risks for radioactive outlets, and that the plutonium in the residues can be used for 
production of nuclear weapons or might fall into the hands of terrorists. 

Sweden has large deposits of low grade uranium. In the 1970s, there were plans to 
use the assets, but public opinion and a veto from the local community put an end to 
ore-mining plans in 1977, and the issue has so far not resurfaced.

The incident at the nuclear reactor on Three Mile Island, Harrisburg, USA in 1979 
fuelled the Swedish nuclear power debate. A referendum was held in 1980 result-
ing in a political decision to allow operation in the six reactors already built and the 
next six reactors that were planned, but all nuclear power should then be phased out 
by the year 2010. The decision has been modifi ed since then, and the date for fi nal 
shut down is now kept open. The fi rst nuclear reactor, Barsebäck 1, was decommis-
sioned in November 1999, and the second, Barsebäck 2, was decommissioned in 
June 2005.

Wind power
Wind power is a renewable energy source which has expanded substantially in 
Sweden over the last ten years. Despite this, its share of the country’s electricity 
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production is still very modest. At the end of 2002, with 620 wind power plants in 
operation, it supplied 0.56 TWh, or somewhat less than 0.4% of total electricity 
production in 2002 (Swedish Energy Agency, 2003b).

Solar power
The fi rst functional, intentionally constructed photovoltaics device was by C. Fritts 
in the USA in 1883. He melted selenium into a thin sheet on a metal substrate and 
pressed a gold-leaf fi lm as the top contact; it was nearly 30 cm2 in area. However, 
the modern era of photovoltaics started in 1954 when researchers at Bell Labs in the 
USA accidentally discovered that diodes generated a voltage when the room lights 
were on. Within a year, they had produced a 6% effi cient silicon solar cell. In the 
same year and the year after, other research groups in the USA developed solar cells 
based on other compounds, as e.g. Cue.g. Cue.g. 2S/CdS and GaAs (Hegedus & Luque, 2003).

Solar cells were introduced on to the Swedish market at the end of the 1970s. The 
fi rst applications were power supply of lighthouses and emergency telephones in 
the Swedish mountains. In 2002, fully 20,000 non-mains-operated holiday cottages 
were power supplied by solar cells in Sweden. However, mains-operated solar cell 
modules for assembly in buildings are now developed both in Sweden and in other 
countries. The potential for this technology is estimated to be very large (Andersson 
& Hedström, 2002).

Prerequisities for biomass in the future Swedish energy system
As a consequence of the fi rst oil crisis in 1973, the interest in energy system studies 
increased in Sweden. Several studies were initiated, and the fi rst studies focused on 
issues concerning energy supply. Johansson & Steen (1977) conducted a scenario, 
where the whole Swedish energy demand would be covered with renewable energy 
sources in 2015. In this scenario, the biomass supply would be 351 TWhLHV and LHV and LHV
cover 62% of the total energy supply. Johansson & Steen concluded that this sce-
nario would be realistic, and the costs for replacement of the energy supply systems 
would not make an assumed doubling of the material welfare impossible.

In a following study by Lönnroth, Johansson & Steen (1979), two national energy 
systems were compared: 1) energy supply based on nuclear-based heat and power 
production; 2) energy supply based on renewable energy sources (biomass, solar 
heat and power, windpower and hydroelectric power). It was concluded that the 
energy supply system based on renewable energy sources is physically possible, 
and may also be technically possible if resources are invested for development of 
this alternative. The costs for the two energy systems were estimated to be roughly 
equal.

Today, many individuals and organizations are interested in biomass for differ-
ent reasons: the forest industry sector needs timber and pulp wood; many politi-
cal fractions and groups hope that biomass may replace nuclear fuels in electricity 
generation; the ratifi cation of the Kyoto protocol may lead to replacement of fossil 
fuels with biomass for heating purposes and as a raw material for the generation of 
vehicle fuels in order to mitigate the emission of green house gases; environmental-
ists would like to restrict human use of the forest in favour of fl ora and fauna; other 
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groups want to give priority to recreation and eco-tourism before industrial use. 

There are mainly two reasons for a continuous exchange of fossil fuels with 
renewable energy resources. One of the reasons is environmental; the evidences 
that combustion of fossil fuels cause an increasing temperature in the atmosphere 
due to the increasing carbon dioxide concentration in the atmosphere have become 
stronger during the last years (International Panel on Climate Change, 2001). 
Thus, the Swedish parliament decided to decrease the emissions of greenhouse 
gases according to the Kyoto protocol and consequent decisions of the European 
Union (Ministry of Industry, Employment and Communication, 2003). Emissions 
of carbon dioxide due to combustion of biomass may not lead to a continuously 
increasing temperature in the atmosphere if the regrowth of biomass is at least equal 
to the use of biofuels.

The other reason is that supplies of fossil fuels are limited. The output of oil is 
anticipated to decline about 2008, whereas decrease in natural gas production is esti-
mated to begin at about 2030 (The Association for the Study of Peak Oil&Gas, 2004 
(URL); Laherrere, 2004). The world reserves of coal are estimated to correspond to 
about 200 years of production at current rates (Coal Industry Advisory Board, 2004 
(URL)).

The Swedish parliament has also decided to phase out nuclear power, as a conse-
quence of concerns by the public about the risk of nuclear power such as e.g. acci-e.g. acci-e.g.
dents like the one near Harrisburg, USA in 1979 (Ministry of Industry, Employment 
and Communication, 1995). 

Even if there is still a considerable potential to increase production and use of 
biomass in Sweden, it is obvious that this resource is physically and economically 
limited. Many of the interested parties are aware of the possibilities and benefi ts in 
their own business, but are less acquainted with the expectations of others. It is a risk 
that the potential collective demand greatly exceeds possible supply.

However, there are biomass assortments available for energy conversion purposes, 
as e.g. logging residues, fuel wood from industrial wood cuttings and by-products e.g. logging residues, fuel wood from industrial wood cuttings and by-products e.g.
from forest industry, and there are still possibilities to increase the national supply 
of biomass in the Swedish energy system, mainly because there are assortments of 
wood fuels not used for energy purposes (Hektor, Lönner & Parikka, 1995; Parikka, 
1997; Lönner et al., 1998), and there is also a physical potential to increase the culti-et al., 1998), and there is also a physical potential to increase the culti-et al.
vation of agrofuels (Börjesson et al., 1997). However, one question remains regard-et al., 1997). However, one question remains regard-et al.
ing the possibilities for a continuous partial replacement of the fossil fuels and the 
nuclear power with biomass in the future.

Objectives and study design
The main objective of this study was to determine how far a biomass quantity, equal 
to the potential produced within the Swedish borders, could cover the present energy 
needs in Sweden with respect to economic and ecological circumstances. Another 
aim was to conduct the study in such a way that it can be used as a basis for general 
judgements about the best use of Swedish biomass resources suitable for energy 
conversion, as well as an aid for interested parties in their considerations of their 
own position in the competition for biomass.
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The fi rst step was to establish which biomass assortments that should be consid-
ered within Sweden, and the amounts being potentially available for energy conver-
sion with respect to environmental concerns, and those parties interested in biomass 
and land use for other purposes, e.g. the forest industry sector. Import and export of e.g. the forest industry sector. Import and export of e.g.
biomass supplies were not considered.

Three scenarios in which the available biomass was converted to different energy 
carriers were studied:

• Scenario ‘heat’: biomass covers as much as possible of a heat demand equal to 
the use of heat in the year 2002. The remaining biomass is converted to electricity 
or vehicle fuel.

• Scenario ‘electricity’: biomass covers a heat demand equal to the use of heat gen-
erated from biomass in 2002. The remaining biomass is converted to electricity. 

• Scenario ‘vehicle fuel’: biomass covers a heat demand equal to the use of heat 
generated from biomass in 2002. The remaining biomass is converted to vehicle 
fuel (hydrogen or methanol). 

Three different amounts of potential biomass supply were studied for the different 
scenarios (see Figure 1-6):

• Case 1: potential biomass amounts derived from forestry, non-forest land, forest 
industry and community.

• Case 2: case 1 plus potential biomass amounts derived from agriculture.
• Case 3: case 1 plus 50% of potential pulpwood quantity converted to vehicle 

fuels. In this case it was hypothesised that industry found it more appropriate to 
produce hydrogen or methanol rather than pulp and paper from this quantity.

The scenarios included conversion processes based on the newest technology that 
either are commercially available (e.g. biomass-fi red CHP) or are judged as being e.g. biomass-fi red CHP) or are judged as being e.g.
introduced in a near future (integrated gasifi cation combined cycle (IGCC) and 
vehicle fuel production via gasifi cation). The amounts of different energy sources 
used for heat production in 2002 were compiled for each scenario and case, and 
the maximum amounts of energy carriers that could be converted by the remaining 
amounts of the topical biomass assortments were then calculated.

1

Scenarios ‘Heat’ ‘Electricity’ ‘Vehicle fuel’ 

Case 1: potential biomass amounts 
derived from forestry, non-forest 
land, forest industry and community 

X X X

Case 2: Case 1 plus potential biomass 
amounts derived from agriculture 

X X X

Case 3: Case 1 plus 50% of potential 
pulpwood quantity 

– – X

Figure 1-6. The potential amounts of biomass supply studied for the different scenarios. 
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In order to evaluate the economic and ecological circumstances of biomass utiliza-
tion in the Swedish energy system and for providing a basis for general judgements 
about the best use of the Swedish biomass resources suitable for energy conversion, 
the scenarios were complemented by three other evaluation methods. Energy analy-
sis calculated the energy required for handling, pre-treatment and conversion of the 
biomass assortments studied, and the energy yield at production of each energy car-
rier at conversion of the different biomass assortments.

The second method used for analysis of the biomass assortments studied was cost 
analysis, where the production costs of the energy carriers produced were calcu-
lated. The monetary costs of the different operational steps used for the different 
biomass assortments were also evaluated.

The third method used for analysis of the biomass assortments studied was 
emergy analysis, where the solar emergy fl ows via the environment and the society 
at production of the biomass assortments and the energy carriers produced at con-
version of the biomass assortments were evaluated. Solar emergy yields and solar 
transformities of products, emergy yield ratios and emergy investment ratios were 
also calculated for the different biomass assortments studied and the energy carriers 
produced.

The methods used are further described in Chapter 2, together with the systems for 
the energy, cost and emergy analyses. The potential biomass resources and selected 
methods of harvesting and collecting the different assortments are described in 
Chapter 3. Selected processes for converting biomass to heat, electricity and vehicle 
fuels are described in Chapter 4. The scenarios performed are described in Chapter 5. 
Energy, cost and emergy analysis are covered in Chapter 6 and the results and con-
clusions are discussed and compiled in Chapter 7.
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2.  Methods

Description of complex systems
A system is defi ned by Hall & Hagen (1956) as a set of objects together with rela-
tionships between the objects and between their attributes. Each object has its own 
unique characteristics and the characteristic of the system is dependent on the char-
acteristics and structure of the objects within the system. Ackoff (1981) declares 
that a system is a set of two or more elements that satisfi es the following three 
conditions:
- the behaviour of each element has an effect on the behaviour of the whole.
- the behaviour of the elements and their effects on the whole are interdependent.
- irrespect of how subgroups of the elements are formed, all have an effect on the 

behaviour of the whole, but none has an independent effect upon it.

A system may be divided in subsystems, as shown in Figure 2-1. A hierarchic 
structure is then established with levels of different orders of integration. Thus, 
subsystems are parts of a superior system, that may also contain subsystems on 
lower levels (Hall & Hagen, 1956; Simon, 1962). The result of a systems analysis 
is dependent of the system boundaries chosen and the level of details (Gustafsson, 
Lanshammar & Sandblad, 1982).

Figure 2-1. The hierarchic structure of a system and its subsystems (Gustafsson, Lanshammar 
& Sandblad, 1982).
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Interaction may occur between the different parts of the system. For instance, 
people in a society may interact with each other both physically, socially, economi-
cally and by information. The interaction result in that the system obtains other char-
acteristics compared to the sum of the characteristics of the system’s parts (Simon, 
1962; Gustafsson, Lanshammar & Sandblad, 1982).

Descriptions of systems by box diagrams (as the diagram shown in Figure 2-1) 
may be used as simple surveys of systems, but they do not explain processes and 
mechanisms operating within the system, e.g. interactions or feed-back loops. Thus, 
this type of system description is limited regarding the system’s characteristics. 
Therefore, other types of system languages have been developed for presenting a 
clearer and more distinct description of a system’s processes and mechanisms.



28

Energy circuit language is one type of system language, developed and well 
described by Odum (1971, 1983) and Odum & Odum (1976). The system diagram 
shown in Figure 2-2 is drawn by means of energy circuit language. The system 
analysed is bound by the system window. Energy fl ows from the surroundings that 
are required for the functioning of the system enter the system, and energy fl ows 
received as products or losses pass out from the system (Odum, 1996). The different 
symbols have different meanings, e.g. the symbol of resource reserves symbolizes 
a tank; the symbol of environmental work symbolizes a producer; the rectangle 
(called a box within circuit diagram language) symbolizes miscellaneous use for 
whatever the unit or function is labelled; and the circles symbolize outside sources 
(all symbols used are described in Appendix A). Interaction is also symbolized, e.g.
between human service and fuels, raw materials and goods. The dashed lines sym-
bolize fl ows of monetary currency, and solid lines symbolize physical fl ows, i.e.
energy or matter (Odum, 1983). Description of systems by energy circuit language 
is more informative compared to the use of box diagrams, and is preferably used for 
complex systems, e.g. ecological and societal systems. Thus, systems evaluated by 
emergy analysis (described below) are described with energy circuit language.

Evaluation methods
As mentioned in Chapter 1, energy scenarios were performed for calculating the 
maximum amounts of heat, electricity or vehicle fuel that could be produced from 
the Swedish potential amounts of biomass suitable for energy purposes. In order to 

Figure 2-2. Overview systems diagram of a nation, its environmental resource base, eco-
nomic component, imports and exports. Adapted from Odum (1983, Chapter 23) Odum 
(1996, Chapter 4) and Doherty, Nilsson & Odum (2002, Figure 10). Symbols according to 
Odum (1983, 1996), see Appendix A. 

�������������������������������������������������������������������������������������������
�����������������������������������������������������������������������������������������������

��������
��������

€ €

�����
���

������
���

���������

������

�����
�������

�����

�������������
����

���������
�������

���������������������
���������������������

��������

���������
���������

��������
���

€

€

Purchased
resources



29

evaluate the economic and ecological circumstances of biomass utilization and for 
providing a basis for general judgements about the best use of the Swedish biomass 
resources suitable for energy conversion, these scenarios have to be complemented 
with other evaluation methods.

The supply and use of energy is a fundamental issue for all systems (e.g. bio-e.g. bio-e.g.
logical and societal systems) as energy transformation processes are vital for the 
system’s continuous functions. As a consequence of rising energy costs during the 
last decades, the interest in quantifying energy use and the energy effi ciency for dif-
ferent processes in industry and society have increased markedly. A main issue in 
evaluation of the best use of resources for energy purposes is to analyse yields and 
effi ciencies for handling and conversion of these resources. This is performed by 
energy analysis. Thus, energy analysis was used inter alia for quantifying the maxi-inter alia for quantifying the maxi-inter alia
mum yields of heat, electricity and vehicle fuel in energy units (joule) which could 
be produced from the potential amounts of the biomass assortments studied.

Economic circumstances are of interest for all societal activities. Economics is 
the study of how societies with limited, scarce resources decide what gets produced, 
how, and for whom (Fischer, Dornbusch & Schmalensee, 1988). Here, the cost for 
production of goods and services is the main task. Cost may be defi ned as a sacrifi ce 
of resources. There are two major categories of costs: outlay costs and opportunity 
costs. An outlay cost is a past, present, or future cash outfl ow, while opportunity 
cost is the return that could be realized from the best foregone alternative use of a 
resource (Deakin & Maher, 1991). In this thesis, cost analysis was used for calculat-
ing the outlay costs for handling and pre-treatment of the different biomass assort-
ments and the different energy carriers received at maximum production of heat, 
electricity or vehicle fuel.

Several methods have been developed for evaluating the environmental impact 
of societal activities, e.g. life cycle assessment (LCA) (Consoli (ed.), 1993; Hunt e.g. life cycle assessment (LCA) (Consoli (ed.), 1993; Hunt e.g.
& Franklin, 1996), ecological footprint (Wackernagel & Rees, 1996) and the sus-
tainable process index (SPI) (Narodoslawsky & Krotscheck, 1995; Krotscheck & 
Narodoslawsky, 1996). LCA is developed for investigation and assessment of the 
environmental impact of a material, product or service throughout its entire life 
cycle from raw material acquisition through production, use and disposal (Mattsson, 
1999). Ecological footprint measures the area each person requires for his/her annual 
consumption of goods and services (Wackernagel & Rees, 1996). SPI is defi ned as 
the ratio of the areas required to provide the raw materials and energy demands and 
to accommodate by-product fl ows from a process in a sustainable way and the area 
available to a citizen in a given geographical (from regional to global) context. Thus, 
low SPI values indicate processes that are competitive under sustainable conditions 
and environmentally compatible in the long-term view (Narodoslawsky & Krots-
check, 1995; Krotscheck & Narodoslawsky, 1996).

In the methods mentioned above, human activities and their impacts on the envi-
ronment are the focus. With emergy analysis, systems may be evaluated from a 
system’s perspective, including natural resources and human activities. The main 
focus of emergy analysis is the function of the whole system, which may include 
both natural resources and the human society (Odum, 1996; Brown & Ulgiati, 1999, 
2004; Ulgiati & Brown, 2001). Thus, emergy analysis provides a more compre-
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hensive view of a system than any other method for analysis of the environmental 
impact caused by human activity.

In emergy analysis, all fl ows in a system can be quantifi ed by one single unit, 
namely emjoules (discussed further below). Both fl ows of energy and matter are 
then measured with the same unit. In this thesis, emergy analysis was used for evalu-
ating emergy fl ows at maximum production of heat, electricity or vehicle fuel via 
thermochemical conversion of the potential amounts of the biomass assortments 
studied.

Any corresponding work, i.e. combination of energy scenarios with energy, cost i.e. combination of energy scenarios with energy, cost i.e.
and emergy analysis, is not found to be published for neither Sweden nor any other 
country. However, studies have been performed where some of these evaluation 
methods are combined, as e.g. energy and emergy analysis of using straw as fuel in e.g. energy and emergy analysis of using straw as fuel in e.g.
district heating plants (Nilsson, 1997). This study, and other studies based on one 
or some of the evaluation methods used in this thesis, are discussed below after the 
descriptions of each method.

Energy scenarios
Heat demand and supply in Sweden for 2002 was used as a basis for the three sce-
narios performed in Chapter 5. Therefore, the Swedish heat demand and supply for 
this year was surveyed in detail. Data from energy statistics were used for this com-
pilation. All sources of heat supply were compiled for each end-use sector, which 
were divided into single family-houses, premises and dwellings and industry.

The heat demands covered by biomass in the three scenarios were compiled from 
the survey of heat demand and supply. The biomass amounts required for heat pro-
duction in these scenarios were balanced by three cases (stated in Chapter 1). In sce-
narios ‘heat’ and ‘electricity’, cases 1 and 2 of biomass supply were simulated, and 
in scenario ‘vehicle fuel’, cases 1 and 2 of biomass supply were simulated together 
with case 3 of biomass supply (i.e. 50% of potential pulpwood quantity added to 
the biomass supply in case 1). The simulations were performed in a spreadsheet 
(described in Appendix D), where all data concerning available biomass amounts 
and conversion processes were compiled. The results of the simulations are shown 
in Figures 5-2 through 5-10.

For the energy balances performed in the scenarios, the fi nal yields of energy 
carriers produced were calculated through the heating values of the biomass assort-
ments used and the effi ciency of the topical conversion processes. However, the 
energy required in the handling operations of the different energy sources (e.g. fossil 
fuels, electric power and biomass) was not considered, neither was energy embodied 
in machinery equipment used in handling operations of the different energy sources 
considered. This was the main difference between the energy balances and the 
energy analysis performed, as energy required in both handling and pre-treatment 
operations and energy embodied in machinery equipment is considered in energy 
analysis (discussed below). Thus, only the gross yields of energy carriers generated 
are received by the energy balances performed in the scenarios.

Evaluation of future use of biomass in Sweden by Börjesson et al. (1997) indi-
cates that an estimated 450 PJLHV (125 TWhLHV (125 TWhLHV LHV) of biomass is required for replacing 
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all the electric power generated by the Swedish nuclear power plants in 1994 (263 
PJ). Furthermore, an estimated 716 PJLHV (199 TWhLHV (199 TWhLHV LHV) of biomass is required for 
replacing fossil fuels assumed to be replaceable (e.g. coke used in the iron and steel 
industry was not replaced) and used for heat, electric power generation and transpor-
tation in Sweden in 1994 (533 PJLHV in total).LHV in total).LHV

Johansson (1996a) estimates that in 2015, replacement of petrol and diesel oil 
demand in Sweden by methanol produced via gasifi cation of biomass would require 
324 – 468 PJLHV of biomass; this replacement may be covered by Swedish biomass, LHV of biomass; this replacement may be covered by Swedish biomass, LHV
if production of methanol is given priority.

Performed scenarios of conversion of potential biomass resources to secondary 
energy carriers in other countries than Sweden are rare. Lehtilae (2002) has set up 
scenarios for Finland where the most important general constraint for the future 
energy system is to reduce greenhouse gases. The results indicate that expansion 
of the utilization of bioenergy in Finland is one of the key measures for achieving 
signifi cant reductions in greenhouse gas emissions. However, the most cost-effec-
tive ways require introduction of novel technologies, both regarding fuel supply and 
conversion.

Scenarios for estimation of the biomass potential and the amount of electric power  
generated from this potential have been performed for Thailand (Sajjakulnukit & 
Verapong, 2003), the Philippines (Elauria, Castro & Racelis, 2003) and India (Sudha 
et al., 2003). The potential of electric power generation in Thailand is estimated to et al., 2003). The potential of electric power generation in Thailand is estimated to et al.
range from 42 to 384 PJ for the different scenarios; in the Philippines, the corre-
sponding potential is estimated to range from 13 to 73 PJ for the different scenarios 
constructed; and the potential of electric power generation in India is estimated to 
range from 223 to 1,116 PJ for the different scenarios constructed.

Energy analysis
The fi rst oil crisis in 1973 led to a greater interest in energy required for industrial 
processes or societal services. Universal methods for quantifying energy required 
for production of goods and services were then strongly inquired (International Fed-
eration of Institutes of Advanced Study, 1974).

A uniform nomenclature and set of conventions for energy analysis were estab-
lished in 1974 and 1975 at workshops held by the International Federation of Insti-
tutes for Advanced Study (1974, 1975). The aim of this method is to quantify the 
energy required directly in the primary process, and to quantify the energy required 
in earlier processes needed for supplying the primary process with equipment and 
materials. The procedure may be performed through process analysis (Figure 2-3), 
where energy is traced backwards from the product to the primary sources. Levels 
1 and 2 usually account for more than 90% of total energy requirement (Interna-
tional Federation of Institutes for Advanced Study, 1974, 1975). However, Pimentel 
(1992) highlights that only one-third of the energy is required directly for farm pro-
duction, and two-thirds is required indirectly 1. Indirect requirement refers to energy 
required to produce equipment, other goods and services that are consumed on the 
1 Energy required in the production of equipment, other goods and services is also called 

embodied energy in these goods and services (International Federation of Institutes for 
Advanced Study, 1975).
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farm. Nearly half of the indirect energy refers to production of nitrogen fertilizer. 
Thus, these energy fl ows have to be considered in activities such as farm production, 
otherwise the results tend to be misleading.

Energy required for production of fi xed assemblings, i.e. fi xed installations of 
machinery and buildings, is called capital energy, and conforms with the economic 
term capital cost. The contribution of capital energy to overall energy requirements 
is seldom greater than 5% and is more usually nearer 1% (Boustead & Hancock, 
1979). Analysis of some sectors of the chemical industry has shown that the capital 
energy contribution is of the order of 2% for steam production, whereas electricity 
generation has a capital energy contribution of only 0.4% of the total system energy 
requirement (Smith, 1969). As analysis of the capital energy is complex, and reliable 
data are hard to fi nd, this energy contribution is often excluded in energy analyses 
(Boustead & Hancock, 1979).

The energy input in the different levels in Figure 2-3 may be different kinds of 
energy carriers, such as e.g. electricity, vehicle fuel or solid fuel. However, energy 
carriers as electricity and vehicle fuel are not primary energy, i.e. they have to be 
converted from some primary energy source. A primary fuel is defi ned by Boustead 
& Hancock (1979) as a naturally occurring raw material, which can be used as a 
technologically useful source of energy without modifying its chemical structure 
prior to the reaction that releases the energy. Examples of primary fuels are coal, 
natural gas and raw biomass. Energy carriers such as electricity and vehicle fuel 
are defi ned by Boustead & Hancock (1979) as secondary fuels, with the meaning 
“a source of energy which has been derived from a primary fuel”. However, a fuel 
is commonly defi ned as a substance burned as a source of heat or power (Interna-
tional Energy Agency, 2004). Furthermore, electricity and some kinds of vehicle 
fuels (e.g. hydrogen) do not need to be produced via conversion of a fuel, but also 
via other conversion technologies; electricity may e.g. be produced via hydroelec-
tric power and solar cells, and hydrogen may be produced via hydrolysis of water. 
Thus, a better term instead of “fuel” would here be “energy”, i.e. secondary energy 
is defi ned as a source of energy that has been derived from primary energy. Primary 

Figure 2-3. The system hierarchy in process energy analysis (International Federa-
tion of Institutes of Advanced Study, 1974).
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energy is needed for e.g. electricity production whether it is produced via conver-
sion of solid fuels, hydroelectric power or solar cells. Primary energy may then be 
equal to primary fuels, but energy sources such as e.g. geothermal energy, solar 
energy, potential energy in the water used for hydroelectric power and other renew-
able energy sources may also be included.

The amounts of secondary energy input were recalculated to amounts of primary 
energy and primary energy conversion factors were used for these recalculations. 
The value of these factors are inversely proportional to the effi ciency of the conver-
sion technology used for production of the secondary energy. An effi ciency of 33%, 
which is common in condensing plants, corresponds to a primary energy conversion 
factor of 3.0, as three times as much primary energy is required for producing one 
unit of electricity. However, if electricity is produced by hydroelectric power, the 
primary energy conversion factor will only be 1.1, as modern hydro turbines can 
convert as much as 90% of the available energy into electricity (Ramage, 1996). 
The primary energy conversion factors used for calculation of the primary energy 
required for the production of secondary energy used in the systems in this thesis 
are listed in Table 2-1.

Table 2-1. Primary energy conversion factors used for calculation of primary energy required 
for the production of secondary energy used in the systems

Secondary energy Primary energy conversion factor 
Electric power 1.59 a
District heating 1.21 b
Diesel oil 1.14 c
Petrol 1.21 c
Natural gas 1.14 c
LPG 1.16 c
Heating oil 1.10 d
Coal 1.10 d

Energy analysis of biomass production and transportation has been performed by 
Börjesson (1996). In that work, the ratio of energy output to energy input in 2015 is 
calculated to be 38 for logging residues after fi nal felling and 31 for logging residues 
after early thinning, if energy inputs are fossil-fuel-based. The same ratio in 2015 is 
calculated as 36 for willow, 20 for reed canary grass and 32 for straw, if fossil-fuel-
based energy inputs are considered.

Energy analysis of using straw as fuel for district heating production has been 
performed by Nilsson (1997). In that work, the ratio of energy output to energy input 
is calculated to be 12, based on the LHV. If nitrogen fertilization is considered, the 
ratio will decrease to 9.

In this thesis, energy analysis was used for calculating the maximum yields of heat, 
electricity and vehicle fuel in energy units (joule) which could be produced from the 
potential amounts of the biomass assortments studied. The direct energy required 
for handling, pre-treatment and conversion and the energy embodied in machinery 
equipments for handling and pre-treatment of the biomass assortments studied were 
also calculated, together with the overall effi ciencies and ratios of energy output to 
energy input of the bioenergy systems.
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Cost analysis
Cost benefi t analysis (CBA) is a common method for decision-making, and was fi rst 
developed in the 1930s in the USA, when the Federal government had to decide 
whether to undertake many large, publicly funded irrigation, hydroelectric power 
and water supply projects in the dry central and western states of USA (Perkins, 
1994). Since then, interest in costs other than those of strict business economics has 
increased markedly. Several works (e.g. Sáez, Linares & Leal, 1998; Miranda & e.g. Sáez, Linares & Leal, 1998; Miranda & e.g.
Hale, 2001; El-Kordy et al., 2002) have been performed where external costs (aris-et al., 2002) have been performed where external costs (aris-et al.
ing from environmental or societal impact) have been included in economic evalua-
tions of different energy systems. Miranda & Hale (2001) estimated the social costs 
(i.e. the sum of production and external costs) on conversion of refi ned wood fuels 
in a condensing plant in Sweden to be 558 – 795 SEK/MWhe, of which the external 
costs are approximately 10% of the social costs.

Cost analysis is not a uniform method; however, the main aim of cost analysis 
is to evaluate the production costs for any product or process. Carapellucci (2002) 
has performed a cost analysis, where the cost of electricity (COE) generated by 
biomass-fi red condensing power processes was calculated as about 22 US$/GJ. 
However, several other studies have been performed for calculating the production 
cost of electricity generated by thermochemical conversion of biomass. The COE 
received at combustion processes have been evaluated by e.g. Sondreal e.g. Sondreal e.g. et al.

(2001) (condensing power), Bärring et al. (2003) (CHP) and Kumar, Cameron & 
Flynn (2003) (condensing power), and the COE received at gasifi cation of biomass 
has been evaluated by e.g. Bridgwater (1995) (condensing power), Solantausta, 
Bridgwater, & Beckman (1996) (both condensing power and CHP), Faaij et al. 
(1997) (condensing power) and Hoogwijk (2004) (condensing power). The COE 
received at both combustion or gasifi cation of biomass has been evaluated by e.g. 
Aleberg, Litzén & Schwartz (1995) (both condensing power and CHP) and Toft 
(1996) (condensing power). A common feature of most of these studies is that the 
cost of the biomass used in the conversion process is not calculated due to specifi c 
conditions regarding silviculture, cultivation, harvesting and further handling of the 
biomass assortments used. Instead, a standard value of the cost of biomass is used in 
some studies (Aleberg, Litzén & Schwartz, 1995; Solantausta, Bridgwater, & Beck-
man, 1996; Sondreal et al., 2001), the price of the fuel is used as production cost 
of the fuel in some other studies (Faaij et al., 1997; Bärring et al., 2003) or the fuel 
cost used is estimated from previous performed work (Bridgwater,  1995). How-
ever, there are studies performed where the costs of the cultivation and handling of 
the biomass prior to conversion are further evaluated; Toft (1996) models systems 
including transportation of the biomass used for the conversion processes, Kumar, 
Cameron & Flynn (2003) make a detailed compilation of the costs for the operation 
steps for producing and handling the biomass prior to the conversion process and 
Hoogwijk (2004) explores cost-supply curves of energy crops used as fuel over time 
for different land-use scenarios.

Cost evaluations of vehicle fuel production by conversion of biomass where the 
cost of the biomass used in the conversion process is calculated due to specifi c 
conditions regarding silviculture, cultivation, harvesting and further handling of the 
biomass assortments used are rare. Instead, a standard value of the cost of biomass 
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is used (Bridgwater & Double, 1991; Hamelinck & Faaij, 2002), the cost of biomass 
is assumed (Larson & Katofsky, 1994; Borgwardt, 1997), prices of biomass are used 
(Johansson, 1996a) or the cost of biomass is based on previously performed work 
(Williams et al., 1995; Johansson, 1996b).et al., 1995; Johansson, 1996b).et al.

In this thesis, the annual costs (i.e. the sum of annual investments and variable-
costs) were evaluated for each operation in the systems studied. Variable costs 
included costs for expendables, operating and maintenance costs. Eventual taxes 
were included, although eventual subsidies were excluded. The production cost of 
each operation was then calculated for each biomass assortment by dividing the 
annual cost by the weight of dry matter received.

The production cost for each handling and pre-treatment operation was added to 
provide the total production cost for each biomass assortment used for energy con-
version, and was expressed as the monetary cost in SEK per metric ton of dry matter 
(SEK/tdm). Secondly, the production costs for each energy carrier (i.e. heat, elec-
tricity and vehicle fuel) produced were calculated by dividing the annual costs of 
the different operations required in the systems by the converted amount of energy 
carrier. These production costs were expressed as the monetary cost per energy unit 
(SEK/GJ and €/GJ). All costs were recalculated with the consumer price index to 
the level of cost corresponding to June 2002. The exchange rate between Swedish 
crowns (SEK) and euro (€) was 9.119 SEK/€ in June 2002 (Central bank of Sweden, 
2005).

The annual investment costs were calculated as fi xed annual instalments. Thus, 
the investment cost for each part of equipment was distributed over their economic 
lifetime. The annual investment cost is given by the factor of fi xed annual instal-
ments:

where f = the factor of fi xed annual instalments; r = the annual interest rate; n = the r = the annual interest rate; n = the r
economic lifetime [years]. The annual interest rate used for all equipment was 6.0% 
(further discussed in Chapter 6).

Emergy analysis
The emergy evaluation method was mainly developed by Howard T. Odum, and 
is described in many of his publications and compiled in his book Environmental 
Accounting (Odum, 1996). The method has also been further developed by Accounting (Odum, 1996). The method has also been further developed by Accounting e.g.
Brown & Ulgiati (1997) for measuring sustainability.

The term “emergy” was introduced by H. T. Odum and D. M. Scienceman, and is 
defi ned as the available energy of one kind of previously used up directly and indi-
rectly to make a service or product. The unit of emergy is emjoule. If the energy fl ow 
in a system is based on solar energy, the emergy unit is solar emjoule (abbreviated 
sej) (Odum, 1986, 1988; Scienceman, 1987).

The transformity (i.e. an energy measure of hierarchical position) is defi ned as the 

f = 
r (1+r)n

(1+r)n - 1
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emergy required to make one joule of a service or product. If solar emergy is used, 
the unit of transformity is solar emjoule per joule (sej/J). Thus, a product’s solar 
transformity is its solar emergy divided by its energy content (Odum, 1976, 1988). 
Considering a system described by the energy circuit langage, such as in Figure 2-3, 
the transformity increases from left to right in the diagram, as the hierarchy of the 
system increases from left to right. As a consequence of the second law of thermo-
dynamics, some energy is lost as heat in each energy transformation step (Odum, 
1996).

All transformities are derived from the total solar emergy fl ow supporting the 
global processes, called the baseline annual emergy budget, and consists of three 
independent energy sources that interact to run the processes of the global geobio-
sphere: solar insolation, deep earth heat and tidal energy (Odum, 1996). The base-
line annual emergy budget was calculated by Doherty, Nilsson & Odum (2002) to be 
9.460 x1024 sej/year. The distribution of the baseline annual emergy budget between 
the three energy sources was 41.6% originating from solar insolation, 43.1% origi-
nating from deep earth heat and 15.3% originating from tidal energy.

The prefi x em- has the meaning “embodied energy” or “energy memory” (Sci-
enceman, 1987). It is given by the defi nition of the term “emergy” that the emergy 
amount of a fl ow or product is equal to all the energy (of one kind) previously 
used up directly and indirectly to produce that fl ow or product. Thus, an amount of 
emergy is equal to the amount of energy embodied in a fl ow or product, and may 
also be regarded as the energy memory of that fl ow or product.

By the defi nition of emergy, it is also given that energy differs from emergy, as an 
energy fl ow is normally defi ned as the direct energy amount released and distributed 
by some energy conversion process or distributed by an energy distribution system, 
e.g. district heating or electric power grids. Thus, energy previously required to e.g. district heating or electric power grids. Thus, energy previously required to e.g.
form the topical energy fl ow (indirect or embodied energy) is not considered when 
an energy fl ow is quantifi ed; however, in energy analysis the embodied energy is 
considered, as discussed above. The distinction between energy and emergy analy-
sis is that the system boundaries are different. Emergy fl ows quantifi ed as solar 
emergy joules (sej) are based on the primary solar energy fl ow, whereas energy 
analyses exclude primary energy fl ows from the surrounding environment, e.g. the e.g. the e.g.
solar insolation. Instead, primary fuels such as fossil fuels or biomass are considered 
as primary energy in energy analyses (discussed above).

Emergy analysis may be used for the evaluation of the ratio of the emergy fl ow 
and the fl ow of the monetary value. This may be performed on a regional, national 
or global level. The received emergy per monetary currency ratio can then be used 
to estimate the emergy in services, which are quantifi ed in monetary values. Thus, 
even human work for producing a service or product can be quantifi ed in emergy 
terms, if the emergy per monetary currency ratio is known (Odum, 1988, 1996). 
Emergy analysis may then be a complement to evaluation by methods based on 
standard economic theory, which are insuffi cient as standard economic theory, as 
monetary values underestimate the signifi cance of natural resources, in particular 
resources such as wood, peat, coal, oil, natural gas, hydroelectric power and ura-
nium (Hall, Cleveland & Kaufmann, 1986; Odum, 1996). The following view is 
given by Odum (1996, p. 60):
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“Since money is paid only to people for their contribution, and never to the environment 
for its contribution, money and market values cannot be used to evaluate the real wealth 
from the environment. When the resources from the environment are abundant, little work 
is required from the economy, costs are small, and prices low. However, this is when the net 
contribution of real wealth to the economy is greatest: this is when everyone has abundant 
resources and a high standard of living. 
When the resources are scarce, obtaining costs are higher, supply-and-demand principles 
cause higher prices, and the market puts a high value on the product. However, this is also 
when there is little net contribution of the resource to the economy, real wealth is scarce, 
and standards of living are low. 
Market values are inverse to real-wealth contributions from the environment and cannot be 
used to evaluate environmental contributions or environmental impact.” 

Hall, Cleveland & Kaufmann (1986, p. 35) addressed the same issue and state that 
standard economics seems to have missed the important point that:

“...goods and services are derived ultimately from natural resources, which are the real 
source of material wealth for humans, not the money that represents them in market trans-
actions. Unfortunately, many economists appear to have lost sight of this truth and have 
resorted to manipulating money fl ows as a proxy for the physical fl ows of goods and serv-
ices. This approach is not always effective because natural resources obey a different set of 
laws from monetary fl ows.” 

The authors declare that traditional economic policies have been more or less 
ineffective in combating current economic problems because they ignore the mecha-
nisms by which human social and economic processes are constrained by the supply 
and quality of natural resources (ibid. p. 39-40):

“.. .neoclassical economists consider fuels to be just another input like capital or labour. We 
disagree. From an energy perspective ... it is evident that energy is the only primary factor 
of production because it cannot be produced or recycled from any other factor – it must 
be supplied from outside the human economic system. Labour, capital and technology are 
intermediate inputs because they depend on a net input of free energy for their production 
and maintenance. In other words, the availability of free energy is a necessary, but not suf-
fi cient, condition for the availability of labour, capital and technology.”

Cleveland (1991, p. 289) writes: 

“The neoclassical model of production assumes that capital and labor are primary inputs to 
production. ... A biophysical model of the economic process assumes that capital and labor 
are intermediate inputs produced ultimately from the only primary factor of production: 
low entropy energy and matter”. 

Traditional economics has been described as a ‘merry-go-round’ without physical 
constraints, whereas in reality all productive processes consist of fl ows of energy 
and matter which are limited in supply (Hall, Cleveland & Kaufmann, 1986, p. 
39). Methods attempting to bridge the gap between human economies and nature 
are now beginning to be developed by scientists from many fi elds. This is not easy 
as traditional economic models treat nature and environmental processes as “exter-
nalities” and therefore almost by defi nition do not fi t the objectives of an integrated 
study.

Emergy analysis allows studies of the combined macro-economy of humans and 
nature within the same model, as indicated in Figure 2-2. Energy, both direct and 
embodied (hence bodied (hence emergy), is the measure quantifying the interactions in the system, 
as all resource storages and processes can be expressed in energy terms. The concept 
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is based on systems theory and founded in general principles of self-organization 
and thermodynamics (Odum 1983, 1986, 1988, 1996).

Emergy-based yield and investment ratios are based on the emergy fl ows shown 
in Figure 2-4. The environmental input (I) is generated from renewable sources and 
non-renewable storages, and the product or yield (Y) is generated in the economic 
system by the environmental input (I) and fuels, goods and services (F). The topical 
ratios are then defi ned as follows:

Emergy yield ratio = Y / F
Emergy investment ratio = F / I

Thus, the emergy yield ratio (EYR) is the ratio of the emergy of the output yield 
divided by the emergy of the inputs (F) to the process that are fed back from outside 
the system under study. EYR is an indicator of the yield compared to inputs other 
than local, and gives a measure of the ability of the process to exploit local resources 
(Brown & Ulgiati, 1997). It is also a measure of the ability of the resource to con-
tribute to the economic system by amplifying the investment (Ulgiati & Sciubba, 
2003).

The emergy investment ratio (EIR) is the ratio of the emergy (F) fed back from 
outside the system to the indigenous emergy input (I), and provides an evaluation 
whether the process is a good user of the emergy invested, in comparison with alter-
natives. It is not an independent index, but is linked to the EYR (Brown & Ulgiati, 
1997).

Figure 2-4. System diagram with the emergy fl ows used for calculation of the emergy-based 
yield and investment ratios.
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Emergy analysis of forest production and thermochemical conversion of biomass 
from forestry in Sweden has been performed by Doherty (1995) and Doherty, Nils-
son & Odum (2002). Doherty (1995) calculates the solar transformity for electric 
power generated via combustion of wood chips as 96,382 sej/J and for wood powder 
as 111,490 sej/J. The corresponding values calculated by Doherty, Nilsson & Odum 
(2002) are 86,306 sej/J and 98,832 sej/J. The EIR for electric power generated via 
combustion of wood chips is calculated by Doherty (1995) to be 3.48 and for wood 
powder 4.17. Doherty, Nilsson & Odum (2002) calculate the corresponding values 
to be 2.91 and 3.64.

Emergy analysis of using straw as fuel for district heating production has been 
performed by Nilsson (1997). In that work, the solar transformity for the heat gen-
erated is calculated to be 10,000 sej/J, whereas the EIR for the heat generated is 
calculated to be 11.

Selected systems for the energy, cost and emergy analyses
A description of the system for utilization and transport of biomass supplies from 
forestry, non-forest land, agriculture, forest industry (sawmills, plywood industries 
and pulp mills) and community is shown in Figure 2-5. All steps from planting and 
cultivation to transport of the biomass to further pre-treatment were included. The 
different assortments of biomass supplies included in the system were estimated 
total available resources of: direct fuel wood cuttings; trees from early thinning; log-
ging residues from fi nal felling and from thinning; fuel wood from industrial wood 
cuttings; fuel wood from non-forest land; forest industry by-products (sawdust, 
wood chips and bark); agrofuels (short rotation forest, energy grass (reed canary 
grass) and straw); and a lignocellulose-based municipal waste fraction (recovered 
wood). Organic waste was not included in the analysis, as only lignocellulose-based 
biomass supplies from the forest, the forest industry, community and agricultural 
crops cultivated for energy purposes were considered. Conversion of organic waste 
is also performed by a different conversion technology (anaerobic digestion) than 
the conversion technologies studied in this work.
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The system design was adapted with respect to the possible introduction of future 
handling and process technologies into the system, e.g. baling of logging residues. 
All biomass assortments were assumed to be stored for three months before road 
transport. The average road transport distance was assumed as 75 km for all assort-
ments.

The potential amounts of the biomass assortments used in the analyses are com-
piled in Chapter 3, and the topical operation steps for handling of the biomass assort-
ments are described in more detail in Chapter 3.

The system described in Figure 2-5 was used as subsystem in the systems show-
ing the alternative use of the biomass assortments: production of heat to dwellings 
and premises; maximum production of electricity or maximum production of related 
vehicle fuels (hydrogen or methanol). These systems are described in Figures 2-6 
through 2-8. These systems designs were based on the current bioenergy systems 
used in Sweden, but adapted with respect to the possible introduction of future han-
dling and process technologies into the systems, e.g. ash recirculation; integrated 
gasifi cation combined cycle (IGCC); and production of hydrogen or methanol from 
synthesis gas derived from biomass gasifi action. Thus, Figure 2-6 shows the system 
for production of heat; Figure 2-7 shows the system for maximum production of 
electricity; and Figure 2-8 shows the system for maximum production of vehicle 
fuels.

Figure 2-5. Description of the system for utilization and transport of biomass supplies from 
forestry, agriculture, forest industry and community. The arrows symbolize fl ows of material. 
The raw materials are indicated by ellipses and the different handling and cultivation steps 
are indicated by rectangles. The system is used as subsystem in the systems shown in Figures 
2-6 through 2-8.
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Figure 2-6. Description of the system for heat production. The arrows symbolise fl ows of 
material or energy; the different pre-treatment and conversion steps are indicated by rectan-
gles; and the energy carriers produced are indicated by hexagonal shapes. Arrows with solid 
lines symbolise main fl ows and the arrow with a broken line symbolise a by-fl ow. Utilization 
and transport of biomass supplies are described in Figure 2-5.
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Figure 2-7. Description of the system for maximum electricity production. The lines and 
symbols used have the same meanings as in Figure 2-6.
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Figure 2-8. Description of the system for maximum amounts of produced vehicle fuels. The 
lines and symbols used have the same meanings as in Figures 2-6 and 2-7.
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District heating is also produced in combined heat and power (CHP) plants. (The 
Swedish District Heating Association, 1999). Thus, even electricity was produced in 
the system for heat production (Figure 2-6).

Pellets used for energy conversion are mainly produced of sawdust, but some 
wood chips and bark are also used. As shown in Figure 2-6, heat is produced as a by-
product of the drying of the biomass before pelletizing. A fl ue gas dryer is here used 
for drying of the biomass to a low moisture content (approximately 10%). A con-
siderable part of the heat in the outlet fl ue gas from the dryer may then be recovered 
by means of fl ue gas condensation and used for example in district heating. Pellets 
were used both in small-scale and large-scale applications, where the small-scale 
application consisted of pellet fi ring in a boiler used in single-family houses, and the 
large-scale application consisted of a pellet boiler used for district heating.

The ashes from all large-scale conversion processes were assumed as being recir-
culated. According to Gunnarsson (2004), it was assumed that the recirculation was  
performed once during a rotation period, namely after thinning.

The conversion processes included in the analyses are further described in Chap-
ter 4.

The systems studied were considered as static, as a specifi ed input value to the 
system gave one specifi ed output value. They were also considered as linear, as the 
input values were directly proportional to the output values.

As the systems studied included many different process and conversion steps with 
different condition variables, they were considered as internal. However, as the sys-
tems did not include any random elements, they could be considered as determinis-
tic. As the systems were considered as both static and deterministic, a spreadsheet 
was used as a tool for the analyses.

Data handling
The input data of the scenarios and analyses were based on literature references 
and personal communications. Swedish energy statistics were used for compilation 
of the heat demand and supply in Sweden in 2002. The input data on technology 
performance of the current commercial system, for example energy effi ciencies and 
energy balances, were based on the best commercially available technology. The 
choice of input data used is noted in the table footnotes (Appendix C).

Higher heating values (HHVs) of the biomass assortments and other fuels used 
were primarily used in the calculations in the scenarios and analyses. Lower heating 
values (LHVs) were used if data for e.g. energy amounts or effi ciencies were based 
on LHVs. Data from the Swedish energy statistics regarding fuel supply and use are 
based on LHVs. LHV is noted after the energy unit when an energy amount is based 
on the LHV. Calculation of the higher heating value, if the lower heating value for a 
biomass assortment was known, was performed according to Nylinder (1979).
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3.  Biomass available for energy conversion
Handling technologies, collection logistics and infrastructure are important aspects 
of the biomass resource supply chain. Below, the different parts of the supply chains 
for the the different biomass assortments studied are further discussed.

Sources and supply systems 
The subject bioenergy deals with a very broad spectrum of sources, technologies and 
end uses. This thesis was restricted to the more signifi cant areas of interest which for 
Swedish conditions are ligno-cellulosic biomass from forestry and agriculture used 
for the production of heat, electricity and vehicle fuels. Hence, some minor but still 
important biomass sources, such as peat, sludge and animal waste, were excluded,
neither were stumps from forest operations considered. 

The estimated annual potential weights of dry matter and corresponding energy 
contents of the selected biomass sources are shown in Table 3-1 and were based 
on data from recently published investigations. The estimate of potentially avail-
able biomass from forestry and non-forest land was based on a report by Lönner et
al. (1998). The amounts of industrial by-products (wood chips, bark and sawdust) al. (1998). The amounts of industrial by-products (wood chips, bark and sawdust) al.
were calculated from data published by the Swedish Timber Measurement Council 
(2004). Assessment regarding potentially available arable land for energy crops was 
based on estimates made by Börjesson et al. (1997). Data regarding annual yields of et al. (1997). Data regarding annual yields of et al.
short rotation forest were based on estimates previous published by Swedish Energy 

Table 3-1. Estimated annual potential amount of dry matter (m) and corresponding energy 
content (E) from selected biomass sources in Sweden

  m EHHV EHHV EHHV

 Biomass source [Mtdm] [PJ] [TWh]

Forestry and wood from non-forest land a   
 Logging residues from fi nal felling 7.62 158.5 44.0
 Logging residues from thinning 2.26 47.0 13.1
 Trees from early thinning 2.14 44.6 12.4
 Direct fuel wood cuttings 1.60 33.4 9.3
 Fuel wood from industrial wood cuttings 1.00 20.9 5.8
 Fuel wood from non-forest land 0.48 10.0 2.8
Forest industry by-products b   
 Wood chips  0.60 12.0 c 3.3
 Sawdust  1.60 31.8 d 8.8d 8.8d

 Bark  2.58 52.8 e 14.7
 Black liquor  6.95f 157.0 f 157.0 f g 43.6
Agriculture   
 Short rotation forest h 2.29 i 44.9 j 12.5
 Reed canary grass h  0.77 k 14.0 k 14.0 k l 3.9
 Straw  2.00 m 37.4 n 10.4
Municipal waste   
 Recovered wood  0.80 15.9 o 4.4

Total excluding black liquor 25.73 523.2 145.3
Total including black liquor 32.68 680.2 188.9
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Agency (2003b); annual yields of reed canary grass were based on fi eld experiments 
performed in Sweden (Olsson et al., 2001); and annual yields of straw were based on et al., 2001); and annual yields of straw were based on et al.
estimates made by Börjesson et al. (1997). et al. (1997). et al.

Basic data on selected methods and machines were collected from research reports 
and interviews with people at research departments, enterprises and organisations in 
agriculture, forestry and different municipalities.They are compiled in Appendix J.

The total of energy in the biomass assortments was estimated to be 583.9 PJ per 
year in Case 1; 680.2 PJ in Case 2; and 627.3 PJ in Case 3. The largest contribution 
was from the forest and forest industry sector (568.0 PJ per year in Cases 1 - 2 and 
611.4 PJ per year in Case 3). Agricultural contribution was 96.3 PJ per year and 
recovered wood from municipal waste was 15.9 PJ per year. 

The moisture content before drying was assumed to be 50.0% for all biomass 
assortments, except for reed canary grass and straw, where the moisture content was 
assumed to be 15.0%, and recovered wood where the moisture content was assumed 
to be 10.0%.

Biomass from forestry and fuel wood from non-forest land
In 1992, an analysis known as AVB 92 (AVB is a Swedish acronym for felling 
calculations) was undertaken as an integral part of the work by the forest policy 
commission set up by the Swedish government in 1990. The main objective was to 
analyse and map the possible use and development of Swedish forests during the 
next 100 years. The results were published by Lundström, Nilsson & Söderberg 
(1993) and were used in this thesis as a basis for calulations of silvicultural inputs 
and the amount of by-products from the forest industry sector. 

AVB 92 was followed by a project named Forest Impact Analyses 1999 (National 
Board of Forestry, 2000), initiated by the Swedish National Board of Forestry and 
conducted in cooperation with the Swedish Environmental Protection Agency, the 
Swedish Energy Agency, the Swedish National Board for Industrial and Techni-
cal Development and the Swedish University of Agricultural Sciences. The results 
differed little from AVB 92 so the preconditions in this thesis were not changed. A 
comparison of key data between AVB 92 and SKA 99 is presented in Table 3-2.

The silvicultural program in the calculations of this thesis was based on the areas 
shown in Table 3-2 and on data for 2002 given by National Board of Forestry (2004). 
The assumptions and data are shown in Table 3-3. 

Parikka (1997) developed a method (called “Biosims”) for calculating the stand 
level and regional raw material base for woody biomass and wood fuel, taking eco-
logical restrictions into consideration. Biomass functions by Marklund (1987, 1988) 
were inter alia used for these calculations (see Figure 3-1). Lönner inter alia used for these calculations (see Figure 3-1). Lönner inter alia et al. (1998) used 
this method for assessing the potential wood fuel supply in Sweden by applying 
the biomass functions of Marklund to the same sample plot data from the National 
Forest Survey used by AVB 92. Thus, it was estimated that the total annual, poten-
tial amount of wood fuels from the forest, together with trees from non-forest land, 
leaving out by-products from forest industries, would be about 22.6 million metric 
tons of dry matter on a sustainable basis for the period 1998–2008. The stemwood 



47

that meets the quality requirements was assumed to be used primarily as raw mate-
rial for the forest industries; only trees of lower quality and logging residues were 
considered as fuel. 

A deduction of 2.0 million metric tons per year was determined, due to ecologi-
cal considerations based on recommendations by the National Board of  Forestry 
(1986). The assessment of quantities from logging resdues was made on the precon-
dition of ash recycling or compenstory fertilizing. A further deduction of 5.4 million 
metric tons per year was made for technical and economic reasons. The estimated 
potential after these deductions was about 15.1 million metric tons of dry matter per 
year, which is equivalent to 314.4 PJ or 87.3 TWh per year.

The system of resource fl ows regarding biomass from forest and non-forest land 
is shown in Figure 3-2. Here, the fl ows from environmental input to forwarding and 
storage before road transport are obvious apparent by means of the energy circuit 
language (discussed in Chapter 2).
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Figure 3-1. Distribution of biomass of different parts of the tree according to biomass func-
tions by Marklund (1988).
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Table 3-2. Tree volumes and annual operation areas from AVB 92 used in this thesis com-
pared with corresponding tree volumes from SKA 99 (Forest Impact Analyses 1999) 

Entire country  AVB 92  SKA 99 
Period:  1998–2008  2000–2009
 Volume Area Volume per ha Volume
   of treated area
 [106 m3

sk] [1000 ha] [m3
sk /ha] [10sk /ha] [10sk

6 m3
sk]

Productive forest land                   21,840  
Annual increment 105.14        107.57
Precommercial thinning     0.989
First thinning 10.482 148.3 70.7 9.464
Later thinning  16.533 217.6 76.0 17.959
Final felling  59.982 222.3 269.8 53.419
Total felling of round wood 87.278   81.831

Table 3-3. Assumed annual maintenance inputs in Swedish forestry at maximum sustainable 
felling

Pesticides a 22.2 t/year
Cleaning a 55,000 ha/year
Scarifi cation b 195,624 ha/year
Planting and sawing c 177,840 ha/year
Precommercial thinning d 222,300 ha/yeard 222,300 ha/yeard

Forest fertilization e 20,000 ha/year
Ash recirculation f 217,600 ha/yearf 217,600 ha/yearf

Forest drainage g 10.5 M(SEK)/year
Forest roads h 727.3 M(SEK)/year

Figure 3-2. Systems diagram of forest production and harvesting with an emphasis on wood 
fuels (logging residues, trees from early thinning and fuel wood cuttings). Symbols according 
to Odum (1983, 1996), see Appendix A. Heat sink pathways omitted. 
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Logging residues
Final felling
The trees are normally felled, delimbed and cut by harvesting machines (Figure 
3-3). Timber and pulpwood is transported to truck road by forwarders and later to 
saw mills, pulp and paper mills and board industries. Tops, branches and stumps are 
left on the logging site and may be harvested in subsequent operations. 

Tops and branches, and other residues such as small trees and lumps, can be har-
vested according to different systems, which are characterized by the form of the 
material when transported by truck (Lönner et al., 1998): et al., 1998): et al.
 The logging residues are collected by forwarders and transported to the truck 

road where the material is stored before further transport by special trucks for 
bulk material to users such as heating plants, forest industries, producers of 
wood pellets and briquettes, or other fuels. The raw material is comminuted at 
the user location in connection with the industrial process. 

 The logging residues are chipped or crushed and loaded into containers by 
chipharvesters, either at the logging site or at the road side. The material is 
transported by user container trucks or special trucks for bulk material. 

Figure 3-3. Harvesting of timber and pulpwood. The trees are felled, delimbed and cut by a 
harvester followed by a forwarder taking care of the transport to truck road. About 15–20% 
of the total tree biomass is left as tops and branches and another 15–20% as stumps and roots, 
as shown in Figure 3-1. 
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 The logging residues are compressed and bundled by special machines. The 
bundles are transported by a standard forwarder to truck road for further trans-
port to users with the same kind of trucks used for round wood.

The baling system (Figure 3-4) was choosen in the energy, cost and emergy analy-
ses as appeared having a more favourably potential for further development than the 
system that handles loose material.

The potential quantity of logging residues from fi nal fellings was estimated to be 
7.62 Mtdm  per year, according to Lönner et al. (1998).et al. (1998).et al.

Fiberpac baling/bunching 
machine making bales 
from logging residues. 

Forwarder unloading 
bales at truck road.

Figure 3-4. Collecting, baling and transport of tops and branches after fi nal felling.
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Thinning
Thinning or selective cutting is an important forest management tool used to suc-
cessively improve the quality and value of the stand at the same time as providing 
income before fi nal harvest. By removing poor quality trees, the best trees in the 
stand are given room to grow. It is also a way to salvage trees which would even-
tually die naturally. Usually, the forest is thinned 2–3 times before regeneration, 
depending on the growth conditions. 

The same system can be used in both fi nal felling and thinning, although the har-
vesting costs are much higher for thinning than in fi nal felling because of lower 
quantity of material per hectare and slower hand ling as the remaining trees hamper 
operations. 

The potential quantity of logging residues from thinning is estimated as 2.26 Mtdm
per year (early thinning excluded), according to Lönner et al. (1998).et al. (1998).et al.

Figure 3-4 continued.

Loading of bales on 
truck for transport 
to industry. 
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Trees from early thinning
A forest stand should be thinned at an early stage of the rotation period. First thin-
ning of a forest stand in Sweden is normally at best a break-even operation. Although 
the return is marginal, thinning is a necessary crop management operation in order 
to produce quality timber. In case the thinning is not profi table, it has to be seen as 
an investment for the future. 

The opportunity for harvesting the wood for fuel increases income, as all biomass 
has a value, in contrast to the case when saw logs and pulpwood are the only com-
mercial assortment. The harvesting cost per m3 is also lower, as no seperation and 
sorting is required. Higher income and lower costs make it possible to carry out the 
operation. 

The system selected for early thinning operations is shown in Figure 3-5. The 
potential quantity is estimated to be 2.14 Mtdm per year, according to Lönner et al.
(1998).

Direct fuel wood cuttings 
Wood from direct fuel wood cuttings is mainly used in one- and two-household 
dwellings and often comes from privately owned woodlots. The cutting methods 
vary depending on the  conditions of the owner: everything from axe and handsaw 
to mechanized chipping occurs. The most frequent method is fellling, delimbing and 
cutting by chainsaw and transport by agriculture tractor or forwarder.  The quantity 
was estimated to be 1.6 Mtdm  per year according to Lönner et al. (1998), which are et al. (1998), which are et al.

Figure 3-5. Mechanized system for early thinning. A felling machine fells and cuts the trees 
into sections and leaves them in piles at striproads in the stand. A forwarder transports the tree 
sections to truck road for further transport to wood yard at an appropriate industry. Adapted 
after Lönner et al. (1998, pp. 40-41) and Parikka & Vikinge (1994, p. 38).
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based on statistical data published by Statistics Sweden and the Swedish Energy 
Agency.

Fuel wood from industrial wood cuttings 
Round wood of low quality or wood from tree species not usable as industrial raw 
material are sorted, either in the forest or at the wood yard, and used as fuel. The 
quantity was estimated at 1.0 Mtdm  per year, according to Hektor, Lönner & Parikka 
(1995). 

Fuel wood from non-forest land 
Trees grow on many kinds of land, e.g. along ditches in farm land, in groves and e.g. along ditches in farm land, in groves and e.g.
edges of fi elds and pastures, in power line corridors, in parks, etc. A conservative 
estimate of the gross amount of cut trees was set to 600,000 tdm  per year and the 
technically available quantity was estimated at 480,000 tdm  per year, according to 
Lönner et al. (1998). The technically available quantity is equavilent to 10.0 PJ per et al. (1998). The technically available quantity is equavilent to 10.0 PJ per et al.
year.

By-products from forest industries 
By-products from forest industries are bark, sawdust, wood chips and black liqour. 
Bark is a by-product of all industries using round wood, whereas sawdust and wood 
chips are by-products from saw mills only. 

Wood pulp for paper and paper board making may be produced by mechanical or 
chemical methods (described in Chapter 1). In modern mechanical methods, wood 
chips are fed between two metal disks in a refi ner. As the disks rotate relative to 
one another, the action of a series of grooves and bars on their surfaces separate the 
wood fi bres. The disks are driven by electricity, leading to a large consumption of 
electricity for this process. Heat developed in the refi ners is recovered and used in 
other parts of the process. Most of the raw material comes out as a fi nal product.

Chemical methods are used to produce a pulp which is stronger and easier to 
bleach (whiten) and less likely to loose its brightness over time. However, the result 
is a much lower yield, usually about 45% (Münster, 1998).

Wood from later thinning and fi nal felling was estimated at 76.52 million m3
sk

(see Table 3-2), which corresponded to 72.69 million m3
fpb. The distribution of the 

raw material to different types of industries was assumed being proportional to the 
distribution in 2003, which was chosen as a reference year for the use of these 
assortments in industries.

The amounts of raw material required and products received at saw mills, board 
industries and pulp mills in 2003 and in the scenarios are compiled in Table 3-4. In 
2003, 55.4% (37.7 million m3

fpb ) of the total consumption of roundwood was used 
in saw mills, whereas 44.0% (29.9 million m3

fpb ) of the total consumption of round-
wood was used in pulp mills (Björklund, 2005). The amount of wood chips, sawdust 
and bark received at saw mills and used for energy purposes was estimated as 66.9 
PJ (3.32 Mtdm) per year. Of this amount, 48.6 PJ (2.42 Mtdm) per year was sold to 
other users, e.g. district heating producers. e.g. district heating producers. e.g.
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In the scenarios performed, it was assumed that the whole amounts of wood chips 
and sawdust were received from the saw mills. Bark was received in both saw mills 
and in the wood pulp industry, as these forest industry sectors are the largest con-
sumers of timber (The Swedish Timber Measurement Council, 2004): 40.3 million 
m3

fpb was used in saw mills in all cases. In Cases 1 - 2, 32.0 million m3
fpb of the total 

consumption was used in the wood pulp industry, and half of this amount of wood 
was used in the wood pulp industry in Case 3. In Cases 1 - 2, the amount of wood 
chips, sawdust and bark recieved by forest industries and used for energy purposes 
was estimated to be 96.6 PJ (4.77 Mtdm) per year, whereas the amount of black liquor 
received in the wood pulp industry was estimated to be 157.0 PJ per year. In Case 
3, the amount of wood chips, sawdust and bark recieved by forest industries and 
used for energy purposes was estimated to be 83.5 PJ (4.14 Mtdm) per year, and the 
amount of black liquor received in the wood pulp industry was estimated to be 78.5 
PJ per year. It was assumed that all pulp produced in Sweden was chemical pulp, 
leading to that black liquor was receieved at all pulp manufacturing.

The system of resource fl ows regarding biomass in forest industries, with empha-
sis on by-products, is shown in Figure 3-6. Here, the fl ows from storage of the raw 
materials used to fi nal products are apparent by means of the energy circuit language 
(discussed in  Chapter 2).

Figure 3-6. Systems diagram of biomass fl ows in forest industries with emphasis on by-prod-
ucts. Values in Mtdm per year are from assessments of annual maximum amounts of felling 
on a sustainable basis for the period 1998–2008 according to AVB 92. Symbols according to 
Odum (1983, 1996), see Appendix A. Heat sink pathways omitted.
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Table 3-4. Annual amounts of roundwood used and products received in the Swed-
ish forest industry
                                                       2003a               Scenarios, Cases 1 - 2        Scenarios, Case 3 
                                                   [106 m3

fpb]                       [106 m3
fpb]                      [106 m3

fpb]            

Saw logs                                       37.684                             40.298b   40.298c

Pulp wood                                    29.926                             32.002b    16.001d

Roundwood to board industries     0.364                               0.389b                                             0.389e

Total                                             67.975                             72.689f   56.688f   56.688f

Amounts of products V (2003)g        Volume         V (Scenarios)i         m (Scenarios)j         m (Scenarios)j         m (Scenarios)
at saw mills      distributionh

   [106 m3
f]            [%]  [10f]            [%]  [10f

6 m3
f]       [Mtf]       [Mtf dm] 

Sawn wood  14.850k          47.57   19.170       7.922k          47.57   19.170       7.922k

Bark, total    3.788            9.67     3.896       1.297
   Used as fuel internally   1.841            4.70     1.894       0.631
   Sold as fuel    1.896            4.97     2.003       0.667
   Other use    0.051
Wood chips, total  12.164          31.05    12.511       5.170
   Sold to pulp mills  10.481          26.75    10.780       4.455
   Sold to board industries   0.267            0.68      0.275       0.113
   Used as fuel internally   0.227            0.58      0.233       0.096
   Sold as fuel    1.183            3.03      1.223       0.505
   Other use    0.006
Sawdust and shavings   4.590          11.72      4.721       1.951
   Sold to pulp mills    0.008              
   Sold to board industries   0.553            2.13      0.859       0.355
   Used as fuel internally   0.469            1.20      0.482       0.199
   Sold as fuel    3.150            8.39      3.380       1.397
   Other use    0.136

Amounts of products at V (2003)a  V (Scenarios)l  m (Scenarios)m

board industries   [106 m3
f]       [10f]       [10f

6 m3
f]         [Mtf]         [Mtf dm] 

Plywood     0.255         0.273         0.113
Fibre board    0.301         0.322         0.133
Particle board    0.654         0.699         0.289

Amounts of raw materials and products at  V        m              E
pulp mills              [106 m3

f]     [Mtf]     [Mtf dm]            [PJ]
       
Scenarios ‘heat’ and ‘electricity’   
Consumption of roundwood with bark             32.002    12.917n

Consumption of roundwood under bark             28.162o     11.638p

Consumption of by-products          4.455
Total amount of raw material        16.093
Amount of wood pulp produced        9.146q

Bark received                 3.840r     1.279r     1.279r s

Wood-based compounds received in black liquor       6.947t           157.0t           157.0t u

Scenarios ‘vehicle fuel’v   
Consumption of roundwood with bark             16.001     6.458
Consumption of roundwood under bark             14.081      5.891
Consumption of by-products         2.228 
Total amount of raw material         8.047
Amount of wood pulp produced        4.573 
Bark received                1.920     0.639
Wood-based compounds received in black liquor       3.474             78.5
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Agriculture
There is a large uncertainty about future availability of arable land for energy crop 
production. Scenarios have been performed by Börjesson et al. (1997), showing 
that the biomass potential from agriculture may increase to 76 PJ per year (21 
TWh per year) around 2015, provided that 15% of the current Swedish arable land 
is used for cultivation of agrofuels, and energy yields are the same per hectare as 
today. 

In this work, it was assumed that available arable land for energy crops was 
400 kha (15% of the total Swedish arable land area), according to Börjesson et al.
(1997). The distribution of arable land was calculated to be 275,000 ha for short 
rotation forest and 125,000 ha for reed canary grass1.The potential of agrofuels was 
estimated to be 96.3 PJ per year, or 5.06 Mtdm per year.

The system of resource fl ows regarding biomass from agriculture and municipal 
waste is shown in Figure 3-7. Here, the fl ows from environmental input to societal 
use are apparent by means of the energy circuit language (discussed in Chapter 2).

Willow farming 
Short rotation forest is targeted for agricultural lands, both abandoned and marginal, 
and possibly peat lands in Southern Sweden. Principles of energy forestry include 
site preparation, planting shoots or cuttings from existing stock and site manage-
ment (e.g. fertilization, mechanical and chemical weed control) (Hadders & Olsson, e.g. fertilization, mechanical and chemical weed control) (Hadders & Olsson, e.g.
1996). Other species than willow (Salix viminalis L.) suitable for short rotation 
forest in Sweden are nitrogen fi xing alder (Alnus spp.forest in Sweden are nitrogen fi xing alder (Alnus spp.forest in Sweden are nitrogen fi xing alder ( ) and poplar (Alnus spp.) and poplar (Alnus spp. Populus spp.) and poplar (Populus spp.) and poplar ( ).Populus spp.).Populus spp.

The system studied for cultivation and harvesting of willow is shown in Table 3-5, 
and is based on experiences and present recommendations for willow cultivation in 
Sweden. The same arable land was assumed to be used for several rotation periods 
of willow cultivation, and the rotation period chosen was 22 years, according to the 
Swedish Energy Agency (2003c). The year before planting (year 22 in the rotation 
period), couch-grass (Agropyron repens period), couch-grass (Agropyron repens period), couch-grass ( L.) is treated with 4.0 litres/ha Roundup 

Bio, according to present recommendations (Jansson, 2004a). The next year, i.e. 
the fi rst year of the rotation period, the fi eld is harrowed and stones are cleared with 
a compact wheel loader. Before planting, the fi eld is fi nally rolled once (Rosenqvist, 
1997).

The planter commonly used for willow cuttings is a machine called Step. It is 
pulled by a tractor and is handled by two persons. Shoots with a length of fully 1 
meter are stored cold before being cut into cuttings of 20 cm; 14000 cuttings per 
hectare are planted per hG15 (Sjöström, 2004).

Silky bent-grass and dicotyledonous weeds are treated with 2.0 litres/ha Cougar 
directly after planting (Jansson, 2004a). Mechanical weed control is then performed 
with a weed harrow three times during the two fi rst years of the rotation period 
(Swedish Energy Agency, 2003c). The cultivation is most sensitive to competition 
from weeds during these years of establishment.

The cuttings are cut with a fi eld chopper during the fi rst winter after planting 
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(Rosenqvist, 1997). During the coming spring, the cultivation is fertilized with 80 
kg/ha of nitrogen (Rosenqvist, 2004). It was assumed that N 27 (nitrochalk) was 
used as nitrogen fertilizer, and as N 27 contains 27% nitrogen, 80 kg/ha of pure 
nitrogen corresponds to 296 kg/ha of N 27.

The third year, the plant stand is fertilized with 120 kg/ha of nitrogen, correspond-
ing to 444 kg/ha of N 27. However, the height of the plant stand two years after 
planting is too high for conventional spreading of fertilizers; therefore, equipment 
particularly for fertilizing of high willow stands has been developed (Swedish Farm-
ers’ Foundation for Agricultural Research, 2001).

Today, the willow harvested in Sweden is chipped directly by the harvester. A 
disadvantage with this system is that chipped willow is not durable for storage, 
as willow has a high content of nutrients, causing a high microbiological activity, 
which in turn decomposes the biomass (Jonsson & Jirjis, 1997; Jirjis, 2005). There-
fore, it is here assumed that the plant stand is harvested as whole shoots. These 
shoots are collected during harvesting and transported to the edge of the fi eld, where 
they are stored in piles before further transport.

The fi rst harvest is performed in the fourth year. It is assumed that the harvested 
amount is 21 tdm/ha in this harvest, according to the Swedish Energy Agency (2003c). 
After the fi rst harvest, the willow is harvested every three years, and the biomass 
yields received at these harvests are assumed to be 27 tdm/ha, according to the Swed-
ish Energy Agency (2003c).
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Figure 3-7. Biomass supply systems from agriculture and municipal waste (willow farming, Figure 3-7. Biomass supply systems from agriculture and municipal waste (willow farming, Figure 3-7.
reed canary grass cultivation, straw harvesting and collecting wood from municipal waste). 
Symbols according to Odum (1983, 1996), see Appendix A. Heat sink pathways omitted. 



58

Ta
bl

e 
3-

5.
 A

gr
ic

ul
tu

ra
l s

ys
te

m
 fo

r w
ill

ow
 fa

rm
in

g.
 D

at
a 

fo
r a

ll 
op

er
at

io
ns

 a
re

 sh
ow

n 
in

 A
pp

en
di

x 
J

 
 

 
Ye

ar
 n

um
be

r 
To

ta
l p

er
 h

a 
O

cc
a-

 
Ye

ar
 n

um
be

r 
To

ta
l p

er
 h

a 
O

cc
a-

 
Ye

ar
 n

um
be

r
 

1 
2 

3 
4 

5 
6 

7 
8 

9 
10

 
11

 
12

 
13

 
14

 
15

 
16

 
17

 
18

 
19

 
20

 
21

 
22

 
an

d 
ro

ta
tio

n 
tio

ns
 

 
 

H
ar

ro
w

in
g 

1 
  

  
  

  
  

  
  

  
  

  
  

 
  

  
  

  
  

  
  

  
 

  
1

M
ec

ha
ni

ca
l w

ee
d 

co
nt

ro
l 

2 
1 

  
  

  
  

  
  

  
  

  
  

 
  

  
  

  
  

  
  

  
 

  
3

C
le

ar
in

g 
of

 st
on

es
 

1 
  

  
  

  
  

  
  

  
  

  
  

 
  

  
  

  
  

  
  

  
 

  
1

R
ol

lin
g 

1 
  

  
  

  
  

  
  

  
  

  
  

 
  

  
  

  
  

  
  

  
 

  
1

Pl
an

tin
g 

1 
  

  
  

  
  

  
  

  
  

  
  

 
  

  
  

  
  

  
  

  
 

  
1

Tr
im

m
in

g 
 

1 
  

  
  

  
  

  
  

  
  

  
 

 
  

  
  

  
  

  
  

 
  

1
H

er
bi

ci
de

s, 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
R

ou
nd

up
 B

io
 [l

/h
a]

 
 

 
 

  
2.

5 
  

  
2.

5 
  

  
2.

5 
  

 
2.

5 
 

  
2.

5 
  

  
2.

5 
 

4.
0 

19
.0

 l/
ha

 
7

 
C

ou
ga

r [
l/h

a]
 

2.
0 

 
  

  
  

  
  

  
  

  
  

  
 

 
  

  
  

  
  

 
  

 
2.

0 
l/h

a 
1

Fe
rti

liz
at

io
n,

 N
 [k

g/
ha

] 
 

80
 

  
  

80
 

  
  

80
 

  
  

80
 

  
 

80
 

 
  

80
 

  
  

80
 

 
 

 5
60

 k
g/

ha
 

7
Fe

rti
liz

at
io

n,
 P

K
 [k

g/
ha

] 
 

 
  

10
2 

 
  

10
2 

 
  

10
2 

 
  

10
2 

  
 

10
2 

 
  

10
2 

 
 

10
2 

71
4 

kg
/h

a 
7

Fe
rti

liz
at

io
n,

 N
 [k

g/
ha

] 
 

  
12

0 
  

  
12

0 
 

  
12

0 
  

 
12

0 
 

 
12

0 
  

  
12

0 
  

  
12

0 
 

84
0 

kg
/h

a 
7

H
ar

ve
st

in
g 

[td
m

 /h
a]

 
  

 
  

21
 

  
  

27
 

  
 

27
 

 
 

27
  

 
 

27
 

  
  

27
 

  
  

27
 

18
3 

t dm
 /h

a 
7

Fi
el

d 
tra

ns
po

rt 
 

 
  

1 
  

  
1 

  
 

1 
 

 
1 

 
 

1 
  

  
1 

  
  

1 
 

  
7

So
il 

m
ill

in
g 

 
 

  
  

  
  

 
 

 
  

 
 

 
 

  
  

  
  

  
  

  
1 

  
  

1
 

 



59

After each harvest, the fi eld is fertilized with 22 kg/ha of phosphorus and 73 kg/ha 
of potassium (Rosenqvist, 2004). It was assumed that PK 7-25, containing 7.0% of 
phosphorus and 24.9% of potassium, was used as fertilizer. Thus, for covering the 
amounts of these minerals required, the amount of PK 7-25 has to be 320 kg/ha, 
which corresponds to 22.4 kg/ha of phosphorus and 79.7 kg/ha of potassium.

The fi rst year after each harvest, couch-grass is treated with 2.5 litres/ha Roundup 
Bio (Jansson, 2004a). The plant stand is also fertilized with 296 kg/ha of N 27 
(corresponding to 80 kg/ha of pure nitrogen). The second year after each harvest, 
the plant stand is fertilized with 444 kg/ha of N 27 (corresponding to 120 kg/ha of 
nitrogen) with the special equipment for fertilization of high willow stands (Rosen-
qvist, 2004).

After the last harvest, the stumps and roots are decomposed through rotary cul-
tivation. If this operation is performed in wintertime when there still is frost in the 
soil, the stumps and roots are decomposed into fi ne particles, so they do not need to 
be removed in a separate operation (Rosenqvist, 1997).

Reed canary grass
As mentioned in Chapter 1, investigations into using grass as a fuel in Sweden 
were started in the beginning of the 1980s, and it was shown that reed canary grass 
(Phalaris arundinacea L.) was the most promising species regarding cultivation and 
quality aspects. Hadders (1989) pointed out that harvesting in late summer does not 
guarantee storage and hygienically acceptable quality of the crop. Therefore, a new 
concept of delayed harvest was introduced based on harvesting in the springtime of 
the year after sowing (Olsson et al., 1989). The moisture content was then decreased et al., 1989). The moisture content was then decreased et al.
to 10-15%, leading to better properties for storage and further handling, e.g. pelletis-e.g. pelletis-e.g.
ing, briquetting or powder production without drying (Bondesson, Kraft & Larsson, 
1993; Burvall & Segerud, 1993; Burvall & Örberg, 1994).

The system for evaluation of cultivation and harvesting of reed canary grass is 
shown in Table 3-6. It was selected in accordance with the studies by Olsson et al.
(2001). The fi eld is harrowed twice before sowing. Subsequently, rolling is per-
formed twice. During the same season, the fi eld is fertilized with 40 kg/ha of nitro-
gen, 15 kg/ha of phosphorus and 50 kg/ha of potassium. 

The second year the fi eld is fertilized with 100 kg/ha of nitrogen, 15 kg/ha of 
phosphorus and 80 kg/ha of potassium. The third year and the following seven 
years, the cultivation is fertilized with 50 kg/ha of nitrogen, 5 kg/ha of phosphorus 
and 20 kg/ha of potassium.

The fi rst harvest is taken in the third year. The estimate of annual yield was based 
on fi eld experiments performed in Sweden during the 1990s and was estimated to 
be 7.5 tdm per hectare (Olsson et al., 2001). The harvested reed canary grass is baled et al., 2001). The harvested reed canary grass is baled et al.
in the fi eld and transported to a barn for storage.

The fi eld is harvested nine times before settlement. After the last harvest in the 
eleventh year of the rotation period, the fi eld is harrowed twice with a disc harrow, 
followed by regular ploughing.
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Straw
The Swedish area of arable land where straw may be recovered for energy pur-
poses is estimated to be 1.1 million hectare, according to the Swedish Government 
(1992b). Handling of straw is similar to the handling of reed canary grass after 
harvest, i.e. the straw received after harvesting of grain is baled and transported to i.e. the straw received after harvesting of grain is baled and transported to i.e.
a barn for storage.

Municipal waste
Recovered wood
Recovered wood consists of construction and demolition waste wood and industrial 
waste wood (e.g. wood packaging materials such as wood pallets) (Krook, Mårtens-e.g. wood packaging materials such as wood pallets) (Krook, Mårtens-e.g.
son & Eklund, 2004). The stock of wood is the most energy-intensive material stock 
in Swedish buildings, but more than 70% of its embodied energy can be recovered 
(Roth, Eklund & Simonsson, 2002).

Recovered wood contains hazardous substances such as heavy metals, and these 
substances may escape into the surrounding environment if not treated appropri-
ately. The main part of the heavy metals ends up in the ash, except for volatile metals 
as mercury, lead and cadmium, which are emitted in the fl ue gas (Narodo-slawsky 
& Obernberger, 1996; Krook, Mårtensson & Eklund, 2004). Thus, combustion of 
recovered wood puts greater demands on highly-effi cient fl ue-gas cleaning systems, 
compared to combustion of uncontaminated biomass, for eliminating emissions of 
these hazardous components. The elevated concentrations of heavy metals in the ash 
also lead to that it is unsuitable to recirculate the ash to the forest land. Instead, it is 
disposed of in landfi lls (The Swedish Environmental Research Institute, 2001).

The Swedish Government proposed visions for sustainable waste management 
and initiated appropriate legislation to enhance waste sorting and recycling. As a 
result, former municipal garbage dumps are developed into recycling stations, and 
landfi lling of sorted combustible waste was prohibited in 2002 and organic waste 
was prohibited in 2005. The prohibition to landfi ll sorted combustible waste will 
lead to an increased use of recovered wood as fuel, mainly for district heating plants. 
The main part is fi red at biofuel boilers, whereas some is fi red at municipal waste 

Table 3-6. Agricultural system for reed canary grass farming. Data for all operations are 
shown in Appendix J

 Year number
Operation 1 2 3 4 5 6 7 8 9 10 11
Harrowing 2          
Sowing [kg/ha] 15          
Rolling 2          
Fertilization           
 N [kg/ha] 40 100 50 50 50 50 50 50 50 50 
 P [kg/ha] 15 15 5 5 5 5 5 5 5 5 
 K [kg/ha] 50 80 20 20 20 20 20 20 20 20 
Harvesting [tdm /ha]   7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5
Baling and fi eld transport   1 1 1 1 1 1 1 1 1
Disk harrow ploughing           2
Ploughing           1



61

incinerators (The Swedish Environmental Protection Agency, 1996). A conservative 
estimate based on a state public investigation (The Swedish Government, 1992a) 
was set at 0.8 Mtdm per year (= 15.9 PJ), but the potential is probably much higher.

Other potential biomass assortments
In this thesis, biomass assortments derived from forestry and non-forest land, 

forest industry, agriculture and community were evaluated by means of energy sce-
narios, energy analysis, cost analysis and emergy analysis. Some biomass assort-
ments, as e.g. stumps, peat, combustible solid waste and other organic waste were e.g. stumps, peat, combustible solid waste and other organic waste were e.g.
not considered in the analyses performed. The estimated annual potential amounts 
of these assortments (or amounts of energy carrier derived via conversion of these 
assortments) to be used for energy purposes in Sweden are compiled in Table 3-7. 

Stumps and roots after fi nal felling comprise a considerable wood quantity. When 
wood tar was a strategic commodity, pine stumps were harvested and used as raw 
material (see Figure 3-8). In areas where forests had been over-utilized, stumps were 
extracted for fuel. In the 1970s, when the Scandinavian pulp and paper industry was 
concerned about their raw material supply, at the same time as the Swedish gov-
ernment was alarmed by the OPEC-countries’ oil embargo in 1973, development 
projects for stump harvesting were launched (see Figure 3-9) (Project Whole Tree 
Utilization, 1977; Jonsson, 1985). 

Stumps were not considered in this thesis as they appeared more valuable to the 
environment than as a fuel. The heavy disturbances to the forest soil when breaking 
up the stumps causes rapid microbiological breakdown of the humus at a stage in the 
forest rotation period when there is no vegetation to take up the released nutrients. 
The decaying roots are also important as they form channels where water can percu-
late down into the soil rather than run off as surface water washing out nutrients into 
the streams. Gravel and stones in the stump wood are a technical obstacle. One posi-
tive effect of stump harvesting is that it works as radical soil scarifi cation enhancing 
reforestation and plant growth.

The estimated annual amount of stumps is based on estimations made by Daniels-
son & Nilsson (1977) and Marklund (1981), where the amount is reduced due to 

1

Table 3-7. Estimated annual potential amounts of other biomass sources and biofuels 
derived from biomass in Sweden, not being evaluated further in the thesis 

     m
[Mtdm]

 E HHV

                   [PJ] 
          E HHV

[TWh]

Stumps
Peat 
Combustible solid waste 
Biogas produced by digestion of other 
organic waste than combustible solid 
waste

Total

3.50a

2.62d

71.7b

26.4
32.7
40.5

171.3

19.9
7.3c

9.1e

11.2f

47.6
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severe terrain, nutrient-poor land, small fi nal-felled areas, small stumps and stumps 
from broad-leaf trees.

Even if Sweden’s peat supply is large (as mentioned in Chapter 1), the infl uence 
of the environment at peat extraction decreases the amount of peat that may be 
extracted annually. The annual growth of peat in Sweden is estimated to be about 18 
TWhLHV (The Swedish Peat Research Foundation, 1993), and it is estimated that 6.0 LHV (The Swedish Peat Research Foundation, 1993), and it is estimated that 6.0 LHV
TWhLHV (7.3 TWhLHV (7.3 TWhLHV HHV) of peat may be used annually in existing energy conversion 
plants in Sweden (Ministry of Industry, Employment and Communication, 2002).

Several different estimations of the potential amount of combustible solid waste 
in Sweden have been published during the last years. Within the Swedish SAME-
project (Hovsenius et al., 1999), the amount of solid household waste available for et al., 1999), the amount of solid household waste available for et al.
combustion is estimated to decrease to 2 – 3 TWhLHV until 2050, due to increased LHV until 2050, due to increased LHV
recycling of materials. However, Profu (2001a, 2001b) estimates that the amount of 
combustible solid waste will continuously increase short term: the estimation of the 
amount of combustible solid waste in Table 3-7 is based on the short-term view of 
Profu.

The total biogas potential in 2008 is estimated by Nordberg et al. (1998) to be et al. (1998) to be et al.
17.4 TWhLHV. However, 7.1 TWhLHV of this amount is derived from straw, which is LHV of this amount is derived from straw, which is LHV
already considered in the scenarios and analyses performed in this thesis. Thus, this 
biogas amount derived from straw was excluded in this compilation of other poten-
tial amounts of bioenergy sources. The remaining potential biogas amount is 10.2 
TWhLHV (recalculated in Table 3-7 to be 11.2 TWhLHV (recalculated in Table 3-7 to be 11.2 TWhLHV HHV).

The total potential amount of the biomass sources and biofuels derived from bio-
mass sources (i.e. biogas) and used for energy purposes in Sweden, and which were 
not evaluated in the scenarios and analyses performed, was 171.3 PJ (47.6 TWh). 
However, stump clearing is probably not a realistic biomass potential in the near 
future in Sweden, as this operation is assessed as being negative for long-term forest 
production (National Board of Forestry, 9-Aug-2005 (URL)). Thus, the remaining 
potential amount, excluding stumps, is 99.6 PJ (27.7 TWh). This amount could be 
compared with the total estimated annual potential amount of biomass sources eval-
uated in this thesis (584 PJ in Case 1, 680 PJ in Case 2 and 627 PJ in Case 3). The 
potential amount of peat, combustible solid waste and biogas produced by digestion 
of organic waste other than combustible solid waste corresponded to 17% of the 
total estimated annual potential amount of biomass sources in Case 1, 15% of the 
total estimated amount of biomass sources in Case 2, and 16% in Case 3. Thus, the 
amount of other biomass sources and biofuels derived from biomass (biogas) not 
being evaluated in the scenarios and analyses was considerable compared to the 
amount of biomass sources evaluated, and should not be ignored when compiling 
the potential biomass sources and biofuels available.
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Figure 3-8. Stump 
harv esting with Björnen 
No 3. Dalarna, Bjurfors 
kronopark, July 1918. 
Photo: Gustaf Lundberg. 
Picture owner: Swedish 
University of Agricultural 
Sciences, the Forestry 
Library.

Figure 3-9. Stump harv-
 esting with Pallari Stump-
arvester in Älvdalen, 
Sweden, in the 1970s.
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4. Selected biomass conversion systems

Calculations of heat generation and maximum production of other energy carriers 
studied were based on selected thermochemical conversion systems compiled in 
Table 4-1. They are in turn based on the reference plants described below. The oper-
ating and maintenance (O & M) costs, annual amounts of biomass input, energy car-
riers produced and other data needed for the analyses performed were based on the 
assumption of the number of operating hours being 8,000 hours per year for com-
bined heat and power (CHP), electric power generation, hydrogen production and 
methanol production. For small-scale combustion, the annual amounts of biomass 
input and heat generated were based on the typical heat demand for a single-family 
house in Sweden, which is 72 GJ (20,000 kWh) per year (Swedish Energy Agency, 
2002). Mass and energy balances regarding district heating generation in small hot 
water boilers were based on an annual heat production of 206 TJ in a district heating 
plant fi red with undensifi ed biomass (the maximum heat effect was 18.0 MW) and 
116 TJ in a pellets-fi red boiler (the maximum heat effect was 9.3 MW) (see Table 
4-1).
Table 4-1. Data for selected thermochemical conversion systems

Small-
scale 

fi ringa
District 
heatingb CHPc

Electric 
powerd H

2
e CH

3
OHf

Investment [M�]

O & M costs [M�/year]

Biomass input [MW
HHV

]

Biomass input [PJ
HHV

/yr]

Effect
Heat [MW]

Electricity [MW]
Vehicle fuel [MW]

Production
Heat [PJ/yr]

Electricity [PJ/yr]
Vehicle fuel [PJ/yr]

Total effi ciency
HHV

jj [%]

0.0077/
0.0077g

0.0004/
0.0004l

0.029/
0.016r

9.66E-5/ 
9.49E-5w

0.021/
0.012z

7.20E-5ff

       74.5/
75.9

5.686/
2.193h

0.548/
0.033m

21.80/
10.80s

0.249/
0.135x

18.0/9.3aa

0.206/
0.116gg

82.6/
86.4

75.56i

1.854n

200.3t

4.517y

133.7bb

59.4cc

3.015hh

1.340ii

96.4

81.39j81.39j81.39

5.222o

148.4u

4.275

69.3

1.996

46.7

212.8k

12.638p

300.0v

8.640

212.2dd

6.111
70.7

235.4k

12.575q

300.0v

8.640

176.8ee

5.091
58.9

Small-scale fi ring
Two small-scale fi ring systems were studied:
1. Wood fi ring in a domestic boiler equipped with an accumulator tank.
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2. Pellet fi ring in a domestic boiler with automatic regulation. Surrounding equip-
ment was fuel storage and screw for fuel feeding from the storage to the burner.

The investment costs in Table 4-1 were typical for these systems in Sweden in 
2002 (Swedish Energy Agency, 2002). The assembly costs for both systems were 
estimated by Jansson (2004b). Data for the energy balance for the wood-fi red domes-
tic boiler were also estimated by Jansson (2004b), based on performance tests at The 
Swedish National Testing and Research Institute (SP). Thus, these performance tests 
were updated by Jansson, as the prestanda has been improved since these tests were 
performed in 1986.

Corresponding data regarding energy balance for the pellet burner installed in a 
domestic pellets boiler was generated via performance tests at the Swedish company 
ÄFAB (Löfgren & Windestål, 2001). This energy balance was supplemented with 
data regarding power demand for the fan and the screw, as estimated by Jansson 
(2004b).

The wood-fi red boiler tested by SP was a model called Arimax 25, and the data 
updated by Jansson (2004b) concerned a model called Arimax 35. This type of boiler 
is shown in cross section in Figure 4-1. The principle is fi xed-bed downdraft grate 
fi ring, i.e. the fl ue gas fl ow is directed downwards through the fuel bed. The fuel is 
then burned in two phases: fi rst, it is gasifi ed on the grate by the primary air, and 
secondly, the fl ue gas is completely burned in the combustion chamber behind the 
fuel bed (AB Swebo Flis och Energi, 2004 (URL)).

Figure 4-1. Cross section view of the Arimax downdraft domestic wood boiler (AB Swebo 
Flis och Energi, 2004 (URL)).
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The pellet burner selected for this work, which was tested by ÄFAB, was a model 
called BeQuem, manufactured by Thermia AB in Arvika, Sweden. The reason of 
this selection was that this burner performed well both in terms of effi ciency and 
environmental conditions (Löfgren & Windestål, 2001).

A cross section view of the pellet burner installed in a domestic pellet boiler is 
presented in Figure 4-2. The boiler is also manufactured by Thermia AB and called 
Biomatic 20+. The pellets are fed into the top of the burner and then pass through a 
dosing screw and a lock, before being fed by the burner screw to the inner end of the 
burner, where the pellets are burnt by primary air. The ash is easily removed via the 
ash container after falling to the bottom of the boiler. The fl ue gas passes a convec-
tion zone, where the incoming water is heated (Thermia Värme AB, 2005 (URL)).

Figure 4-2. Cross section view of a domestic pellets boiler (Thermia Värme AB, 2005 
(URL)).

District heating
Biomass-fi red boilers for generation of hot water for district heating are generally 
smaller than combined heat and power plants. Typical outputs of heating effect in 
Sweden for hot water boilers are between 5 – 25 MW (Vattenfall AB, 2004 (URL)). 
In this work, a district heating plant located in Knivsta (south of Uppsala, Sweden) 
was selected as a reference plant for combustion of undensifi ed biomass. It is a 
moving grate boiler constructed in 1997, and the fuel used is a mixture of bark and 



68

logging residues. The fl ue gas is cleaned by a cyclone and an electric fi lter, which 
continuously remove 90% of the fl y ash (Hillring, 2000). The heat effect output of 
the boiler in Knivsta is 15.0 MW. However, in this work it was assumed that the 
boiler was equipped with fl ue gas condensation, which means that the heat effect 
output may then be increased with 3.0 MW, giving a total effect output of 18.0 MW 
(Olsson, 2004).

A boiler designed for pellet fi ring and used for district heating generation was 
also used as a reference plant for combustion of densifi ed biomass: this was the 
BETA 2000. Such a boiler was installed in Jönköping, Sweden, in 2002. It is a fi xed 
inclined grate boiler with a water-cooled bottom, and its maximum heat effect is 9.3 
MW. The fuel feeding system consists of two screws. The fl ue gas cleaning system 
consists of two cyclones, for rough and fi ne particles, and an electric fi lter (Alvin, 
2005).

Combined heat and power generation
A new boiler for combustion of biomass was built in Västerås, Sweden during 1999 
– 2000. The main contractor was Foster Wheeler (Mälarenergi AB, 2004 (URL)). 
This boiler was selected as a reference plant for combined heat and power genera-
tion. The reasons of this selection were as follows:
- It is recently built; thus, the best commercial technology has been used for the 

construction.
- The boiler is constructed for combustion of biomass.

The boiler is shown in Figure 4-3. The combustion of the fuel takes place in a 
circulated fl uidised bed. The height is 35 m and the bottom area of the furnace 
is 11.6 x 5 m2. The bed material consists of sand. The fl ue gas and solid particles 
(sand, ash and un-burnt fuel particles) are separated in a cyclone downstream of the 
furnace. The solid particles are returned to the bed in the furnace, and the fl ue gas 
passes the heat transmitted interior surfaces in the superheaters, the intermediate 
superheaters, the economiser and the air preheaters (Byström, 2003). The fl ue gas 
temperature after the air preheater is approximately 150oC. The energy content in 
the steam included in the fl ue gas is extracted through fl ue gas condensation. Two 
condensers chill the fl ue gas beneath dew point, and the recovered heat is used for 
district heating (Byström, 2003).

The steam turbine and generator used for electric power generation was installed 
in 1974 together with an oil-fi red combined heat and power plant (Westin, 2004). 
When this boiler was converted to coal combustion in 1984, the capacity of the 
steam turbine was not entirely utilized. However, this free capacity is now utilized 
by using the steam produced in the new biomass-fi red boiler in the steam turbine. 
Thus, this steam turbine is fed by steam from both of these two boilers (Larsson, 
2001). The total electric power generation from the steam turbine and generator is 
220 MW as a maximum. The steam produced in the biomass-fi red boiler contributes 
to 60 MW of electric power as a maximum (Karlsson & Westin, 2002).

The heat produced in the biomass-fi red boiler is used for district heating. The heat 
extracted by fl ue gas condensation is 42.5 MW (Mälarenergi AB, 2004 (URL)) and 
97 MW from steam condensation down-stream of the steam turbine (Westin, 2004) 
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at a maximum. Thus, the total production of heat delivered to the district heating 
system is 139.5 MW at a maximum. The energy content of the maximum amount of 
biomass fed into the boiler is 170 MWLHV  (Westin, 2004).

Figure 4-3. Västerås’ recently built biomass-fi red boiler (Foster Wheeler, 1998).

Electric power generation
Gasifi cation of biomass integrated with a combined cycle has a higher effi ciency 
regarding electric power generation, compared to combustion of biomass in con-
ventional boilers with a steam cycle (Bridgwater, 1995; Mitchell et al., 1995; Dorn-
burg & Faaij, 2001). Thus, an integrated gasifi cation combined cycle (IGCC) was 
selected as the technology for maximum electric power generation. However, sev-
eral different technologies for gasifi cation of biomass have been developed during 
the last decades. Some of these are briefl y described in Appendix D.

The fi rst complete IGCC-plant in the World and constructed for gasifi cation of 
biomass was built in Värnamo, Sweden, during 1991 – 1993 (Sydkraft, 1997). It was 
built as a demonstration unit, i.e. the purpose of the plant was to test the function of 
a complete IGCC-plant. The unit was commissioned during 1993 – 1995. After that, 
a demonstration programme was performed during 1996 – 1999 (Sydkraft, 2000). 
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The main purposes of the demonstration programme were as follows:
- Improvements of the technology in this or other future gasifi cation plants.
- Test of fuel fl exibility.
- Mapping of emissions.
- Costs for the technology regarding operation and maintenance, and construction 

of new plants.

As this process is well studied due to this demonstration programme, it was 
selected as a reference plant for maximum electric power generation.

A simplifi ed diagram of the process is shown in Figure 4-4. It is constructed for 
pressurized gasifi cation; the operating pressure is 18 bar (g). Dried and crushed 
wood fuel is pressurized in a lock-hopper system and fed by screw feeders into the 
gasifi er a few meters above the bottom. The gasifi er is a circulating fl uidised bed, 
consisting of: the reactor unit, a cyclone and cyclone return leg. These parts are 
refractory lined. The operating temperature of the gasifi er is 950 – 1000oC (Ståhl, 
Neergaard & Nieminen, 2000).

Figure 4-4. Process diagram of the IGCC demonstration plant in Värnamo, Sweden (Ståhl, 
Neergaard & Nieminen, 2000).

The fuel is dried, gasifi ed and pyrolized immediately on entering the gasifi er. The 
gas transports the bed material and the remaining char towards the cyclone, where 
most of the solids are separated from the gas and are returned to the bottom of the 
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gasifi er through the return leg. The recirculated solids contain some char, which is 
burned in the bottom zone where air is introduced into the gasifi er. The combustion 
of the char maintains the required temperature in the gasifi er. After the cyclone, the 
gas produced is cooled to 350 – 400oC before it fl ows through a hot gas fi lter, where 
particulate up cleaning occurs. Ash is discharged from the hot gas fi lter, as well as 
from the bottom of the gasifi er, and is in the meantime cooled and depressurized 
(ibid.).

The gasifi er is air-blown; thus, about 10% of the air is extracted from the gas tur-
bine compressor, further compressed in a booster compressor, and fi nally injected 
into the bottom of the gasifi er. After burning in the combustion chambers, the cleaned 
gas expands through the gas turbine, generating 4.2 MW of electric power. The fuel 
supply system, fuel injectors and the combustors have been redesigned to suit the 
low calorifi c value gas (5 MJ/nm3). The hot fl ue gas from the gas turbine is ducted to 
the heat recovery steam generator (HRSG), where the steam generated, along with 
steam from the gas cooler, is superheated and then supplied to the steam turbine (40 
bar, 455oC), generating 1.8 MWof electric power. The plant is equipped with a fl are 
on the roof of the gasifi cation building, which is used during the start-up procedure 
and when testing less well known conditions, in order to protect the gas turbine. The 
energy content of the biomass fed into the gasifi er is 18 MW, and electric power 
generation is 6 MW and heat generation is 9 MW (ibid.).

Data regarding full-scale plants have been compiled within the demonstration pro-
gramme (Sydkraft, 2000). The data for condensing power have been used here for 
selected conversion system for maximum electric power generation.

Vehicle fuel production
Different vehicle fuels can be produced from biomass via thermochemical conver-
sion. However, the conversion routes vary, depending on what kind of vehicle fuel 
is to be produced. Three different thermochemical conversion technologies may be 
used for vehicle fuels production: gasifi cation, pyrolysis or liquefaction. These tech-
nologies may give gasoline and diesel fuel blends, hydrogen, methane, methanol or 
ethers, depending on what kind of synthesis technology is used downstream of the 
thermochemical conversion steps (Bridgwater & Double, 1991; Wender, 1996). 

Ethanol may be produced via hydrolysis of the cellulosic raw material and fermen-
tation of the glucose and xylose sugars received in the hydrolysis step. However, the 
yield of ethanol is limited because the lignin fraction cannot be fermented to ethanol 
(Wyman et al., 1993). Estimated effi ciency for cellulosic biomass1 conversion to 
ethanol are about 50%, but may increase to more than 60% in the future (Lynd, 
1996; Chum & Overend, 2001).

1 Cellulosic biomass includes agricultural and forestry feedstocks, municipal solid waste and 
energy crops (Wyman et al., 1993).
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The effi ciency for conversion of biomass via gasifi cation may be more than 70% 
for hydrogen or about 60% for methanol e.g. if the Battelle gasifi cation process is 
considered (Larson & Katofsky, 1994; Hamelinck & Faaij, 2002). As this process is 
estimated to produce a high yield of hydrogen or methanol at a comparatively low 
cost (Hamelinck & Faaij, 2002), it was selected as a conversion system for produc-
tion of vehicle fuel in this work. The process (shown in Figure 4-5) consists of two 
reactors. The fi rst, a gasifi cation reactor in which the biomass is gasifi ed by steam 
and converted into a medium calorifi c value gas (estimated higher heating value is 
17.75 MJ/nm3) and residual char at a temperature of 700 – 850oC, and the second, a 
combustion chamber reactor that burns residual char to provide heat for gasifi cation. 
Heat transfer between the reactors is accomplished by circulating sand between the 
gasifi er and combustor (Kwant & Knoef, 2002).

Figure 4-5. The Battelle gasifi cation process (Biomass Gas & Electric, 2005 (URL)).

The selected conversion system used for production of vehicle fuel in this work 
was assumed to have the same equipment for pre-treatment of fuel and gas clean-
ing as considered by Hamelinck & Faaij (2002). Thus, the pre-treatment equipment 
consists of conveyers, grinding, storage, dryer, iron removal and feeding system, 
and the gas cleaning system consists of tar cracker, cyclones, high temperature heat 
exchanger, baghouse fi lter and condensing scrubber.

As the gasifi cation reactions are supported by indirect heating, the product gas is 
a medium calorifi c value gas. In pilot plant tests at a steam to biomass ratio of 0.45, 
typical concentrations of the gas components have been 21.2% hydrogen, 43.2% 
carbon monoxide, 13.5% carbon dioxide, 15.8% methane and 5.5% other hydro-
carbons (Kwant & Knoef, 2002). If hydrogen or methanol is the fi nal product, the 
methane and the other hydrocarbons are converted to carbon monoxide and hydro-
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gen by steam reforming. Steam is then added over a nickel catalyst (Hamelinck & 
Faaij, 2002).

A severe problem with nickel-based catalysts is their tendency to deactivate, due to 
coke deposition (Coll et al., 2001). An alternative or complement to steam reform-
ing is autothermal reforming, which combines partial oxidation in the fi rst part of 
the reactor with steam reforming in the second part, thereby optimally integrating 
the heat fl ows. Tijmensen (2000) poses autothermal reforming being the only tech-
nology able to prevent coking. The selected conversion system used for production 
of vehicle fuel in this thesis was assumed to be equipped with only steam reforming 
for hydrogen production, and equipped with both steam reforming and autothermal 
reforming for methanol production, according to Hamelinck & Faaij (2002).

After steam reforming and/or autothermal reforming, the H2/CO ratio is increased 
by the water gas shift reaction, where steam reacts with carbon monoxide to form 
hydrogen and carbon dioxide (Hamelinck & Faaij, 2002; Tijmensen et al., 2002). 
Finally, carbon dioxide is removed through Selexol in methanol production, accord-
ing to Hamelinck & Faaij (2002).

The size of the boiler infl uences both effi ciency and cost of energy carriers gener-
ated (Bridgwater, 1995; Dornburg & Faaij, 2001), which has to be considered when 
comparing different conversion processes. In this thesis, the biomass input to the 
gasifi er at vehicle fuel production was assumed as 300.0 MWHHV. The investment HHV. The investment HHV
cost depending on the size of the equipment is given by Hamelinck & Faaij (2002):

where: R = a scale factor, unique for each component. The base investment costs and 
the investment costs calculated for plants with a biomass input of 300.0 MWHHV at HHV at HHV
both hydrogen and methanol production are given in Table 4-2.
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Table 4-2. Scale factor, base investment costs and calculated investment costs for each 
component used for hydrogen and methanol production

Scale 
factora

Hydrogen production Methanol production
Base 

investment 
costsa

Costs 
at 300 

MWHHV 
biomass 

input

Base 
investment 

costsa

Costs at 
300 MWHHV 

biomass 
input

Costs in MUS$2001
Pre-treatment
Gasifi er
Gas cleaning
Tar cracker
Cyclones
HTHEc

Baghouse fi lter
C o n d e n s i n g 
scrubber

Syngas processing
Compressor
Steam reformer
A u t o t h e r m a l 
reformer
Shift reactor
CO2 removal

CH3OH production
Make up           
compressor
Reactor
Recycle  compressor
Refi ning

H2 production
PSA units
Recycle compressor
Product compressor

Power generation
Steam turbine + 
steam system

Total investment 
costs [MUS$2001]

Total investment 
costsd [M€d [M€d

June 2002]

0.78b

0.65

0.70
0.70
0.60
0.65
0.70

0.85
0.60
0.60

0.85
0.70

0.85

0.60
0.85

0.70

0.70
0.85
0.85

0.70

38.2
30.4

9.2
6.8
9.0
3.8
6.4

14.9
42.7

21.0

35.1
6.2

14.1

237.9

28.9
24.1

7.2
5.3
7.3
3.0
5.0

11.0
34.5

15.5

27.4
4.6

10.4

184.2

212.8e

38.2
30.4

9.2
6.8

10.3
3.8
6.4

16.5
43.3
24.5

1.9
9.5

17.5

9.8
7.2

19.5

7.6

262.4

28.7
24.0

7.1
5.3
8.3
3.0
5.0

12.1
34.8
19.7

1.4
7.4

12.8

7.9
5.3

15.1

5.9

203.8

235.4f

Hydrogen production
If hydrogen is the fi nal product, the concentration of H2 is maximized by the water gas 
shift reaction. After that reaction step, the hydrogen received has to be purifi ed and 
compressed. In new hydrogen plants, this is performed by pressure swing adsorption 
(Hamelinck & Faaij, 2002). The principle of this technology is shown in Figure 4-6 
(thoroughly described by Katofsky (1993)). Two beds, containing activated carbon 
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and a zeolite molecular sieve, are used for adsorbing carbon dioxide, steam and 
other remaining compounds. The recovery of hydrogen is increased by recycling 
some of the desorbed gas from the zeolite molecular sieve bed. Recovery rates of at 
least 90% are achievable, and product purity is extremely high: 99.999%.

Figure 4-6. The principle of pressure swing adsorption (Katofsky, 1993).

Pressure swing adsorption was used in the selected system for hydrogen produc-
tion, according to Hamelinck & Faaij (2002). However, one future technology for 
the separation of hydrogen is the use of ceramic membranes, which are attractive 
because of their simple design and ability of combining shift and separation in one 
reactor. They have the advantage of a broad temperature and pressure operating 
range. Construction of membrane separation devices is also potentially simple and 
cheap in comparison with other separation technologies, such as pressure swing 
adsorption (Hamelinck & Faaij, 2002). Membranes, for instance in nitrogen sepa-
ration, are already applied in several small size facilities, where they have better 
economics than traditional separation technologies (Katofsky, 1993).

Methanol production
Methanol is produced by the hydrogenation of carbon oxides over a Cu/Zn/Al 
catalyst. The synthesis reactions are exothermic and give a net decrease in molar 
volume; thus, equilibrium is favoured by high pressure and low temperature. During 
production, heat is released and is removed to maintain optimum catalyst life and 
reaction rate. The catalyst is mainly deactivated due to loss of active copper from 
physical blockage of active sites by large by-product molecules, poisoning by halo-
gens or sulphur in the synthesis gas, and sintering of the copper crystallites into 
larger crystals (Hamelinck & Faaij, 2002).

CO2

Zeolite 
molecular 

sieve

Activated
carbon

Fuel gas 

Fresh feed 
H2
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Conventional methanol reactors use fi xed beds of catalyst pellets and operate in 
the gas phase (Cybulski, 1994; Kirk-Othmer, 1995). Two reactor types predomi-
nate in plants built after 1970. The ICI (Imperial Chemical Industries) low-pres-
sure process is an adiabatic reactor with cold unreacted gas injected between the 
catalyst beds (see Figure 4-7, left). The subsequent heating and cooling leads to 
an inherent ineffi ciency, but the reactor is reliable and therefore still predominant. 
The system developed by Lurgi AG (Figure 4-7, right), with the catalyst loaded 
into tubes, allows near-isothermal operation. Conversion to methanol is limited by 
equilibrium considerations and the high temperature sensitivity of the catalyst. Tem-
perature moderation is achieved by recycling large amounts of hydrogen rich gas 
and utilising the higher heat capacity of hydrogen gas and the higher gas velocities 
to enhance heat transfer. In order to limit the conversion per pass to avoid excess 
heating, a gas phase reactor is limited to about 16% carbon monoxide gas in the inlet 
to the reactor (Hamelinck & Faaij, 2002).

Figure 4-7. Fixed bed reactors for methanol production: the ICI (left) and the Lurgi (right) 
reactor type (Cybulski, 1994; Kirk-Othmer, 1995).

A conventional methanol reactor, described above, was used in the selected system 
for methanol production. However, new processes for methanol production cur-
rently under development focus on shifting the equilibrium to the product side to 
achieve higher concentrations per pass. One example is the liquid phase methanol 
process, where reactants, product and catalyst are suspended in a liquid. In these 
new processes, heat transfer between the solid catalyst and the liquid phase is highly 
effi cient, thereby allowing high conversions per pass without loss of catalyst activ-
ity. The conversion per pass depends on reaction conditions, catalyst, solvent and 
space velocity. Experimental results indicate a 15 – 40% conversion of CO for CO 
rich gases and 40 – 70% conversion of CO for CO balanced and H2 rich gases: 
however, computation models predict future CO conversions of more than 90% 
(Cybulski, 1994).

After the methanol reactor, the gas contains unreacted synthesis gas, which may 
be fi red in a boiler to raise process steam for running a steam turbine. Thus, a steam 
turbine with associated steam system was included in the selected system for metha-
nol production, according to Hamelinck & Faaij (2002).
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Black liquor gasifi cation
Black liquor received in pulp mills is currently recovered in Tomlinson boilers, 
although technology for gasifying the black liquor is now developed. The synthesis 
gas produced may then be used for generating electric power in a gas turbine or 
vehicle fuel production, as described above.

The black liquor gasifi cation process closest to commercial introduction is the 
process developed by the Swedish company Chemrec AB. This is a pressurised, 
oxygen-blown entrained-fl ow gasifi cation process at temperatures above the melt-
ing point of the inorganic chemicals (Ekbom et al., 2003). The reactor is shown in 
Figure 4-8. The synthesis gas (syngas) and inorganic smelt are cooled and separated 
in the quench cooler downstream of the gasifi er. The smelt falls into the quench bath 
where it dissolves to form green liquor (ibid.).

Figure 4-8. Chemrec’s black liquor gasifi er (Chemrec AB, 2005 (URL)).

The syngas is further cooled in a counter-current condenser after the exit of the 
gasifi cation reactor. Water vapour in the syngas is then condensed and the heat 
released is used for steam generation. Hydrogen sulphide is removed in a pressu-
rised absorption stage. The resulting gas is a virtually sulphur-free syngas consisting 
mainly of carbon monoxide, hydrogen and carbon dioxide (Ekbom et al., 2003).
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In this thesis, the black liquor gasifi cation process was studied within the scenarios 
for estimating the potential amount of electric power or methanol, produced annu-
ally via gasifi cation of the received Swedish black liquor amounts: performance data 
based on Chemrec’s black liquor gasifi er were used for these estimations (compiled 
in Table A.J-49). However, energy, cost and emergy analyses were not performed on 
this process, as not all the necessary data were compiled for these analyses.
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5. Bioenergy in three scenarios

Heat demand and supply in Sweden in 2002
Heat is produced for use in industry, premises and dwellings. The heat demand and 
supply in Sweden in 2002 are described below, and the heat fl ows are compiled 
in Figure 5-1. It is e.g. shown that the total use of pellets for heat production in e.g. shown that the total use of pellets for heat production in e.g.
Sweden in 2002 was 20.6 PJ. The amount of biomass required for drying the bio-
mass amount used for pellet production was calculated as 4.1 PJ 1. Thus, the total 
amount of biomass required for pelletizing was 24.7 PJ.

Figure 5-1. Heat demand and supply in Sweden in 2002 [PJ]. The fi gure summarizes Tables 
5-1 through 5-5. Symbols according to Odum (1983, 1996), see Appendix A. 

Energy use for heat production to premises and dwellings
The total energy use in 2002 in the residential and service sector was 153.9 TWhLHV, LHV, LHV
of this 89.9 TWhLHV was used for heating premises and dwellings (Statistics Sweden, LHV was used for heating premises and dwellings (Statistics Sweden, LHV
2003a; Swedish Energy Agency, 2004b). The total amount of fuels and other energy 
carriers used for heat production to premises and dwellings in 2002 was distributed 
as shown in Table 5-1.

Single-family houses
Sweden has slightly more than 1.6 million single-family houses (Swedish Energy 
Agency, 2002). The present distribution of heat systems and amounts of energy car-
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Table 5-3. Total use of fuels and other energy carriers used for heat production to  premises 
and dwellings, excluding single family-houses, in 2002

Energy sources E E
 [TWh] [PJ]
  

Oil products  3.6 12.9 
Natural gas  1.3 4.7
Electricity  5.8 20.9
District heating  38.8 139.7
Biofuels a   
 Undensifi ed woody biomass  1.5 b 5.3
 Pellets  0.7 c 2.3
Total  51.6 185.8
  

Table 5-1. Amounts of fuels and other energy carriers used for heat production to premises 
and dwellings in 2002

Energy sources ELHVELHVE a EHHVEHHVE EHHVEHHVE
 [TWh] [TWh] [PJ]
  

Oil products 14.8 15.7 b 56.7
Natural gas 1.2 1.3 c 4.7
Electricity 21.8 21.8 78.5
District heating 41.8 41.8 150.5
Biofuels 10.3 11.3 d 40.8
Total 89.9 92.0 331.2
  

riers required for heat production for these houses are shown in Table 5-2. These 
amounts of energy carriers were based on the typical heat demand for a single-family 
house in Sweden, being 72 GJ (20,000 kWh) per year (Swedish Energy Agency, 
2002). Electricity covers 48.5% of the total heat demand in single-family houses, 
which is due to the extension of nuclear power plants in Sweden during 1970s and 
1980s, resulting in a large supply of electricity and a low electricity price.

Table 5-2. Distribution of heat systems and amounts of energy carriers required for heat 
production for single family-houses in Sweden in 2002

Energy sources Number E E
  of houses a [TWh] [PJ]
  

Electricity 500,000 10.0 b 36.0
Electric boilers with water-fed system 300,000 6.0 c 21.6
Oil 400,000 12.2d 43.8d 43.8d

Wood 275,000 8.6 e 31.1
Pellets 25,000 0.7 f 2.6f 2.6f

District heating 150,000 3.0 g 10.8
Total 1650,000 40.5 145.9
  

Premises and dwellings excluding single-family houses
The amount of energy carriers required for heat production in premises and dwell-
ings other than single-family houses was calculated as the difference between the 
energy amounts compiled in Tables 5-1 and 5-2. These energy amounts are shown in 
Table 5-3. The amount of biofuels used, based on the HHVs, was correlated, assum-
ing that this assortment consisted of two-thirds of untreated biomass from forestry 
and one-third of pellets.
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Energy use for heat production in industry
The use of fuels for heat production, based on HHVs, and the amount of district 
heating delivered to Swedish industry in 2002 is shown in Table 5-4. The total use 
of fossil fuels was 156.0 PJ/year (43.3 TWh/year), which were mainly used in the 
steel and metal industry and the chemical industry.

The largest energy amount received from biomass in industry was derived from 
black liquor in the pulp industry (177.6 PJ/year). Here, all pulp produced in Sweden 
was assumed to be chemical pulp, hence black liquor was received at all pulp manu-
facturing. The total use of biomass for heat production in the Swedish industry in 
2002 was 231.5 PJ (64.3 TWh).

Table 5-4. The fi nal use of fuels for heat production in industry in 2002

Items E E
  [TWh] [PJ]
  

Oil products  21.0 a 75.6
Natural gas and gasworks gas  4.0 b 14.2
Coal and coke  18.4 c 66.2
District heating  4.6 16.6
Biomass   
 Black liquor in pulp industry  49.3 177.6 d
 Other by-products in pulp industry  8.4 30.4  e
 Sawmill industry by-products  6.0 f 21.6f 21.6f

 Biomass in other sectors
  Forest industry by-products  0.4 g 1.5
  Peat and MSW  0.1 h 0.4
Total  112.3 404.2
  

District heating
District heating in Sweden is based on several energy sources, such as different solid 
fuels (biomass, waste and coal), oil, gas, electric boilers, heat pumps and waste heat. 
The supply distribution of these energy sources used in 2002 is shown in Table 5-5. 
The distribution of fuels based on LHVs was recalculated with HHVs. The fi nal use 
of district heating in 2002 was 150.5 PJ (41.8 TWh) in premises and dwellings and 
16.6 PJ (4.6 TWh) in industry, giving a total use of 167.1 PJ (46.4 TWh) (Statistics 
Sweden, 2003a; Swedish Energy Agency, 2004b). The supply of wood fuels for 
district heating in 2002 was 76.9 PJ, of which pellets contributed 15.7 PJ (Statis-
tics Sweden, 2003b). The supply of wood fuels corresponded to 36.7% of the total 
supply for district heating.

As mentioned in Chapter 2, district heating is also produced in CHP plants. How-
ever, the percentage of district heating produced in CHP plants has fl uctuated mark-
edly during the last decades, due to varying economic conditions for district heating 
production. Since the middle of the 1980s, it has fl uctuated between 20% and 30% 
(The Swedish District Heating Association, 1999; Öhrlings PricewaterhouseCoop-
ers, 2005). Here, it was assumed that 25% of the district heating was produced in 
CHP plants, resulting 41.8 PJ of district heating produced in CHP plants in 2002 
(25% of 167.1 PJ). The corresponding amount of fuels required in the CHP plants 
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Table 5-6.  Potential amounts of electricity and fossil fuels to be replaced in premises and 
dwellings, industry and district heating

Energy sources Premises and dwellings Industry District heating Total
 [PJ] [PJ] [PJ] [PJ]
  

Oil products 56.7 75.6 16.8 149.1
Natural gas 4.7 14.2 13.1 32.1
Coal and coke  66.2  66.2
Electricity 78.5  4.7 83.2
Total 139.9 156.1 34.6 330.5

Woody biomass 40.8 54.2 77.0 172.0
Total 180.7 210.3 111.6 502.5
  

Table 5-5.  Supply of district heating distributed by energy sources and fi nal use in 2002

Energy sources ELVHELVHE EHHVEHHVE EHHVEHHVE
 [TWh] [TWh] [PJ]
  

Oil 4.4 a 4.7 b 16.8
Natural gas, including light petroleum gas (LPG) 3.3 a 3.6 c 13.1
Coal, including blast furnace gas 2.1 a 2.2 d 7.9d 7.9d

Wood fuels
 Undensifi ed woody biomass 13.9 e 17.0 f 61.2f 61.2f

 Pellets and briquettes 4.0 e 4.4 g 15.7
Other biofuels 10.7 a 13.1 h 47.1
Electric boilers 1.3 a 1.3 4.7
Heat pumps 7.7 a 7.7 27.7
Waste heat 4.3 a 4.3 15.5
Total 51.7 58.3 209.7
Conversion losses  6.4 23.2
Distribution losses 5.4 a 5.4 19.4
Final use 46.4 a 46.4 167.1
  

was 54.4 PJ 2. The fuel amount required for electric power generation was then 22.9 
PJ 3, assuming that the heat effi ciency and conversion losses were equal to the heat 
effi ciency (66.75%) and conversion losses (3.59%) of the CHP reference plant (see 
Table A.J-45)). The fuel amount required for electric power generation from wood 
fuels was 10.9 PJ 4.

Scenario ‘heat’
Replacement of electricity and fossil fuels used for heat production with biomass 
was evaluated for two different amounts of biomass supply, namely Cases 1 and 2 
(marked with shaded squares in Figure 5-2). The topical amounts of electricity and 
fossil fuels being replaced in the different sectors described above are shown in 
Table 5-6, together with the use of woody biomass for heat production in 2002. The 
total amount of woody biomass required for replacing electricity and fossil fuels in 
the different sectors, together with the topical use of woody biomass was 502.5 PJ 
(139.6 TWh), if differences in conversion losses were not considered. In Table 3-1, 
it is shown that the total estimated annual potential amount of biomass (Case 2, i.e.
biomass from agriculture included) was 523.2 PJ, excluding black liquor. Replace-
ment of electricity with biomass for heat production increases conversion losses, 
leading to that there will not be any considerable excess amount of biomass if all 
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electricity and fossil fuels are replaced by biomass in both premises and dwellings, 
industry and district heating.

In Case 1 (biomass from agriculture not considered), the total estimated annual 
potential amount of biomass excluding black liquor was 426.9 PJ. Thus, the biomass 
amount was not suffi cient for replacing all fossil fuels and electricity used for heat 
production in all sectors. Therefore, replacement of electricity used for heat pro-
duction was given priority, as use of electricity for heat production was considered 
being an ineffective way of using an energy carrier of high quality as electricity. One 
exception is the use of heat pumps, where approximately three times as much of heat 
is received compared to the electricity amount required (Sanner et al., 2003). Thus, et al., 2003). Thus, et al.
in Case 1, use of the biomass amount for replacement of electricity and fossil fuels 
for heat production in premises and dwellings and district heating was given prior-
ity, as electricity was used for heat production in these sectors.

Single-family houses
Whereas electricity is an energy carrier of high quality, and there is a decision to 
phase out nuclear power in Sweden (see Chapter 1), it may be desirable to replace 
electricity for heating with other energy sources. However, replacing heating sys-
tems in single family-houses is expensive; thus, a total replacement of electric heat-
ing will probably not be possible in the near future. This will be particularly valid 
for leisure houses, where the owners are not expected to invest in an expensive 
replacement of the heating system. Thus, in scenario ‘heat’, Cases 1 and 2, it was 
assumed that a third of the electricity used for heating of single family-houses (with 
and without water-fed systems) was replaced with district heating and another third 
was replaced with biomass fi ring. The replacement of district heating is particularly 
topical for city buildings, where the expansion of district heating is expected.

The cost of replacing oil fi ring will be lower compared to electric heating without 
a water-fed system. In scenario ‘heat’, Cases 1 and 2, it was therefore assumed that 
two-thirds of all oil fi ring was replaced with district heating, whereas one-third was 

Scenarios ‘Heat’ ‘Electricity’ ‘Vehicle fuel’ 

Case 1: potential biomass amounts 
derived from forestry, non-forest 
land, forest industry and municipality 

X

1

X

Case 2: Case 1 plus potential biomass 
amounts derived from agriculture 

X

X

X

Case 3: Case 1 plus 50% of potential 
pulpwood quantity. 

X

X

Figure 5-2. The different amounts of biomass supply evaluated in scenario ‘heat’ (marked 
with shaded squares). 
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replaced with biomass fi ring. This distribution was based on a supposed continuous 
expansion of district heating in densely populated areas.

Today, the use of biomass for heat production in single-family houses is dominated 
by wood fi ring, as shown in Table 5-3. Pellet fi ring is not common, but is increasing 
steadily (Swedish Energy Agency, 2002). It is quite similar to oil fi ring, and the oil 
burner in the boiler can be replaced with a pellets burner. Since pellet fi ring with 
automatic regulation is more comfortable than wood fi ring, it was assumed that all 
replacement of electric heating systems and oil fi ring to biomass fi ring was with 
pellet fi ring.

For scenario ‘heat’, the amount of biomass for district heating and pellets required 
for replacing electricity and oil fi ring for heat production in single family-houses 
are shown in Table 5-7. The total amount of pellets required for heat production in 
single-family houses was estimated to be 44.4 PJ (12.3 TWh) (2.6 PJ used in 2002 
and 41.8 PJ required for replacement of electricity and oil fi ring, as shown in Table 
5-7). Further, it was assumed that the amount of fuel wood required for heat produc-
tion was unchanged compared to 2002, i.e. the amount was 31.1 PJ (8.6 TWh).

Premises and dwellings excluding single-family houses
In scenario ‘heat’, Cases 1 and 2, it was assumed that two-thirds of the oil products, 
natural gas and electricity used for heat production in premises and dwellings other 
than single family-houses were replaced by district heating, whereas the remain-
ing one-third was replaced by pellet fi ring, according to a supposed continuous 
expansion of district heating in densely populated areas. The amount of biomass 
for district heating and pellets required for replacing electricity and fossil fuels are 
shown in Table 5-8. The total amount of pellets required for heat production in the 
residential and service sector was estimated to be 16.4 PJ (4.6 TWh) (2.3 PJ used 
in 2002 and 14.1 PJ required for replacing electricity and fossil fuels, as shown in 
Table 5-8). Further, it was assumed that the amount of undensifi ed woody biomass 
used for heat production was unchanged compared to 2002, i.e. the amount was 5.3 
PJ (1.5 TWh).

Table 5-7. Amounts of biomass for district heating (DH) and pellets required for replacing 
electricity and oil fi ring for heat production in single family-houses in scenario ‘heat’

Energy sources in 2002 EDH
a EDH

a Epellets
b Epellets

b

 [TWh] [PJ] [TWh] [PJ]
  

Electricity c 3.8 d 13.6 4.8 d 13.6 4.8 d e 17.4
Electric boilers with water-fed systems f 2.3 f 2.3 f g 8.1 2.9 h 10.4
Oil i 3.0 j 10.9 3.9 k 13.9k 13.9k

Total 9.1 32.6 11.6 41.8
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Energy use for heat production in industry
As many industrial processes require fuels with properties similar to fossil fuels (e.g.
high heating value and low moisture content) it is diffi cult to replace all fossil fuels 
with un-dried biomass; however, dried biomass such as pellets or wood powder 
may be used for heat production in these kind of processes. As mentioned above, 
the potential amount of biomass in Case 1 (biomass from agriculture not consid-
ered) would not suffi ce total replacement of fossil fuels used for heat production 
in industry, if replacement of electricity and fossil fuels used for heat production in 
premises and dwellings and for district heating is given priority. However, in Case 2 
(biomass from agriculture included), the potential amount of biomass was suffi cient 
for replacing fossil fuels used for heat production in industry. Thus, in Case 2 it was 
assumed that two-thirds (in energy units) of the fossil fuels used for heat produc-
tion in industry, i.e. 104.0 PJ/year (28.9 TWh/year), were replaced with un-dried 
biomass, whereas one-third (in energy units) of the fossil fuels was replaced with 
dried biomass, i.e. 52.0 PJ/year (14.4 TWh/year). Peat and MSW used in industrial 
sectors other than the pulp and sawmill industry sector were not replaced with other 
biofuels.

District heating
The total amount of oil and natural gas (including LPG) used for district heating in 
2002 was assumed as being replaced with biomass, referring to the two main rea-
sons for a continuous future exchange of fossil fuels with renewable energy sources 
(discussed in Chapter 1). As oil, natural gas and LPG are mainly used for maximum 
load, these fuels were replaced with pellets. Coal and blast furnace gas were not 
replaced with biomass, as blast furnace gas is a by-product of steel plants and a valu-
able fuel that may be used e.g. for district heating.e.g. for district heating.e.g.

The use of electric boilers for district heating has decreased markedly since 1990. 
One reason was the deregulation of the Swedish electricity market in 1996, which 
led to a faster increase in the price of electricity compared to the consumer price 
index, especially during recent years (Banks, 2004; Swedish Energy Agency, 2003b, 
2004a). Whereas the price of electricity may be expected to increase continuously 
during the coming years (Hauch, 2003; Lund & Andersen, 2005), the use of electric 
boilers for district heating are also expected to decrease continuously. Thus, in sce-
nario ‘heat’, Cases 1 and 2, it was assumed that all electric boilers used for district 
heating were replaced with pellet boilers.

The other energy sources, i.e. other biofuels (refuse, tall oil pitch, peat and other 

Table 5-8. Amount of district heating (DH) and pellets required for replacement of electricity 
and fossil fuels for heat production in premises and dwellings other than single family-houses 
in scenario ‘heat’

Energy sources in 2002 EDHEDHE a EDHEDHE a EpelletsEpelletsE b EpelletsEpelletsE b

 [TWh] [PJ] [TWh] [PJ]
  

Oil c 2.4 d 8.5 1.2 d 8.5 1.2 d e 4.4
Natural gas f 0.8 f 0.8 f g 3.0 0.4 h 1.6
Electricity i 4.4 j 15.7 2.3 k 8.1k 8.1k

Total 7.6 27.3 3.9 14.1
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Table 5-9.  Supply of district heating distributed by energy sources and fi nal use in scenario 
‘heat’

Energy sources E E
 [TWh] [PJ]
  

Coal, including blast furnace gas  2.2 7.9
Wood fuels  
 Undensifi ed woody biomass  31.4 113.0 a
 Pellets  14.3 51.3 b
Other biofuels  13.1 47.1
Heat pumps  7.7 27.7
Waste heat  7.1 25.5 c

Total  75.7 272.5
Conversion losses  7.4 26.8 d
Distribution losses  7.1 25.6 e

Final use of heat  61.1 220.1 f
  

unspecifi ed biofuels), heat pumps and waste heat were not replaced by the biomass 
assortments included in the three cases.

The supply of district heating distributed by energy sources and fi nal use in sce-
nario ‘heat’ are shown in Table 5-9. The increase in pellet demand for premises and 
dwellings and district heating will cause an increased amount of heat which may 
be recovered at fl ue gas drying of the biomass used for pellet production. This heat 
could be used for district heating. The total use of pellets in Sweden in 2002 (includ-
ing use for electric power generation in CHP plants) was 21.2 PJ (1.07 Mtdm)5. As the 
total use of pellets in scenario ‘heat’ was 112.1 PJ (5.49 Mtdm)6, the increased amount 
of pellets required, compared to 2002, was 90.9 PJ (4.42 Mtdm). The amount of heat 
recovered at fl ue gas drying of the biomass required for this amount of pellets was 
calculated to be 10.0 PJ7 (2.8 TWh).

In scenario ‘heat’, Cases 1 and 2, the energy sources used for the expansion of dis-
trict heating in premises and dwellings were assumed as being covered by the heat 
recovered at fl ue gas drying of the biomass used for pellet production and undensi-
fi ed woody biomass fi red in boilers used for base load. Thus, the total supply of 
woody biomass used for district heating production was 164.3 PJ (45.6 TWh), dis-
tributed on 113.0 PJ (31.4 TWh) of undensifi ed woody biomass and 51.3 PJ (14.3 
TWh) of pellets used in pellet boilers for maximum load (the boilers were earlier 
described in Chapter 4).

As mentioned above, the district heating production in CHP plants has fl uctuated 
between 20% and 30% during the last two decades. It may be expected that a poten-
tial increase of CHP in the district heating sector is possible when the district heating 
market is expanded. It was assumed that the continuous expansion of district heat-
ing, excluding the increased heat recovered at fl ue gas drying of the biomass used 
for pellet production, consisted of CHP. The total amount of fuel used for district 
heating production in CHP plants (including conversion and distribution losses) in 
scenario ‘heat’ was then 106.2 PJ8 (29.5 TWh), of which the distribution losses were 
10.0 PJ9 (2.8 TWh). The heat effi ciency and conversion losses in the CHP reference 
plant were 66.75% and 3.59% respectively (see Table A.J-45). The fuel amount 
required for electric power generation was then 44.8 PJ10 (12.4 TWh), of which 37.0 
PJ11 was wood fuels.
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Compilation of biomass amounts required for heat production in scenario ‘heat’
The total biomass amount derived from the biomass assortments studied and required 
for heat production in the scenario ‘heat’ are compiled in Table 5-10. As mentioned 
above, the amount of woody biomass used in district heating plants and originating 
from electricity production was 37.0 PJ, which has to be added to the amount of 
biomass used for heat production in district heating plants. Thus, the total amount 
of biomass required was 551.7 PJ (153.2 TWh) in Case 1 and 717.6 PJ (199.3 TWh) 
in Case 2. The total annual potential amount of the selected biomass sources was 
estimated to be 583.9 PJ in Case 1 and 680.2 PJ in Case 2 (see Chapter 3). Thus, 
the excess amount of biomass available in scenario ‘heat’ was 32.2 PJ (8.9 TWh) 
in Case 1. This excess amount may be used for replacing 21% of fossil fuels used 
for heat production in industry. In Case 2, there was a lack of 37.4 PJ (10.4 TWh) 
of biomass.

The amount of black liquor received in pulp mills could generate both heat, 
electricity and/or vehicle fuel at the gasifi cation process, and the CHP plants will 
produce both heat and electricity. Thus, even if there is no excess amount of bio-
mass available for electric power or vehicle fuel production, electricity and vehicle 
fuel (produced from black liquor) could be produced via co-generation in scenario 
‘heat’, Cases 1 – 2.

Table 5-10. Total biomass amounts required for heat production in scenario ‘heat’

Items Case 1 Case 2
   E E E E
   [PJ] [TWh] [PJ] [TWh]
  

District heating     
 Undensifi ed woody biomass 113.0 31.4 113.0 31.4
 Pellets 51.3 14.3 51.3 14.3
Industry     
 Black liquor in pulp industry  177.6 49.3 177.6 49.3
 Forest industry by-products used in  52.0 14.4 52.0 14.4
  pulp and saw mill industries
 Forest industry by-products used in  1.5 0.4 1.5 0.4
  industrial sectors other than pulp
  and saw mill industries 
 Other undensifi ed woody biomass   104.0 28.9
 Pellets   52.0 14.4
Premises and dwellings     
 Wood used in single-family houses 31.1 8.6 31.1 8.6
 Undensifi ed woody biomass used in  5.3 1.5 5.3 1.5
  premises and dwellings other than     
  single-family houses    
 Pellets 60.8 16.9 60.8 16.9
 Undensifi ed woody biomass used for fl ue  22.1 b 6.1 32.0 c 8.9
  gas generation for drying of biomass 
  used for pellet production a

Total amount of undensifi ed woody biomass  171.5 47.6 285.4 79.3
 excluding forest industry by-products
Total amount of forest industry by-products 53.5 14.9 53.5 14.9
Total amount of pellets 112.1 31.1 164.1 45.6
Total excluding black liquor 337.1 93.6 503.0 139.7
Total including black liquor 514.7 143.0 680.6 189.1
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Table 5-11. The distribution of the potential biomass amounts for different end-use purposes 
in scenario ‘heat’, Case 1

   m a m b  m c m d m e
   [Mtdm] [Mtdm] [Mtdm] [Mtdm] [Mtdm]
  

Forestry     
 Logging residues from fi nal felling 0.25 0.25 1.22 5.90 
 Logging residues from thinning  2.26   
 Trees from early thinning  0.42   0.66
 Direct fuel wood cuttings 1.49    0.11
 Fuel wood from industrial wood cuttings     1.00
 Fuel wood from non-forest land     0.48
Forest industry by-products     
 Wood chips  0.49   0.11
 Sawdust  1.40   0.20
 Bark  0.67   1.91
Municipal waste     
 Recovered wood     0.80
Total excluding black liquor 1.74 5.49 1.22 5.90 5.27
  

a) Undensifi ed woody biomass used in premises and dwellings
b) Pellet and briquette manufacturing and fi ring
c) District heating
d) CHP
e) Biomass used internally in industry

Simulation of the amounts of heat and electricity produced
The distribution of the potential biomass amounts for different end-use purposes in 
Case 1 is shown in Table 5-11. In Case 2, even all the potential amounts of biomass 
from agriculture were used for replacing fossil fuels for heat production in indus-
try.

The amount of heat produced for premises, dwellings and district heating, and 
electric power produced by conversion of the potential biomass amounts and pellet 
production in scenario ‘heat’ is shown in Figure 5-3. As mentioned above, the 
amount of electricity produced in CHP plants was 37.0 PJ (10.3 TWh). Here, distri-
bution losses were not considered, i.e. the heat amount produced for district heating i.e. the heat amount produced for district heating i.e.
and the electricity amount produced shown in Table 5-3 are the heat and electricity 
amounts produced at district heating plants and pellet factories excluding distribu-
tion losses.
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Scenarios ‘electricity’ and ‘vehicle fuel’
The different amounts of biomass supply evaluated in scenarios ‘electricity’ and 
‘vehicle fuel’ are marked with shaded squares in Figure 5-4. The total biomass 
amounts derived from the biomass assortments studied and required for heat produc-
tion in scenarios ‘electricity’ and ‘vehicle fuel’ are compiled in Table 5-12. In Cases 
1 and 2, these biomass amounts were assumed being equal to the use in 2002. In 
Case 3, the use of bark for heat production in the pulp industry in scenario ‘vehicle 
fuel’ was reduced by 50%, and accordingly the amount of pulp wood was reduced 
by 50%. As mentioned above, the amount of wood fuels used in district heating 
plants and originating from electric power generation in 2002 was 10.9 PJ, which 
has to be added to the amount of biomass used for heat production in district heat-
ing plants. The total amount of biomass required was then 364.3 PJ (101.2 TWh) in 
Cases 1 and 2 and 260.3 PJ (72.3 TWh) in Case 3. The total annual potential amount 
of the selected biomass sources was estimated to be 583.9 PJ in Case 1, 680.2 PJ in 
Case 2 and 627.3 PJ in Case 3 (see Chapter 3). Thus, the excess amounts of biomass 
available for production of electricity or vehicle fuels in scenarios ‘electricity’ and 
‘vehicle fuel’ were 219.6 PJ (61.0 TWh) in Case 1 and 315.9 PJ (87.8 TWh) in Case 
2. The excess amount of biomass available for production of vehicle fuels in sce-
nario ‘vehicle fuel’, Case 3, was 367.0 PJ (101.9 TWh).

According to scenario ‘heat’, gasifi cation of black liquor received in pulp mills 
could generate both heat, electricity and/or vehicle fuel, and the CHP plants will 
generate both heat and electricity in all Cases studied.
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Figure 5-3. The amounts of heat produced for premises, dwellings and district heating, and 
electric power produced by conversion of the potential biomass amounts in scenario ‘heat’. 
UndWoBio P&D’ in Figures 5-3 and 5-5 – 5-12 means ‘Undensifi ed woody biomass used in 
premises and dwellings’.
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Table 5-12. Total biomass amounts required for heat production in the scenarios ‘electricity’ 
and ‘vehicle fuel’

Items Cases 1 and 2 Case 3
    E E E E
    [PJ] [TWh] [PJ] [TWh]
  

District heating    
 Undensifi ed woody biomass  61.2 17.0 61.2 17.0
 Pellets  15.7 4.4 15.7 4.4
Industry    
 Black liquor in pulp industry   177.6 49.3 88.8 24.7
 Forest industry by-products used in pulp   52.0 14.4 36.8 a 10.2
  and saw mill industries
 Forest industry by-products used in  1.5 0.4 1.5 0.4
  industrial sectors other than pulp
  and saw mill industries
Premises and dwellings    
 Wood used in single-family houses  31.1 8.6 31.1 8.6
 Undensifi ed woody biomass used in   5.3 1.5 5.3 1.5
  premises and dwellings other than 
  single-family houses
 Pellets  4.9 1.4 4.9 1.4
Undensifi ed woody biomass used for fl ue gas   4.1 1.1 4.1 1.1
 generation for drying of biomass used for 
 pellet production
Total amount of undensifi ed woody biomass   97.6 27.1 97.6 27.1
 excluding forest industry by-products
Total amount of forest industry by-products  57.6 16.0 42.4 11.7
Total amount of pellets  20.6 5.7 20.6 5.7
Total excluding black liquor  175.8 48.8 160.6 44.6
Total including black liquor  353.4 98.2 249.4 69.3
  

Scenarios ‘Heat’ ‘Electricity’ ‘Vehicle fuel’ 

Case 1: potential biomass amounts 
derived from forestry, non-forest 
land, forest industry and community 

X

1

Case 2: Case 1 plus potential biomass 
amounts derived from agriculture 

X

Case 3: Case 1 plus 50% of potential 
pulpwood quantity. 

X X

X X

X

Figure 5-4. The different amounts of biomass supply evaluated in scenarios ‘electricity’ 
and ‘vehicle fuel’ (marked with shaded squares). 
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Simulations of maximum amounts of electricity and vehicle fuel produced 
– Case 1
The distribution of the potential biomass amounts for different end-use purposes in 
Case 1 is shown in Table 5-13. The maximum amount of electricity produced by 
conversion of the potential biomass amounts, after that the heat demand was cov-
ered (corresponding to the use of biomass for heat production in 2002), is shown in 
Figure 5-5. The total amount of electricity produced was 123.0 PJ (34.2 TWh), of 
which 10.9 PJ was produced in CHP plants and 112.1 PJ in IGCC plants.

The maximum amount of hydrogen produced by conversion of the potential bio-
mass amounts in Case 1, after that the heat demand was covered (corresponding to 
the use of biomass to heat production in 2002) was 169.9 PJ 12 (47.2 TWh) (Figure 5-
6). The maximum amount of methanol produced by conversion of the same biomass 
amounts was 138.7 PJ (38.5 TWh) (Figure 5-7).

In conformity with scenario ‘electricity’, 10.9 PJ of electric power was generated 
in CHP plants in scenario ‘vehicle fuel’, as 25% of the district heating production 
was from CHP plants in 2002. Distribution losses were not considered in the simula-
tions (similar to the simulation performed in scenario ´heat’).

Table 5-13. The distribution of the potential biomass amounts for different end-use purposes 
in the scenarios ‘electricity’ and ‘vehicle fuel’, Case 1

   m a m b  m c m d m e m f
   [Mtdm] [Mtdm] [Mtdm] [Mtdm] [Mtdm] [Mtdm]
  

Forestry      
 Logging residues from  0.25  1.70 1.77  3.90
  fi nal felling
 Logging residues from        2.26
  thinning
 Trees from early thinning       2.14
 Direct fuel wood cuttings 1.49      0.11
 Fuel wood from industrial        1.00
  wood cuttings
 Fuel wood from non-forest land       0.48
Forest industry by-products      
 Wood chips     0.11 0.49
 Sawdust  1.24   0.20  0.16
 Bark     1.91 0.67
Municipal waste      
 Recovered wood      0.80
Total excluding black liquor 1.74 1.24 1.70 1.77 2.22 12.01
  

a) Undensifi ed woody biomass used in premises and dwellings
b) Pellet and briquette manufacturing and fi ring
c) District heating
d) CHP
e) Biomass used internally in industry
f) Electric power generation or vehicle fuel production
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Scenario 'electricity', Case 1
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Figure 5-5. The amount of heat and electric power produced by conversion of the potential 
biomass amounts in scenario ‘electricity’, Case 1.

Scenario 'vehicle fuel - hydrogen', Case 1
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Figure 5-6. The amount of heat, electric power and hydrogen produced by conversion of the 
potential biomass amounts in scenario ‘vehicle fuel - hydrogen’, Case 1.
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Figure 5-7. The amount of heat, electric power and methanol produced by conversion of the 
potential biomass amounts in scenario ‘vehicle fuel – methanol’, Case 1.

Scenario 'vehicle fuel - methanol', Case 1
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Simulations of maximum amounts of electricity and vehicle fuel received 
– Case 2
The distribution of the potential biomass amounts for different end-use purposes in 
Case 2 is shown in Table 5-14. The maximum amount of electricity produced by 
conversion of the potential biomass amounts, after that the heat demand was cov-
ered (corresponding to the use of biomass to heat production in 2002), is shown in 
Figure 5-8. The total amount of electricity produced was 170.2 PJ (47.3 TWh), of 
which 10.9 PJ was produced in CHP plants and 159.3 PJ in IGCC plants.

The maximum amount of hydrogen produced by conversion of the potential bio-
mass amounts in Case 2, after that the heat demand is covered (corresponding to the 
use of biomass to heat production in 2002) was 241.5 PJ 13 (67.1 TWh) (Figure 5-
9). The maximum amount of methanol produced by conversion of the same biomass 
amounts was 197.2 PJ (54.8 TWh) (Figure 5-10).

In conformity with scenario ‘electricity’, 10.9 PJ of electric power was generated 
in CHP plants in scenario ‘vehicle fuel’, as 25% of the district heating production 
was in CHP plants in 2002. Distribution losses were not considered in the simula-
tions performed (similar to the simulations described above).
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Figure 5-8. The amount of heat and electric power produced by conversion of the potential 
biomass amounts in scenario ‘electricity’, Case 2.

Table 5-14. The distribution of the potential biomass amounts for different end-use purposes 
in the scenarios ‘electricity’ and ‘vehicle fuel’, Case 2

   m a m b  m c m d m e m f
   [Mtdm] [Mtdm] [Mtdm] [Mtdm] [Mtdm] [Mtdm]
  

Forestry      
 Logging residues from  0.25  1.70 1.77  3.90
  fi nal felling
 Logging residues from        2.26
  thinning
 Trees from early thinning       2.14
 Direct fuel wood cuttings 1.49      0.11
 Fuel wood from industrial        1.00
  wood cuttings
 Fuel wood from non-forest land       0.48
Forest industry by-products      
 Wood chips     0.11 0.49
 Sawdust  1.24   0.20  0.16
 Bark     1.91 0.67
Agriculture      
 Short rotation forest      2.29
 Reed canary grass      0.77
 Straw      2.00
Municipal waste      
 Recovered wood      0.80
Total excluding black liquor 1.74 1.24 1.70 1.77 2.22 17.07
  

a) Undensifi ed woody biomass used in premises and dwellings; b) Pellet and briquette 
manufacturing and fi ring; c) District heating; d) CHP; e) Biomass used internally in indu-
stry; f) Electric power generation or vehicle fuel production
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Figure 5-10. The amount of heat, electric power and methanol produced by conversion of the 
potential biomass amounts in scenario ‘vehicle fuel – methanol’, Case 2.

Figure 5-9. The amount of heat, electric power and hydrogen produced by conversion of the 
potential biomass amounts in scenario ‘vehicle fuel – hydrogen’, Case 2.
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Scenario 'vehicle fuel - methanol', Case 2

0

20

40

60

80

100

120

140

160

180

200

220

240

260

280

300

320

Small scale heating District heating Power Vehicle fuel

P
J

Veh fuel

Electricity

H&P

DistrHeat

Pell Large

PellSmall

PellInd

UndWoBio P&D



96

Table 5-15. The distribution of the potential biomass amounts for different end-use purposes 
in the scenario ‘vehicle fuel’, Case 3

   m a m b  m c m d m e m f
   [Mtdm] [Mtdm] [Mtdm] [Mtdm] [Mtdm] [Mtdm]
  

Forestry      
 Logging residues from  0.26  1.70 1.77  3.90
  fi nal felling
 Logging residues from        2.26
  thinning
 Trees from early thinning       2.14
 Trees from thinnings (pulpwood)      6.46
 Direct fuel wood cuttings 1.49      0.11
 Fuel wood from industrial        1.00
  wood cuttings
 Fuel wood from non-forest land       0.48
Forest industry by-products     
 Wood chips     0.11 0.49
 Sawdust  1.24   0.20  0.16
 Bark     1.27 0.67
Municipal waste      
 Recovered wood      0.80
Total excluding black liquor 1.75 1.24 1.70 1.77 1.58 18.47
  

a) Undensifi ed woody biomass used in premises and dwellings
b) Pellet and briquette manufacturing and fi ring
c) District heating
d) CHP
e) Biomass used internally in industry
f) Vehicle fuel production

Simulations of maximum amounts of vehicle fuel received – Case 3
The distribution of the potential biomass amounts for different end-use purposes 
in Case 3 is shown in Table 5-15. The maximum amount of hydrogen produced by 
conversion of the potential biomass amounts, after that the heat demand is covered 
(corresponding to the use of biomass to heat production in 2002) was 261.2 PJ14 
(72.6 TWh) (Figure 5-11). The maximum amount of methanol produced by conver-
sion of the same biomass amounts was 213.3 PJ (59.2 TWh) (Figure 5-12).

In conformity with the simulations described above, 10.9 PJ of electric power was 
generated in CHP plants, as 25% of the district heating production was produced in 
CHP plants in 2002. Neither were distribution losses considered in these simulations 
performed.
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Figure 5-12. The amount of heat, electric power and methanol produced by conversion of the 
potential biomass amounts in scenario ‘vehicle fuel – methanol’, Case 3.

Figure 5-11. The amount of heat, electric power and hydrogen produced by conversion of the 
potential biomass amounts in scenario ‘vehicle fuel – hydrogen’, Case 3.
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The potential of electricity and vehicle fuel production by black 
liquor gasifi cation
Black liquor is recovered internally in the pulp and paper industry, and the heat and 
electricity produced in this process is today mainly used internally within this indus-
try. However, replacement of conventional recovery boilers with gasifi cation units 
increases the yield of electricity at recovery of black liquor if a combined cycle is 
integrated. Alternatively, the product gas received at the gasifi cation process could 
be used for vehicle fuel production.

The annual excess of electricity and the annual amount of methanol that could 
be produced from black liquor gasifi cation in Sweden was estimated by means of 
data regarding the black liquor gasifi cation process developed by Chemrec AB. This 
process is based on entrained-fl ow gasifi cation of the black liquor at temperatures 
above the melting point of the inorganic chemicals (Ekbom et al., 2003). The poten-
tial excess amounts of electricity and methanol are shown in Table 5-16. As men-
tioned in Chapter 3, the estimated potential amount of black liquor is based on the 
assumption that all pulp produced in Sweden was chemical pulp, leading to that 
black liquor was received at all pulp manufacturing.

Table 5-16. Potential excess amounts of energy carriers at gasifi cation of black liquor

BLGCC        BLGMe

Case 1 and 2a Case 1 and 2a, b Case 3c

Black liquor input [PJ]
Additional requirement of biomass [PJ]
Excess of main product [PJ]
Excess of heat [PJ]

157.0d

39.1f

17.3h

157.0d

59.7e

136.5g

78.5
29.9
68.2

The amount of methanol produced implied that 59.7 PJ of biomass has to be added 
for covering the heat and electricity demand at the pulp mills in Cases 1 and 2, 
whereas the corresponding amount of biomass in Case 3 was 29.9 PJ (see Table 
5-16). This must be considered when summarizing the total yield of methanol from 
both gasifi cation of black liquor and gasifi cation of the other biomass assortments. 
Therefore, simulations were performed for calculating the amount of methanol pro-
duced by gasifi cation of the other biomass assortments where the total amount of 
biomass was reduced with 59.7 PJ in Cases 1 and 2, and the corresponding reduc-
tion of biomass amount in Case 3 was 29.9 PJ. The distribution of the potential 
biomass amounts for different end-use purposes in Cases 1-3 are shown in Tables 
5-17 through to 5-19.
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Table 5-17. The distribution of the potential biomass amounts for different end-use purposes 
in the scenario ‘vehicle fuel’, Case 1, where the total amount of biomass is reduced by 59.7 
PJ, corresponding to the amount required additionally for the pulping process

          
     ma

[Mtdm]
mb

[Mtdm]
mc

[Mtdm]
     md

[Mtdm]
     me

[Mtdm]
     mf

[Mtdm]

Forestry
Logging residues from fi nal 

felling
Logging residues from 

thinning
Trees from early thinning
Direct fuel wood cuttings
Fuel wood from industrial 

wood cuttings
Fuel wood from non-forest 

land
Forest industry by-products
Wood chips
Sawdust
Bark

Municipal waste
   Recovered wood

Total excluding black liquor

0.25

1.49

1.74

1.24

1.24

1.70

1.70

1.77

1.77

1.59

0.60
0.36
2.59

5.14

2.31

 2.26

 2.14
 0.11
 1.00

 0.48

0.80

9.10

a) Undensifi ed woody biomass used in premises and dwellings
b) Pellet and briquette manufacturing and fi ring
c) District heating
d) CHP
e) Biomass used internally in industry
f) Electric power generation or vehicle fuel production
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Table 5-18. The distribution of potential biomass amounts for different end-use purposes in 
scenario ‘vehicle fuel’, Case 2, where the total amount of biomass is reduced by 59.7 PJ, 
corresponding to the amount required additionally for the pulping process

          
     ma

[Mtdm]
mb

[Mtdm]
mc

[Mtdm]
     md

[Mtdm]
     me

[Mtdm]
     mf

[Mtdm]

Forestry
Logging residues from fi nal 

felling
Logging residues from 

thinning
Trees from early thinning
Direct fuel wood cuttings
Fuel wood from industrial 

wood cuttings
Fuel wood from non-forest 

land
Forest industry by-products
Wood chips
Sawdust
Bark

Agriculture
  Short rotation forest
  Reed canary grass
  Straw
Municipal waste
   Recovered wood

Total excluding black liquor

0.25

1.49

1.74

1.24

1.24

1.70

1.70

1.77

1.77

1.59

0.60
0.36
2.59

5.14

2.31

 2.26

 2.14
 0.11
 1.00

 0.48

2.29
0.77
2.00

0.80

14.16

a) Undensifi ed woody biomass used in premises and dwellings
b) Pellet and briquette manufacturing and fi ring
c) District heating
d) CHP
e) Biomass used internally in industry
f) Electric power generation or vehicle fuel production



101

Table 5-19. The distribution of potential biomass amounts for different end-use purposes in 
the scenario ‘vehicle fuel’, Case 3, where the total amount of biomass is reduced by 29.9 PJ, 
corresponding to the amount required additionally for the pulping process

          
     ma

[Mtdm]
mb

[Mtdm]
mc

[Mtdm]
     md

[Mtdm]
     me

[Mtdm]
     mf

[Mtdm]

Forestry
Logging residues from fi nal 

felling
Logging residues from 

thinning
Trees from early thinning
Trees from 

thinnings(pulpwood)
Direct fuel wood cuttings
Fuel wood from industrial 

wood cuttings
Fuel wood from non-forest 

land
Forest industry by-products
Wood chips
Sawdust
Bark

Municipal waste
   Recovered wood

Total excluding black liquor

0.25

1.49

1.74

1.24

1.24

1.70

1.70

1.77

1.77

0.15

0.60
0.36
2.59

3.70

3.75

 2.26

 2.14
6.46

 0.11
 1.00

 0.48

0.80

17.00

a) Undensifi ed woody biomass used in premises and dwellings
b) Pellet and briquette manufacturing and fi ring
c) District heating
d) CHP
e) Biomass used internally in industry
f) Electric power generation or vehicle fuel production

The results from the simulations are shown in Table 5-20. The total yield of meth-
anol decreased if black liquor was used for methanol production and 50% of the 
pulpwood was entirely used for methanol production instead of using biomass from 
agriculture as raw material (i.e. Cases 2 and 3) (the total yield decreased from 300.0 i.e. Cases 2 and 3) (the total yield decreased from 300.0 i.e.
PJ to 264.5 PJ).

Table 5-20. Amounts of methanol produced in Cases 1 – 3, when the total biomass amount is 
reduced with the amount required additionally for the pulping process

EmethanolEmethanolE a

         
EmethanolEmethanolE  from black methanol from black methanol
liquor includedaliquor includedaliquor included

[PJHHV] [PJLHV] [PJHHV] [PJLHV]

Case 1
Case 2
Case 3

105.1
163.5
196.3

92.1
143.4
172.1

241.6
300.0
264.5

211.8
263.0
231.9
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Comparison of maximum yields of energy carriers with today’s use

The total use of electricity in Sweden (including distribution losses) was 535.0 PJ in 
2002 (Swedish Energy Agency, 2004b). The amount of electricity produced in sce-
nario ‘electricity’, Case 1 was 123.0 PJ, and in Case 2 170.2 PJ. Adding the excess 
amount of electricity produced by black liquor gasifi cation resulted in 162.1 PJ of 
electricity for Case 1 and 209.3 PJ of electricity and for Case 2. The amounts of elec-
tricity produced in Cases 1 and 2 including black liquor gasifi cation corresponded to 
30.3% and 39.1% respectively of the total use of electricity in Sweden in 2002. The 
use of electricity in the Swedish pulp and paper industry in 2002 was approximately 
77 PJ (21 TWh) (Swedish Energy Agency, 2003a, 2003b).

In 2002, the total use of petrol was 5.71 million m3 and the total use of diesel oil 
was 3.91 million m3 (Swedish Energy Agency, 2004b). The energy content of 5.71 
million m3 of petrol is 186.1 PJLHV (LHV of petrol is 32.6 MJ/dmLHV (LHV of petrol is 32.6 MJ/dmLHV

3 (Swedish Energy 
Agency, 2003a)), whereas the energy content of 3.91 million m3 of diesel oil is 
140.4 PJLHV (LHV of diesel oil is 35.9 MJ/dmLHV (LHV of diesel oil is 35.9 MJ/dmLHV

3 (Swedish Energy Agency, 2003)). If 
it is assumed that the mean value of the effi ciency of petrol engines is 14.9% and 
the corresponding value of diesel engines is 17.6%, based on the LHV (according 
to Ahlvik & Brandberg (2001)), the mean value of the total vehicle work in petrol 
and diesel engines in Sweden in 2002 was 27.7 PJ and 24.7 PJ respectively, giving 
a total amount of annual vehicle work of 52.4 PJ. The effi ciency of hydrogen as fuel 
in a hybrid fuel cell propulsion system is estimated by Ahlvik & Brandberg (2001) 
to be 23.5% (based on the LHV), whereas the effi ciency of hydrogen in a conven-
tional petrol engine is assumed to be equal to the use of petrol, i.e. 14.9%. Thus, the 
amount of vehicle work derived from the amount of hydrogen produced in scenario 
‘vehicle fuel’, Case 1, will be 21.4 PJ if conventional petrol engines are used or 33.8 
PJ if hybrid fuel cell propulsion systems are used in all vehicles.

In Case 2 (biomass from agriculture was also considered), the amount of vehicle 
work derived from the amount of hydrogen produced was 30.4 PJ if conventional 
petrol engines were used or 48.0 PJ if hybrid fuel cell propulsion systems were used 
in all vehicles. The corresponding amounts of vehicle work derived from the amount 
of hydrogen produced in Case 3 was 32.9 PJ if conventional petrol engines were 
used or 51.9 PJ if hybrid fuel cell propulsion systems were used in all vehicles. Thus, 
99% of the annual total vehicle work in Sweden in 2002 was supplied with hydrogen 
from the Swedish biomass potential including 50% of the current pulpwood amount 
but excluding biomass from agriculture, i.e. Case 3 (even if the biomass used for the 
topical heat demand is taken into account), if new propulsion systems as hybrid fuel 
cells were used in all vehicles. If the hydrogen was used as substitute for petrol in 
conventional petrol engines, the hydrogen amount produced by gasifi cation of the 
biomass supplies in Case 2 would cover the Swedish demand of petrol.

If even black liquor was used for methanol production, the total amount of metha-
nol would increase from 138.7 PJ to 241.6 PJ in Case 1; from 197.2 PJ to 300.0 PJ 
in Case 2 and from 213.3 PJ to 264.5 PJ in Case 3. The additional biomass required 
for covering the internal heat and electricity demand in the pulp process is then 
considered. Based on the LHV, the effi ciencies for methanol in conventional petrol 
engines was 16.2% and 17.6% in diesel engines (Ahlvik & Brandberg, 2001). If 
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these increased amounts of methanol are used as a substitute for petrol in conven-
tional petrol engines, they would cover the Swedish demand for petrol, and the 
excess amount of methanol would be 46.6 PJ in Case 1; 105.0 PJ in Case 2 and 69.5 
PJ in Case 3. These amounts of methanol may be used for other purposes, e.g. as 
a substitute for diesel oil, and any excess amount would replace the same amounts 
of diesel oil, as the effi ciencies for diesel oil and methanol in diesel engines are 
estimated to be equal (Ahlvik & Brandberg, 2001). Thus, in Case 1 the amounts of 
diesel oil replaced correspond to 29.1% of the diesel oil used in Sweden in 2002. 
In Case 2, the corresponding value for replacing diesel oil used in Sweden in 2002 
would be 65.6%, and 43.4% in Case 3. It is evident that the largest amounts of fossil 
fuels that could be replaced with methanol is in Case 2 (biomass from agriculture 
taken into account). However, 48.3 PJLHV (13.4 TWhLHV (13.4 TWhLHV LHV) of diesel oil would still be 
required, even if methanol were produced by gasifi cation of black liquor received in 
the Swedish pulp mills.

Discussion
It was concluded in scenario ‘heat’ that the potential amounts of biomass available 
for energy purposes is not suffi cient for replacing both electricity and fossil fuels 
used for heating in both premises, dwellings and industry. The lack is greatest in 
Case 1 (i.e. when biomass from agriculture is excluded). Here, replacement of elec-
tricity used for heating is given priority, as use of electricity for heat production is 
considered being an ineffective way of using a high quality energy carrier as elec-
tricity. With the political decision to phase out nuclear power in Sweden, replacing 
electricity for heating with other sources such as biomass, may be an uncomplicated 
way of decreasing total electricity demand. However, the use of fossil fuels is also 
debated, because of the theory that carbon dioxide emissions derived from combus-
tion of fossil fuels cause climate changes (International Panel on Climate Change, 
2001). The choice of replacing electric power or fossil fuels is therefore not an easy 
task.

In scenario ‘heat’, Case 2 (biomass from agriculture is also considered), the lack 
of biomass is only 37.4 PJ (10.4 TWh), if both electricity and fossil fuels used for 
heating is replaced with biomass (as described above). This lack corresponds to 
5.2% of the total requirement of biomass in this scenario and Case. 

The estimated amount of black liquor in the scenarios and in 2002 was based on 
the assumption that all pulp produced in Sweden was chemical pulp, leading to that 
black liquor was receieved at all pulp manufacturing. In 2002, 26.1% of the pulp 
produced in Sweden was mechanical pulp, the percentage of half-chemical pulp was 
2.9%, the percentage of sulphite pulp was 5.8% and the percentage of sulphate pulp 
was 65.2% (The Swedish Timber Measurement Council, 2004). If this distribution 
of different pulp manufacturing processes remains unchanged, the amount of black 
liquor estimated in the scenarios may be overestimated by roughly 50%. The future 
development of the pulp market is not further evaluated in this thesis.

The simulations of using black liquor for methanol production show that the total 
yield of methanol is slightly decreased if 50% of the pulpwood is entirely used for 
methanol production instead of using biomass from agriculture as raw material (i.e.
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Cases 2 and 3) (the total yield decreases from 300.0 PJ to 264.5 PJ). However, com-
plementary analyses are required for evaluating which case being most favourable if 
black liquor is used for methanol production, as e.g. cost and/or emergy analyses.

Evaluation of hydrogen production at black liquor gasifi cation was not performed, 
as reliable data was not found. However, it may be expected that the difference in 
yields of hydrogen and methanol received by gasifi cation is rather equal at gasifi ca-
tion of black liquor and at gasifi cation of solid biomass. Thus, the yield of hydrogen 
may be somewhat larger than the yield of methanol even at gasifi cation of black 
liquor.

The result of scenario ‘electricity’, Case 2, is in accordance with the estimation 
made by Börjesson et al. (1997) concerning the biomass amount required for replac-et al. (1997) concerning the biomass amount required for replac-et al.
ing the electric power generated in the Swedish nuclear plants in 1994. As the cur-
rent biomass amount used for heat production is considered in scenario ‘electricity’, 
the amount of electric power generated are smaller compared to the study by Börjes-
son et al. (1997)et al. (1997)et al.

The scenario results by Johansson (1996a) concerning the biomass amount 
required for replacing all petrol and diesel oil with methanol in Sweden in 2015 is 
roughly in accordance with the result of scenario ‘vehicle fuel - methanol’, Case 3. 
The difference in the amount of petrol and diesel oil that could be replaced is mainly 
due to the consideration of biomass amount used for heat production in this latter 
scenario.

It is diffi cult to compare bioenergy potentials in different countries, as the prereq-
uisities may differ in several ways, as e.g. land use pattern, soil fertility and climate. e.g. land use pattern, soil fertility and climate. e.g.
Thailand’s area is 51.3 million ha (Sajjakulnukit & Verapong, 2003), to be compared 
with the area of Sweden, being 45.0 million ha (The Swedish Institute, 2002). How-
ever, the forest area and the area of cultivated land in Thailand is 12.8 million ha and 
19.9 million ha respectively (Sajjakulnukit & Verapong, 2003); thus, the forest area 
is quite half of the Swedish forest area, while the area of cultivated land in Thailand 
is more than seven times the area of cultivated land in Sweden (2.68 million ha in 
2002 (The Swedish Board of Agriculture, 2002)). The remaining area in Thailand 
(18.6 million ha) consists of unclassifi ed lands, grass and idle land. Unclassifi ed 
lands include e.g. degraded national forest reserves that could be used for forest e.g. degraded national forest reserves that could be used for forest e.g.
plantation. It is estimated by Sajjakulnukit & Verapong (2003) that 22.5 million ha 
of plantations could be used for biomass production in 2010, i.e. roughly the same i.e. roughly the same i.e.
area as the forest area in Sweden. The large variation in electric power generation 
potential estimated by Sajjakulnukit & Verapong (2003) is due to different yields of 
biomass per ha and different amounts of biomass demand for purposes other than 
electric power generation. However, the electricity amounts generated in scenario 
‘electricity’ is in the range of the electric power generation potential in Thailand in 
2010 estimated by Sajjakulnukit & Verapong (2003), as the electricity amounts in 
scenario ‘electricity’ ranges from 123 to 209 PJ for Cases 1 and 2.
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6.  Energy, cost and emergy analysis 
 
The aim of the work presented in this chapter was to evaluate the production of 
heat, electricity, or vehicle fuel through the production, handling and conversion 
of biomass received from forestry, non-forest land, forest industry, agricultural 
land and community (i.e. recovered wood) by energy, cost and emergy analysis. 
The emergy-based yield and investment ratios, defined by Ulgiati et al. (1995) 
were used for the emergy analysis, together with calculations of solar emergy and 
transformity for the production chains based on the biomass assortments studied. 
 
Prerequisites and methods 
Many of the biomass assortments evaluated in this work are nowadays considered 
as by-products. Logging residues are e.g. received at felling and delimbing of 
trees, where roundwood is considered as the main product for the production of 
sawn wood and wood pulp. Normally, the costs of operations connected to a 
production process are not allocated between the main products and the by-
products received, they are all allocated to the main products (Deakin & Maher, 
1991). 
 

 Allocation of the energy required in a production process between the main 
products and the by-products received has been an issue within energy analysis 
since the 1970’s. The International Federation of Institutes for Advanced Study 
(IFIAS) (1974) discussed several ways of energy allocation. Firstly, all energy 
requirements are allocated to the output of interest (i.e. the main products). 
Secondly, all energy requirements are allocated in proportion to financial value or 
payments. Thirdly, all energy requirements are allocated in proportion to some 
physical parameter characterising the system, and finally, all energy requirements 
are allocated in proportion to the marginal energy savings made if the goods or 
services were not provided. IFIAS recommended that the third method of energy 
allocation is used whenever possible. The fourth method was not recommended, as 
it may confuse energy analysis with policy analysis based upon energy analysis. 
 

 Recently, international standards for defining, describing, analysing and 
comparing technical energy systems have been obtainable, namely ISO 13600 – 
13602 (International Organization for Standardization, 1997, 1998a, 1998b, 2002). 
Even in these standards, allocation of the energy required for operations connected 
to a production process between the main products and the by-products received is 
an issue. Here, it is recommended that the energy required in the production 
process be allocated proportionally to the embodied energy amounts in the main 
products and by-products. 
 

In the future, the interest in renewable energy sources may increase markedly, 
when the price of energy increases caused by an increased lack of fossil fuels, In 
such a scenario, the forestry sector and forest industry may consider biomass from 
forestry and forest industry for energy conversion, e.g. logging residues, sawdust 
and bark as the main products with economic values equal to roundwood. In this 
work, all biomass assortments studied were considered as main products, i.e. both 
the energy required and the costs for all operations were equally allocated on dry 



106

matter weight basis between the traditional main products (e.g. roundwood and 
grain) and the biomass assortments analysed. However, an economic allocation 
(i.e. allocation due to differences in prices between the main product and by-
products) was performed as a sensitivity analysis for straw, for evaluating the 
differences in costs received at allocation on dry matter weight basis and at 
economic allocation. 
 

The annual flow of all items in physical, economic and emergy terms were 
calculated per metric ton of dry matter (tdm). The annual flows of the items for 
production and handling of biomass from forestry were based on the area of 
productive forest land used in AVB 92, namely 21.84 million ha (see Chapter 2). 
The annual flows of the items for production and use of willow; reed canary grass; 
and straw are based on one hectare of arable land. 
 

Dry matter losses may be significant in some operations for most of the biomass 
assortments studied, e.g. storage. The estimated dry matter losses used in the 
analyses are compiled in Appendix G. 
 

The input data of the analyses were based on literature references and personal 
communication: the choices of input data used are noted in the footnotes to Tables 
A.I-1 through to A.I-17 and all primary data regarding silviculture, agriculture and 
machinery equipment are found in Appendix J. The input data for the conversion 
systems, e.g. energy yields, wear of equipment, capital costs and operating and 
maintenance (O & M) costs, were based on the reference plants described in 
Chapter 4: these data are compiled in Tables A.J-42 through to A.J-48. The 
emergy flows required for the conversion processes were calculated in the same 
manner as the calculations of the emergy flows required in the previous handling 
steps, i.e. the emergy flows derived from the internal energy use, wear of 
equipment, capital costs and costs for human services (O & M costs) were 
calculated for each conversion process and biomass assortment. 
 

The analyses were performed in spreadsheets and higher heating values of the 
biomass assortments were used in all calculations. The methods used were 
described in Chapter 2 and specific details regarding the methods valid for the 
performed analyses are described below. 
 
Energy analysis 
Level 1 in Figure 2-6 for energy analysis was defined as the conversion processes 
studied, and level 2 was defined as production and handling of the pre-treated 
biomass fractions. As the contribution of indirect energy from the production of 
equipment and other goods and services used in agriculture could not be ignored 
(see Chapter 2), these items were also considered in both agricultural and forestry 
operations: the evaluation of embodied energy in machinery is described in 
Appendix H. Capital energy, i.e. energy required for fixed installations of 
machinery and buildings, were excluded in the analysis, as this energy 
contribution to overall energy requirements was small (see Chapter 2). 
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Cost analysis 
The interest rate used for the calculation of investment costs is dependant on the 
shares of capital and loan used for the investment, plus, the yield requirement of 
the capital and the lending rate influence the interest rate (Olsson et al., 1998). 
Thus, the interest rate used for the calculation of investment costs varies for 
different situations. In general, the annual interest rate used for the calculation of 
investment costs for machinery in Sweden is 7% (Swedish University of 
Agricultural Sciences, 8-Sep-2004 (URL)), whereas, the annual interest rate for 
calculating investment costs for energy plants in Sweden in general is 5 – 6% 
(Bärring et al., 2003). Segelod (1989) states that different interest rates lead to 
different valuations of expected generated capital from the investments. Thus, the 
annual interest rate used for all equipments was chosen to be 6.0% in this work. 
 

All monetary costs were calculated by means of the Swedish consumer price 
index and to the level of cost in Sweden in June 2002. 
 
Emergy analysis 

Transformities (i.e. solar emergy units per unit actual energy, mass or money) 
for various processes were inter alia taken from Odum (1996) and Doherty, 
Nilsson & Odum (2002). Transformities for machinery used in forestry and 
agriculture were estimated by means of the calculated specific embodied energy 
amounts in machinery (see Appendix H). 
 

The emergy per monetary currency ratio (sej/SEK) for 2002 was calculated by 
Hagström & Nilsson (2004) and this ratio was used for quantifying human work in 
emergy terms for that year. The calculation of the Swedish emergy per monetary 
currency ratio for 2002 is described in Appendix F. 
 
Results 
The main results of the energy, cost and emergy analyses of production and 
handling of the different biomass assortments received from forestry, forest 
industry, agriculture and community used for conversion to heat, electricity or 
vehicle fuel are compiled in Tables 6-1 through to 6-3. All analytical results are 
shown in Tables A.I-1 through to A.I-17. It is here obvious that the energy and 
cost analyses are partial compared to the emergy analysis, which considers both 
energy flows from the environment and society. The energy analysis yields the 
primary energy required for the different handling steps, the ratio of the final 
product received to the primary energy input and the ratio of the energy output to 
the primary energy input. The cost analysis yields the cost for the different 
handling steps and the cost of the final product received. The emergy analysis 
yields the emergy flow within the whole system (sej/tdm), the transformity as a 
value of the hierarchical position (calculated as the solar emergy flow required to 
produce the received amount of product), the emergy yield ratio (EYR) and the 
emergy investment ratio (EIR). As mentioned in Chapter 2, the EYR yields 
information as to whether the process studied may generate a net contribution of 
emergy to the economy, whereas the EIR yields information whether the process is 
a good user of the emergy that is invested, in comparison with alternatives. 
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The energy, emergy and cost analysis of final felling are shown in Table A.I-1. 
The received values after felling, delimbing and cutting were used as input for the 
analyses of handling of the logging residues from final felling (Table A.I-3), and 
the received values after road transport were used as input for the analyses of the 
handling of by-products from sawmills (Tables A.I-8 through to A.I-10).  
 

The values after felling, delimbing and cutting at thinnings (shown in Table A.I-
2) were used as input for the analyses of the handling of logging residues from 
thinning (Table A.I-4). The received values after road transport of sawdust (shown 
in Table A.I-9) were used as the input for the analyses of production and use of 
pellets (Table A.I-16 through to A.I-17). 
 

The solar transformity for monetary currency used in Tables A.I-1 through to 
A.I-17 was 1.58 x 1011 sej/SEK (see Table A.F-1, footnote l). The solar 
transformities used for motor fuel was 47,900 sej/J and 80,200 sej/J for electricity 
(Doherty, Nilsson & Odum, 2002; Odum, 1996). The solar transformity for 
process equipment (i.e. pelletizing and conversion equipment) was assumed equal 
to the solar transformity for tractors, i.e. 2.60 x 1012 sej/kg (see Table A.H-7). 
Other solar transformities used are listed in the footnotes to Tables A.I-1 through 
to A.I-17. The handling operations performed by the different biomass 
assortments are described in Chapter 3, and the conversion processes studied 
(district heating production, CHP, electric power generation via IGCC, production 
of hydrogen and methanol via the Battelle-Columbus gasification process, small-
scale wood and pellets firing and large-scale pellets firing) are described in 
Chapter 4. Input data used in the analyses are presented in Appendices B and J. 
 
Energy analysis 
The yields of energy carriers produced by thermochemical conversion of the 
different biomass assortments per hectare and year are shown in Table 6-1. The 
yields are highest at conversion of the biomass assortments derived from 
agriculture: the highest yields are from cultivation and conversion of willow, and 
range from 74.9 GJ/(ha x year) for electric power generation to 154.7 GJ/(ha x 
year) for CHP generation. The large difference in yields between the biomass 
assortments from agriculture and the biomass assortments from forestry, forest 
industry and community is due to the calculations of yields of energy carriers 
produced per hectare and year from the biomass assortments from forestry, forest 
industry and community being based on the whole area of productive forest land 
in Sweden, whereas the calculations of yields of energy carriers produced per 
hectare and year by conversion of the biomass assortments from agriculture are 
based on the area of estimated cultivated arable land used for these biomass 
assortments.  
 

The biomass assortments requiring most energy for cultivation, harvesting and 
further handling were the biomass assortments derived from agriculture (Tables 6-
1 and A.I-11 through to A.I-13). However, the variation of the total primary 
energy required before conversion was large even for these assortments: 830.0 
MJ/tdm as lowest for willow and 3.65 GJ/tdm as largest for straw. Straw required a 
large amount of primary energy, as that cultivation of wheat required more 
primary energy than the cultivation of willow or reed canary grass. The lower 
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yield of straw also led to larger amounts of specific primary energy input for straw 
handling, compared to the handling of harvested willow and reed canary grass. 
The dominating item of embodied, primary energy in expendables used in the 
cultivation of agricultural biomass was the embodied energy in fertilizers, which 
contributed to 85% of the total embodied, primary energy in expendables for 
willow cultivation, 93% for reed canary grass cultivation and 59% for cultivation 
of wheat. Cultivation of wheat required an energy input of 2.23 GJ/tdm of 
embodied energy and 511 MJ/tdm of diesel oil (Table A.I-13); willow cultivation 
required 457.7 MJ/tdm of embodied energy and 67.6 MJ/tdm of diesel oil; and reed 
canary grass cultivation required an 456.0 MJ/tdm of embodied energy and 84.4 
MJ/tdm of diesel oil (Tables A.I-11 through to A.I-12). 
 

Another operation requiring much energy for handling the different biomass 
assortments was road transport. Straw required the largest amount of diesel oil, 
229.8 MJ/tdm; other operations requiring much energy were baling (111.4 MJ/tdm 
of diesel oil) and forwarding of logging residues from thinning (110.9 MJ/tdm of 
diesel oil) (see Table A.I-4). The difference in energy required for baling and 
forwarding of logging residues from thinning, compared to baling and forwarding 
of logging residues from final felling, was due to the lower concentration of 
logging residues from thinning. The forwarding of trees from early thinning and 
fuel wood from industrial wood cuttings required 96.3 MJ/tdm of diesel oil, logging 
of fuel wood from industrial wood cuttings and at thinning required 63.2 MJ/tdm of 
diesel oil and comminution of reed canary grass and straw required 105.9 MJ/tdm 
of electricity. 
 

The sum of embodied, primary energy was small compared to the sum of direct 
primary energy required for all biomass assortments, excluding biomass from 
agriculture. The sum of embodied, primary energy for these assortments (from 
forestry, non-forest land, forest industry and community) ranged from 2.7 to 36.7 
MJ/tdm compared to the sum of direct primary energy required, which ranged from 
111.0 to 900.1 MJ/tdm before conversion. The total primary energy required for 
these assortments before conversion ranged from 137.6 to 931.8 MJ/tdm, where the 
smallest amount was required for fuel wood from direct fuel wood cuttings and the 
largest amount was required for bark. 
 

The primary energy required on conversion (excluding the energy content of the 
biomass used) ranged from 251.1 to 1602.7 MJ/tdm, where the lowest primary 
energy amount was required for district heating production and the highest 
primary energy amount was required for hydrogen production. Hydrogen, 
methanol and electric power generation required more primary energy (excluding 
the energy content of the biomass used) at conversion than the total amount of 
primary energy required for all handling operations before conversion (Tables 6-1 
and A.I-2 through to A.I-14). This is due to the conversion process being more 
complicated than commercial combustion processes. Compressors are e.g. 
required for syngas processing on hydrogen and methanol production, and for 
pressurization of the inlet air for gasification of the fuel in the reference IGCC 
process for electric power generation.  
 

The conversion of the biomass assortments in the CHP plant was the most 
energy-efficient of the different conversion processes studied (Tables 6-1 and A.I-
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3 through to A.I-14); however, the ratio of final product received to the primary 
energy input varied greatly for the different biomass assortments: 77.8% as lowest 
for straw and 91.9% as highest for recovered wood. Reed canary grass had a low 
ratio (87.1%) of final product received to the primary energy input at CHP 
compared to the other biomass assortments. A corresponding value for biomass 
from forestry (logging residues from final felling) was 90.6%.  
 

Electric power generation by condensing power had the lowest ratio of final 
product received to the primary energy input: the ratio ranged from 37.3% for 
straw to 43.9% for recovered wood. The corresponding ratio for biomass from 
forestry (logging residues from final felling) was 43.2%. 
 

The ratio of final product received to the primary energy input was generally 
higher for hydrogen production compared to methanol production. The ratio 
ranged from 55.2 to 65.0% for hydrogen production and from 46.7 to 55.1% for 
methanol production. Even in this case, the lowest ratio was for straw, and the 
highest ratio was for recovered wood.  
 

District heating generation in the moving grate hot water boiler had the second 
highest ratio of final product received to the primary energy input: the ratio ranged 
from 68.3% for straw to 80.9% for recovered wood. 
 

The ratio of primary energy output to primary energy input before conversion 
and the ratio of secondary energy output to primary energy input after conversion 
varied between the different biomass assortments and conversion technologies. 
Fuel wood from direct fuel wood cuttings had both the highest ratio of primary 
energy output to primary energy input before conversion (152.0) and the highest 
ratio of secondary energy output to primary energy input when used as fuel in 
domestic boilers (113.1). For recovered wood, the ratio was 122.2. The assortment 
having the lowest ratio of primary energy output to primary energy input before 
conversion was pellets: the ratio was 3.5. This is explained by the large energy 
input on pelletizing, particularly for drying of the biomass used as raw material for 
wood pellet production. Thus, even the ratio of secondary energy output to 
primary energy input at pellets firing was low (2.6) at firing in domestic boilers 
and 3.0 at firing in larger boilers for district heating production. 
 

Fuel wood from non-forest land had a high ratio of primary energy output to 
primary energy input before conversion: the ratio was 75.0. The ratios, before 
conversion, of biomass from forestry ranged from 33.0 to 55.1. Forest industry by-
products and biomass from agriculture had lower ratios of primary energy output 
to primary energy input before conversion, where the ratios ranged from 16.0 to 
23.6 for all assortments except straw (5.1). The low ratio for straw may be 
explained by a high energy input at cultivation of wheat. 
 

The ratio of secondary energy output to primary energy input after conversion 
was highest for district heating production and lowest for electric power 
generation. Even hydrogen and methanol production had low ratios of secondary 
energy output to primary energy input ratios compared to district heating 
production (the energy output is defined as secondary energy, i.e. different kinds 
of energy carriers). Thus, a lower ratio of secondary energy output to primary 
energy input may be expected at production of high-quality energy carriers such as 

 114
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electric power and vehicle fuel compared to heat, which is an energy carrier of 
lower quality. 
 
Cost analysis 
The costs for handling biomass received from forestry and non-forest land are 
shown in Tables A.I-1 through to A.I-7 and Table A.I-15. The main results of the 
cost analysis are also compiled in Table 6-2. The total costs before conversion 
ranged from 308 SEK/tdm for trees from early thinning to 576 SEK/tdm for logging 
residues from thinning. The most expensive operation was logging of fuel wood 
from non-forest land (303 SEK/tdm), whereas the cost for the silvicultural 
operations were lowest (40 SEK/tdm). Thus, the fluctuation in cost for the different 
operations was wide. 
   

 The cost of saw milling was considerable, leading to a large total cost for by-
products from sawmills: 1052 to 1054 SEK/tdm before conversion (Tables 6-2 and 
A.I-8 through to A.I-10). Thus, the total costs for wood chips, sawdust and bark 
were much higher than the costs for the handling of biomass received from 
forestry. The large cost of sawdust led to an increased cost of pellets made of 
sawdust: 1497 SEK/tdm before conversion (Tables 6-2 and A.I-16 through to A.I-
17). 
 

The costs for handling willow, reed canary grass and straw are shown in Tables 
A.I-11 through to A.I-13, Tables A.J-15 through to A.J-17 and compiled in Table 
6-2. The total costs before conversion were largest for straw (1255 SEK/tdm) and 
lowest for willow (505 SEK/tdm). The most expensive field operation for willow 
farming was fertilization of low plant stands (631 SEK/(ha x year) or 76 SEK/tdm). 
Other field operations with high costs for willow cultivation were planting (307 
SEK/(ha x year) or 37 SEK/tdm), fertilization of high plant stands (357 SEK/(ha x 
year) or 43 SEK/tdm) and harvesting and field transport (408 SEK/(ha x year) or 49 
SEK/tdm). Road transport was the most expensive operation, as the total cost of 
road transport of willow was 220 SEK/tdm. 
 

The most expensive operation for reed canary grass and straw was baling (1192 
SEK/(ha x year) or 194 SEK/tdm for reed canary grass and 1457 SEK/(ha x year) 
or 194 SEK/tdm for straw). Other expensive operations included: low fertilization 
of reed canary grass (836 SEK/(ha x year) or 136 SEK/tdm); storage (457 SEK/(ha 
x year) or 74 SEK/tdm for reed canary grass and 209 SEK/(ha x year) or 48 
SEK/tdm for straw); and road transport (145 SEK/tdm for reed canary grass and 159 
SEK/tdm for straw). The difference in costs between reed canary grass and straw 
for the field operations was due to the lower biomass yield per hectare for straw 
compared to reed canary grass (4.32 tdm/(ha x year) and 6.14 tdm/(ha x year) 
respectively). 
 

CHP had the lowest costs for producing the energy carriers by the different 
conversion technologies. The cost of electricity (COE) for CHP generation was 
lowest for recovered wood (43 SEK/GJ) and highest for straw (108 SEK/GJ). The 
COE for electric power generation by condensing power in the IGCC plant was 
similar, but was higher: 72 SEK/GJ for recovered wood and 206 SEK/GJ for 
straw. The lower costs for electric power at CHP compared to the COE at the 
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IGCC condensing power plant was because of the total cost being distributed on 
both heat and electric power generated at CHP P

1. 
 

The cost of district heating produced in the small moving grate boiler was 
generally higher than the cost of district heating generated at the CHP plant. This 
is due to the distribution of the total cost on both electric power and heat at CHP. 
The larger size of the CHP plant also leads to a lower production cost, as 
mentioned in Chapter 4. 
 

In the comparison of costs for hydrogen and methanol production and electric 
power generation (Tables A.I-3 through to A.I-14 (compiled in Table 6-2)), 
hydrogen production had the lowest cost, whereas electric power generation had 
the highest cost (one exception was conversion of recovered wood, where the 
highest cost was for methanol production). However, the size of the IGCC plant 
for electric power production was approximately half the size of the plants used 
for hydrogen or methanol production. It was therefore difficult to compare the 
costs of electric power generation and vehicle fuel production for the different 
biomass assortments, as boiler size influences both the efficiency and cost for 
energy carriers generated (see Chapter 4). 
 

The COE on electric power generation was slightly higher than the production 
cost of methanol for most of the biomass assortments, although, the production 
cost of hydrogen was lower than both electric power generation and methanol 
production. The production cost for hydrogen was lowest for recovered wood (58 
SEK/GJ) and highest for straw (146 SEK/GJ). 
 

The cost for small-scale heat production is shown in Tables 6-2 and A.I-15 
through to A.I-16. It may be seen that the cost of heat generated at wood firing (183 
SEK/GJ) was less than the cost of heat generated from pellet firing (255 SEK/GJ).  
 

The cost of heat generated from large-scale pellet firing was much lower than the 
cost of heat generated from small-scale pellet firing; the cost of heat at large-scale 
pellet firing was 104 SEK/GJ (see Tables 6-2 and A.I-17). Thus, the larger pellet 
boiler, which may be used in district heating production, is more cost-effective than 
smaller pellet boilers used in single family-houses. 
 
Emergy analysis 
The final yields of the energy carriers produced (heat, electric power, hydrogen 
and methanol) from all biomass assortments revealed that the lowest solar 
transformity was for district heating production (18,595 – 58,915 sej/J), and the 
highest solar transformity was for electric power generation in CHP plants (44,842 
– 156,816 sej/J) (see Tables 6-3 and A.I-1 through to A.I-17). The high 
transformity for electric power generation in the CHP plant may be explained by 
the comparatively low yield of electric power at CHP (varying between 5.40 – 
6.08 GJ/tdm for the different biomass assortments). Recovered wood had the lowest 
transformities and fuel wood from non-forest land had the highest solar 
transformities. The high transformities for fuel wood from non-forest land is 
explained by the low yield of fuel wood per hectare, compared to the other 
biomass assortments. 
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The solar transformities for electric power generation ranged from 33,254 sej/J 
to 104,635 sej/J, whereas the solar transformities for hydrogen ranged from 25,385 
to 72,230 sej/J and from 29,540 to 85,842 sej/J for methanol production. Even 
with these conversion processes, the lowest solar transformities were received by 
recovered wood, and the highest were received by fuel wood from non-forest land. 
 

The emergy investment ratio (EIR) was less than one before conversion for most 
biomass assortments derived directly from forestry and for recovered wood, i.e. 
the emergy flow fed back from outside the system (fuels, goods and services) were 
less than the indigenous emergy input (Tables A.I-1 through to A.I-6, A.I-14, A.I-
15 and 6-3). One exception was logging residues from thinning, where the EIR 
was greater than one even after road transport. However, after conversion the EIR 
of all assortments was greater than one, which meant that the societal emergy flow 
fed back was greater than the indigenous emergy input. 
 

The EIR of forest industry by-products was larger than one even after saw 
milling (Tables A.I-8 through A.I-10). The lowest EIR after conversion for these 
assortments was received for CHP generation (2.83 – 2.88), which means that the 
emergy flow from society was almost three times greater than the indigenous 
emergy input. The EIR after the other conversion processes ranged from 3.15 to 
3.64, where the lowest EIR was received for district heating generation and the 
highest EIR was received for hydrogen production. 
 

The EIR for the biomass assortments from agriculture was larger than one even 
after cultivation: the lowest EIR after cultivation was for reed canary grass (1.75) 
and the highest was for wheat (5.60). After conversion, the EIR ranged from 5.64 
to 11.18, where the lowest EIR was for CHP generation with reed canary grass as 
the fuel, and the highest was for hydrogen production with straw as a fuel. 
 

The difference in emergy yield ratio (EYR) between the energy carriers received 
from each biomass assortment was small, whereas the difference in EIR between 
the energy carriers from each biomass assortment was larger. One exception was 
fuel wood from non-forest land, where the differences in EYRs received for the 
different conversion processes were greater than the EIRs received (the EYRs 
ranged from 3.35 to 4.36 and the EIRs ranged from 0.30 to 0.43). However, the 
differences in EYRs and EIRs between biomass from agriculture and the other 
biomass assortments were large; for instance, the EYR for willow was only 1.12 – 
1.17 for the different energy carriers produced, whereas the EIR for willow ranged 
from 5.87 for CHP generation to 8.15 for hydrogen production. The highest EYRs 
and the lowest EIRs were for the energy carriers received at conversion of fuel 
wood from non-forest land, with the highest EYR (4.36) and the lowest EIR (0.30) 
for CHP generation and the lowest EYR (3.35) and the highest EIR (0.43) for 
hydrogen production. The high EYRs and low EIRs for fuel wood from non-forest 
land may be explained by the absence of silvicultural input required for this 
biomass assortment, as opposed to the biomass assortments derived from 
agriculture, which are highly intensive regarding resource input in cultivation and 
handling of the biomass in the field. Of all the biomass assortments analysed, only 
fuel wood from non-forest land had EIRs lower than one after conversion. 
 

The EIR of sawdust was larger than one even after saw milling; and after 
pelletizing, the EIR was as much as 3.45. The EIR after heat production in the 
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larger pellet boiler was lower (4.07) than the EIR after heat production in the 
smaller pellet boiler (4.71). Comparison of small-scale pellet firing with small-
scale wood firing indicated that the EIR was lower for heat produced at wood 
firing (4.03). Thus, 4 to almost 5 times of emergy were invested from society 
compared to the emergy flow invested from the local environment on pellets firing 
and small-scale wood firing: the EIR ranged from 4.0 to 4.7 for these conversion 
processes. 
 
Sensitivity analysis 
Road transport required the most direct energy for all biomass assortments before 
conversion, except forest industry by-products (Tables A.I-1 through to A.I-14). 
Saw milling required twice the amount of direct energy than road transport (the 
energy amounts required for wood chips was 300.0 MJ/tdm of electricity and 148.9 
MJ/tdm of diesel oil for sawdust). The difference in total primary energy input, 
total costs and total emergy flows if the road transport distances were doubled, 
from 75 km to 150 km, for three biomass assortments, logging residues from final 
felling, sawdust and willow, was evaluated with sensitivity analysis. The doubling 
of the road transport distance led to that the direct energy required doubled; 
however, the embodied primary energy only increased by 62% for willow and 
76% for logging residues from final felling and sawdust due to the increase in 
embodied primary energy being inversely proportional to the production per hour 
during road transport (tdm/hG15). Thus, the hourly production decreased by 62 – 
76% at an increase in transport distance from 75 km to 150 km. 
 

Doubling the road transport distance from 75 km to 150 km did not appear to 
affect the ratio of final product received to the primary energy input as much 
(Table 6-4). The ratio of final product received to the primary energy input is 
shown in Table 6-4. It may be seen that the changes of the ratio was rather small. 
The ratio decreased by 0.9% at conversion of logging residues from final felling 
and by 0.8% at conversion of sawdust and willow. Thus, a doubling of the road 
transport distance for the biomass assortments led to small decreases in the total 
yields of energy carriers. 
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Table 6-4. Changes in the ratio of final product received to the primary energy input when 
the road transport distance was increased from 75 km to 150 km 
 
  

 
District 
heating 

[%] 
 

CHP
[%]

Electric 
power 

generation
[%]

Hydrogen 
production

[%]

Methanol 
production

[%]

 
Road transport distance = 
75 km 

Logging residues from 
final felling 

Sawdust 
Willow 
 
Road transport distance = 
150 km 

Logging residues from 
final felling 

Sawdust 
Willow 
 

 
 
 

79.6 
 

78.0 
78.3 

 
 
 

78.9 
 

77.3 
77.6 

90.6

88.6
88.9

89.8

87.9
88.2

43.2

42.4
42.5

42.8

42.0
42.2

64.2

62.7
62.9

63.6

62.3
62.4

54.3

53.1
53.3

53.8

52.7
52.9

 
The changes in costs for the different energy carriers produced on conversion of 

logging residues from final felling, sawdust and willow when the road transport 
distance was doubled are shown in Table 6-5. The costs for the energy carriers 
produced on conversion of logging residues from final felling and willow 
increased by 6 – 8%, and corresponding changes in costs for sawdust were 5 – 
6%. Thus, the changes in costs were considerably larger than the change in ratio of 
final product received to the primary energy input. 
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Table 6-5. Changes in costs of the final products received at conversion, when road 
transport distance was increased from 75 km to 150 km 
 
 

District 
heating

[SEK/GJ]
   CHP 
[SEK/GJ]

Electric 
power 

generation
[SEK/GJ]

 
 

Hydrogen 
production 
[SEK/GJ] 

Methanol 
production
[SEK/GJ]

 
Road transport 
distance = 75 km 
Logging residues 
from final felling 

Sawdust 
Willow 
 
Road transport 
distance = 150 km 
Logging residues 
from final felling 

Sawdust 
Willow 
 

75.72

114.41
81.55

79.94

120.14
86.75

59.68

92.91
64.81

64.67

97.82
69.26

106.97

175.39
117.28

114.43

185.53
126.47

 
 
 

81.14 
 

126.30 
87.95 

 
 
 

86.07 
 

133.00 
94.01 

101.45

155.66
109.62

107.36

163.69
116.90

 

The changes in inputs fed back from society for road transport, emergy yields, 
solar transformities, EYRs and EIRs of final products from logging residues from 
final fellings, sawdust and willow when the road transport distance was doubled, 
from 75 km to 150 km, are shown in Table 6-6. Changes in inputs fed back from 
society for road transport were approximately equal for logging residues from 
final felling and sawdust (87 – 88%), whereas the corresponding change for 
willow was lower (78%). The changes in emergy yields and solar transformities 
for the different energy carriers at conversion were shown to be roughly equal for 
logging residues from final felling and willow (5.5 – 7.4%); the corresponding 
values for sawdust were 3.9 – 4.7%. The changes in EYR were in general low for 
all the three assortments, whereas the changes in EIR were higher, varying 
between 8.1 – 11.9% for logging residues from final felling, 5.0 – 6.3% for 
sawdust and 6.2 – 8.6% for willow. Thus, changes in EIR when the road transport 
distance was doubled from 75 km to 150 km were roughly equal to the changes in 
monetary costs for the different energy carriers produced at conversion. 
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Table 6-6. Changes in inputs fed back from society for road transport, emergy yields, solar 
transformities, EYRs and EIRs of final products when the road transport distance was 
increased from 75 km to 150 km 
 
  

District 
heating 

 

CHP Electric 
power 

generation

Hydrogen 
production

Methanol 
production

 
Logging residues from 
final felling 
Froad transport [%] 
Yfinal product [%] 
Transformityfinal product [%] 
EYR [%] 
EIR [%] 

Sawdust 
Froad transport [%] 
Yfinal product [%] 
Transformityfinal product [%] 
EYR [%] 
EIR [%] 

Willow 
Froad transport [%] 
Yfinal product [%] 
Transformityfinal product [%] 
EYR [%] 
EIR [%] 

 

 
 
 

87.6 
6.5 
6.5 

-3.0 
9.8 

 
87.3 
4.3 
4.3 

-1.3 
5.6 

 
78.2 
6.4 
6.4 

-0.9 
7.4 

87.6
7.4
7.4

-4.0
11.9

87.3
4.7
4.7

-1.5
6.3

78.2
7.3
7.3

-1.2
8.6

87.6
6.4
6.4

-2.9
9.6

87.3
4.3
4.3

-1.3
5.6

78.2
6.4
6.4

-0.9
7.3

87.6
5.7
5.7

-2.2
8.1

87.3
3.9
3.9

-1.0
5.0

78.2
5.5
5.5

-0.6
6.2

87.6
5.9
5.9

-2.3
8.4

87.3
4.0
4.0

-1.1
5.1

78.2
5.7
5.7

-0.7
6.4

 

One uncertainty is the estimation of the yields of future biomass supplies. The 
change in energy yield, cost of energy carriers produced and the solar emergy 
investment ratio (EIR) when logging residues from final felling and willow were 
converted to electric power and hydrogen and when the yields of biomass were 
increased and decreased with 20%, were evaluated with sensitivity analysis. The 
differences in the ratios of energy carriers produced to the primary energy input 
were determined as small. The maximum change in these biomass assortments and 
conversion processes was hydrogen production of willow, where the ratio 
increased by 0.3% when willow yield was increased by 20%, and decreased by 
0.4% when the willow yield was decreased by 20%. However, the percentage 
change of the ratio for hydrogen production and electric power generation was 
equivalent for the two assortments; the percentage change at decrease of willow 
yield by 20% was 0.7%, whereas the percentage change at increase of willow 
yield by 20% was 0.5%. The percentage change of the ratio at a 20% decrease of 
yield of logging residues from final felling was 0.3%, whereas the percentage 
change of the ratio at a 20% increase in yield of logging residues from final felling 
was 0.2%. 
 

The change in costs of electric power and hydrogen produced when the yields of 
logging residues from final felling and willow were increased or decreased with 
20% are shown in Figure 6-1. The largest change in cost of an energy carrier 
produced by these two assortments and conversion processes was the conversion 
of logging residues from final felling to electric power, when the biomass yield 



was increased by 20%: the cost decreased by 7.3%. The corresponding change in 
cost for willow was 4.0%. 
 

70,00
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Willow - Electric power

 
Figure 6-1. The change in cost of electric power and hydrogen produced at conversion of 
logging residues from final felling and willow, when the yields were increased or decreased 
with 20%. 
 

The changes in solar emergy investment ratios (EIRs) at conversion of logging 
residues from final felling and willow to electric power and hydrogen are shown in 
Figure 6-2. The largest EIR change (15.8%) when the biomass yield was 
decreased or increased by 20% was for hydrogen production from logging 
residues from final felling. The change in EIR when the biomass yield was 
decreased or increased was linear, as opposed to the changes in the ratio of energy 
carrier produced to the primary energy input and the change of costs of the energy 
carriers produced, which were non-linear. 
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Figure 6-2. The changes in solar EIRs at conversion of logging residues from final felling 
and willow to electric power and hydrogen, when the yields were increased or decreased by 
20%. 
 

 A comparison of costs received before and after conversion of straw at 
allocation on dry matter weight basis and at economic allocation is shown in Table 
6-7. The cost of straw before conversion at economic allocation was calculated as 
about half the cost of straw received before conversion at allocation on dry matter 
weight basis. The decrease of costs for the different energy carriers produced 
ranged from 33 to 45% when economic allocation was performed instead of 
allocation on dry matter weight basis. The smallest decrease was received for hot 
water production in a small district heating plant, and the largest decrease was 
received for heat production by CHP generation. Thus, the costs of energy carriers 
received at conversion of straw at economic allocation were roughly 33 – 45% 
lower compared to the corresponding costs of energy carriers received at 
allocation on dry matter weight basis. 
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Table 6-7. Costs received before and after conversion of straw at allocation on dry matter 
weight basis and at economic allocation 
 
 

Allocation on 
dry matter 

weight basisa

 
Economic 
allocation 

Difference
       [%] 

 

 
Total cost before conversion [SEK/tdm] 
Cost of energy carrier produced [SEK/GJ] 
District heating 
CHP 
Electric power 
Hydrogen 
Methanol 

Cost of heat at CHP [SEK/GJ] 
 

1255.08
 

131.65
107.83
205.89
146.44
179.83
82.17

 
592.84b

 
88.77 
71.10 

130.04 
96.37 

119.73 
45.43 

52.8

32.6
34.1
36.8
34.2
33.4
44.7

 
Discussion 
There were large differences in the total costs of the different biomass assortments 
(Tables A.I-1 through A.I-17 and Table 6-2). Recovered wood was calculated to 
be the assortment with the lowest production costs (96 SEK/tdm) before 
conversion, and straw was calculated to be the assortment with the highest 
production costs (1255 SEK/tdm). Even the costs for forest industry by-products 
(i.e. wood chips, sawdust and bark) before conversion were high (1052 – 1054 
SEK/tdm) compared with the market price of these assortments in 2002, being 
approximately 430 SEK/tdm

2. These high costs were due to the prerequisite that the 
energy required and the cost for all operations were equally allocated on dry 
matter weight basis between the traditional main products and the biomass 
assortments analysed. A sensitivity analysis including a comparison of this 
allocation method with economic allocation of straw costs before and after 
conversion showed that the cost was about half before conversion and 33 – 45% 
lower after conversion at economic allocation compared to allocation on dry 
matter weight basis. This may be considered as production costs of secondary 
energy carriers from conversion of straw is subsidized by the market, as market 
prices for the main product and by-product are used at economic allocation. 
 

 Equal allocation on dry matter weight basis does not mean that the total costs for 
main products and by-products have to be equal. The costs are equal until the main 
product and by-product are separated in the process. If the costs received after the 
separation differ between the main product and the by-product, the total cost of 
these products may differ. 
 

 A comparison of the costs for production of heat, electric power or vehicle fuels 
indicated that conversion of straw to electric power in the IGCC condensing plant 
had the highest cost of the large-scale applications (the COE was 206 SEK/GJ). 
Even small-scale heat production via pellet firing (where the pellets were 
produced by sawdust) displayed a high cost of energy carrier (255 SEK/GJ). Heat 
and electricity generated by CHP had the lowest costs, as the costs for heat 
produced ranged from 17 to 82 SEK/GJ, and the costs for electric power 
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generation ranged from 43 to 108 SEK/GJ. The lowest costs were for recovered 
wood and the highest costs were for straw. 
 

 A comparison of costs for production of electricity by condensing power in a 
IGCC plant and production of hydrogen or methanol by gasification determined 
that electric power generation was more expensive than both hydrogen and 
methanol production. Hydrogen was the energy carrier with the lowest production 
cost, with methanol production somewhat higher. One exception was recovered 
wood, where methanol production was more expensive (74 SEK/GJ) than electric 
power generation (72 SEK/GJ). Although, it must be remembered that the size of 
the IGCC plant for electric power generation was approximately half the size of the 
plant used for hydrogen or methanol production, which in turn influenced both the 
efficiency and cost for energy carriers generated (see Chapter 4). 
 

 Bärring et al. (2003) estimate the topical cost for the production of electricity by 
400 MW condensing plants fired with coal (steam cycle) to be 109 SEK/GJ and by 
natural gas (combined cycle) to be 83 SEK/GJ3. Thus, the calculated cost of 
electricity (COE) from gasification of logging residues from final felling in an 
IGCC plant (107 SEK/GJ) is approximately equal to the COE in a coal-fired 
condensing plant and 29% higher compared to the COE in a condensing plant 
fired with natural gas. The difference in size of the plants influenced the cost of 
the energy carrier produced. Thus, if the size of the biomass-fed IGCC plant is 
increased, compared to the size used as a reference plant in this work, the COE on 
gasification of biomass derived directly from forestry may be competitive with the 
COE of both coal-fired and natural gas-fired condensing plants. 
 

 The COE calculated by Toft (1996) at conversion of wood chips in an IGCC 
plant located in Great Britain is 19.63 €/GJ4. Faaij et al. (1997) calculate the COE 
at conversion of thinnings of poplar in an IGCC plant located in the Netherlands to 
be about 20.42 €/GJ. These COEs are in the same range as the COE calculated in 
this thesis at conversion of wood chips and sawdust in an IGCC plant (19.23 
€/GJ). 
 

 The efficiency of hydrogen as a fuel in a hybrid fuel cell propulsion system is 
estimated by Ahlvik & Brandberg (2001) to be 23.5%, based on the LHV. The 
cost per GJ vehicle work when using hydrogen produced by gasification of 
logging residues from final felling is then 408 SEK/GJvehicle work

5. The average 
production cost of petrol in 2004 was 2.25 SEK/dm3 (The Swedish Petroleum 
Institute, 30-Nov-2005 (URL)). The cost per GJ vehicle work for petrol use in a 
conventional petrol engine may then be calculated by means of the LHV of petrol 
(32.6 MJ/dm3 (Swedish Energy Agency, 2003a)) and the efficiency (14.9% 
(Ahlvik & Brandberg, 2001)), being 463 SEK/GJvehicle work

6. Thus, the cost of 
hydrogen produced by conversion of biomass from forestry and used in novel fuel 
cell propulsion systems for generating vehicle work does not need to be more 
expensive than the cost for generating vehicle work with vehicle fuels used in 
topical propulsion systems. 
 

 The cost per GJ vehicle work when using methanol produced by gasification of 
logging residues from final felling in a conventional petrol engine (the efficiency 
is 16.2%, based on the LHV (Ahlvik & Brandberg, 2001)) will be 714 
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SEK/GJvehicle work
7. The corresponding cost when using methanol with the same 

production cost in a conventional diesel engine (the efficiency is 17.6%, based on 
the LHV (Ahlvik & Brandberg, 2001)) will be 658 SEK/GJvehicle work

8. Thus, the 
calculated cost per GJ vehicle work when using methanol produced by gasification 
of logging residues from final felling in a conventional diesel engine will be 
42.1% higher compared to the cost per GJ vehicle work for petrol used in a 
conventional petrol engine. The corresponding difference in cost for vehicle work 
generated when comparing methanol use in a conventional petrol engine with 
petrol use in the same type of engine will be 54.2%. Thus, considering only the 
production costs of the vehicle fuel, the use of methanol, produced by gasification 
of biomass from forestry, as a fuel in conventional petrol and diesel engines is not 
economically competitive compared to the use of petrol in conventional petrol 
engines. 
 

Williams et al. (1995) estimate the cost of hydrogen and methanol produced at 
conversion of biomass in the Battelle gasification process to be 8.05 €/GJ and 
10.36 €/GJ respectively in 19919, and Hamelinck & Faaij (2002) calculate the 
corresponding costs to be 8.67 €/GJ and 10.17 €/GJ respectively at conversion of 
biomass available at a price corresponding to American conditions in 200110. 
These costs are in accordance with the costs calculated in this thesis for hydrogen 
and methanol produced at conversion of biomass in the Battelle gasification 
process; e.g. the costs for hydrogen and methanol at conversion of trees from 
thinning were 8.03 €/GJ and 10.08 €/GJ respectively. 
 

The ratios of primary energy output to primary energy input for logging residues 
calculated in this thesis are in accordance with the study by Börjesson (1996): in 
this thesis, the ratios for logging residues from final felling and from thinning 
were 39.8 and 33.0 respectively. The corresponding values calculated by 
Börjesson (1996) are 38 and 31 respectively (fossil-fuel-based energy inputs, 
2015). However, the ratios of primary energy output to primary energy input for 
willow, reed canary grass and straw were lower than the corresponding ratios 
calculated by Börjesson (1996). The difference was greatest for straw, where the 
ratio of primary energy output to primary energy input was calculated to be 5.1 in 
this thesis, and 32 by Börjesson (1996). Nilsson (1997) calculates the ratio of 
primary energy output to primary energy input at district heating production by 
combustion of straw to be 9 if nitrogen fertilization. The corresponding ratio for 
district heating production by combustion of straw was 4.0 in this thesis. The 
lower ratio of primary energy output to primary energy input for straw calculated 
in this thesis is due to that the energy required for cultivation and harvesting of the 
grain was considered in the energy analysis of straw in this thesis, while the 
energy required for these operations were excluded in the energy analyses by 
Börjesson (1996) and Nilsson (1997).  
 

The energy and cost analyses could be considered as partial analyses of the 
emergy analysis, as the emergy analysis considers both energy flows from the 
environment and society. In cost analysis, human work is valued as a monetary 
currency. In the emergy analysis, the monetary value of human work is 
transformed to the emergy flow, which corresponds to the monetary value of 
human work; a sej per monetary currency index is used for this transformation. 
 



 131

The sensitivity analysis of doubling road transport distance revealed that 
changes in EIR approximated to the changes in monetary costs for the different 
energy carriers produced on conversion. This was due to the cost analysis only 
considering resource flows derived from the society and did not consider resource 
flows derived from the environment. 
 

The sensitivity analyses also highlighted that the energy analysis was insensitive 
to the changes, i.e. a doubling of the road transport distance and an increase or 
decrease of the biomass yields. Whereas, the cost analysis and emergy analysis 
displayed significant changes in results: the costs of energy carriers produced 
decreased by between 4–7% when biomass yield was increased by 20%. However, 
the EIR increased when the biomass yield was increased; a 20% increase of the 
biomass yield led to a 13–16% increase in EIR for the biomass assortments and 
the energy carriers studied in the sensitivity analysis. Thus, the lower cost of 
energy carrier produced resulted in a larger emergy input from the society as fuels, 
goods and services in relation to the emergy flow fed from the environment. 
 

A transformity can be viewed as the physical cost in emergy terms for a unit of a 
service or commodity, expressed in terms of actual energy or mass. As with 
monetary costs, the transformities change with technological development. For 
example, the transformity for cutting and transporting a log from the forest to the 
roadside with a handsaw and draught animals, as the work was done in the 
beginning of the 20th century, is higher than the transformity for conducting the 
same operations with a highly mechanized system in 2002. Hagström & Nilsson 
(2004) describe the relative “standard of living” per capita in monetary terms as 
increasing three times between 1956 and 2002, whereas the total emergy flow per 
capita increased only twice during the same period. Thus, on average the 
transformities in the entire Swedish economy may be 33% lower today, than fifty 
years ago. The efficiency increase is partly due to technological development but 
is presumably more dependent on changes in the type of energy used: 
transformities for fossil fuels and electricity are considerably lower than 
transformities for draught animal and humans. Transformities, like monetary costs, 
are also dependent on the scale of the economy. 
 

From the emergy analysis performed in this work, the solar transformities for 
electric power generation by gasification of biomass from forestry ranged from 
35,700 sej/J to 41,500 sej/J. These values may be compared with electric power 
generation by thermochemical conversion of fossil fuels or conversion of other 
sources such as wind or potential energy in water (i.e. hydroelectric power). 
Brown & Ulgiati (2002) calculate the solar transformities for electric power 
generated in an oil- and a coal-fired power plant to be 187,000 sej/J and 162,000 
sej/J respectively, and the solar transformities for wind and hydroelectric power to 
be 58,900 sej/J and 58,700 sej/J respectively. All the electric power generation 
facilities evaluated by Brown & Ulgiati (2002) were located in Italy. Thus, the 
total resources required (i.e. emergy flow) for generating one unit of electric 
power by gasification of biomass from forestry are less than the alternative 
processes of electric power generation. The solar transformities for electric power 
generation by gasification of willow was 34,900 sej/J and 46,900 sej/J for reed 
canary grass. This means, the use of these biomass assortments as fuel for electric 
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power generation by gasification in an IGCC plant requires less emergy for 
generating one unit of electric power than wind, hydroelectric power and electric 
power generation in oil- and coal-fired power plants. This may be due to the use of 
estimations and non-commercial technologies (IGCC), which reduce the solar 
transformity, when compared to the use of commercial technology for electric 
power generation in oil- and coal-fired power plants. 
 

Brown & Ulgiati (2002) also show that the EYRs for electric power generation 
in an oil- and a coal-fired power plant are 4.21 and 5.48 respectively, and the 
corresponding values for wind and hydroelectric power are 7.47 and 7.65 
respectively. As shown in this thesis, the EYR at electric power generation ranged 
from 1.43 to 1.56 when biomass from forestry was used as a fuel; the 
corresponding value for willow was 1.14 and 1.16 for reed canary grass. Thus, the 
yields of emergy received at electric power generation by gasification of these 
biomass assortments, in relation to the emergy input as fuels, goods and services, 
were much less than the ratios of emergy yield received to emergy input as fuels, 
goods and services in the other processes as evaluated by Brown & Ulgiati (2002).  
 

Brown & Ulgiati (2002) state that processes that yield products with EYRs less 
than 2 probably do not contribute enough to be considered an energy source; they 
act more as consumer products or transformation steps than actual energy sources. 
By that view, the results in this thesis indicate that electric power generation by 
gasification of biomass from forestry or agriculture may not contribute enough to 
be considered an energy source; instead, these systems may act as a net consumer 
of resources. 
 

A similar comparison of hydrogen and methanol produced by gasification of 
biomass with petroleum-based vehicle fuels indicated that the solar transformities 
for hydrogen (26,700 – 30,600 sej/J) and methanol (31,200 – 35,900 sej/J) at 
conversion of biomass from forestry were lower than the solar transformity of 
petroleum-based vehicle fuels, estimated by Doherty, Nilsson & Odum (2002) to 
be 47,900 sej/J. However, the EYRs of hydrogen and methanol production 
produced by gasification of biomass from forestry were 1.37 – 1.46 and 1.38 – 
1.48 respectively; the corresponding value for fossil fuels ranges from 3 to 7 
(Ulgiati & Sciubba, 2003). Thus, as stated by Brown & Ulgiati (2002), these 
bioenergy systems may not contribute enough to be considered an energy source, 
as the EYRs are too low (less than 2). Corresponding values of solar transformities 
for hydrogen and methanol production by conversion of willow and reed canary 
grass were in the same range as the conversion of biomass from forestry. 
However, the EYRs at conversion of willow and reed canary grass to hydrogen 
(1.12 and 1.14 respectively) and methanol (1.13 and 1.14 respectively) were even 
lower than the conversion of biomass from forestry to the same energy carriers. 
 

The EYRs for district heating generation were in the same range as the EYRs 
for electric power generation and vehicle fuel production: the EYR range was 1.43 
to 1.57 at conversion of biomass from forestry and 1.10 to 1.16 at conversion of 
biomass from agriculture. Thus, low EYRs were also received at conversion of 
these biomass assortments to heat, meaning that the net contribution of emergy to 
the economy was low when using these biomass assortments for heat production. 
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The corresponding EYR values for small-scale firing were also low: 1.21 for pellet 
firing and 1.25 for firing of fuel wood. 
 

Handling and conversion of recovered wood had somewhat higher EYRs than 
biomass from forestry, forest industry and agriculture, and ranged from 1.64 at 
hydrogen production to 2.11 at CHP production. The highest EYRs from the 
biomass assortments studied in this thesis were the handling and conversion of 
fuel wood from non-forest land (e.g. 3.80 at district heating generation and 3.76 at 
electric power generation). However, the solar transformities for handling and 
conversion of fuel wood from non-forest land were the highest of the different 
biomass assortments studied: the solar transformity was e.g. 58,900 sej/J for 
district heating generation and 104,600 sej/J for electric power generation by 
gasification. As mentioned above, the corresponding solar transformity values for 
electric power generated in an oil- and a coal-fired power plant are calculated by 
Brown & Ulgiati (2002) to be 187,000 sej/J and 162,000 sej/J respectively. Thus, 
the total emergy flow required for generating one unit of electric power is 35% 
lower at gasification of fuel wood from non-forest land, compared to electric 
power generation at a coal-fired power plant, and 44% lower compared to electric 
power generation at an oil-fired power plant. 
 

As many of the pre-treatment and conversion processes studied here are not 
currently commercial, there are uncertainties over the results presented. The 
energy efficiency of these processes may increase when these pre-treatment and 
conversion processes become commercialized. 
 

Data regarding the conversion processes, such as the total weight and solar 
transformity of the plants, were assumed, which may also lead to uncertainties 
over the results of the emergy analysis of the systems where the conversion 
processes are included. However, the amount of solar emergy derived from mass 
depreciation of the conversion plants is low compared to other solar emergy flows 
derived from internal energy use, human services and capital investment. Thus, 
variations in the total weight and solar transformity of the plants may not lead to 
any large variation of the total solar emergy flow required for the conversion 
processes. 
 

Handling of some biomass assortments, e.g. straw, requires large amounts of 
energy and high costs. Thus, the type of analyses used in this thesis may be useful 
for identifying the most important items for resource input, such as energy 
required and human work. Emergy analysis identifies and quantifies the whole 
resource flow required for manufacturing a product, such as an energy carrier, and 
is therefore the recommended method for evaluating all resource flows required in 
systems, as energy and cost analyses only partially identify and quantify resource 
flows. 
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7.  Summary and conclusions 
 
Comparisons of used methods and generated results 
The potential maximum yield of heat, electricity and vehicle fuel at 
thermochemical conversion of the biomass assortments studied is discussed in 
Chapter 5; these yields, excluding black liquor recovery/gasification, are compiled 
in Table 7-1. The yields of both hydrogen and methanol are larger than the yield 
of electricity in all cases studied. If conventional petrol and diesel engines are 
replaced with hybrid fuel cell propulsion systems, the amount of hydrogen 
produced in Case 3 (i.e. biomass from forestry, non-forest land, forest industry, 
community and 50% of current pulpwood amount) might be almost enough to 
replace all petrol and diesel used in 2002 (99% of the total annual vehicle work 
will be covered by hydrogen). When used in hybrid fuel cells, the cost of 
hydrogen (calculated as the cost per GJ vehicle work) might be lower than the cost 
of petrol used in conventional petrol engines. Thus, both physical yields and 
monetary costs appeared advantageous for hydrogen as a potential vehicle fuel. 
 
Table 7-1. Potential annual maximum yields of heat, electricity and vehicle fuels produced 
in the cases previously elucidated (black liquor recovery/gasification is excluded) 
 

Heata
 

Electricity 
 

Vehicle fuel 
 

 
 

      E 
[PJ] 

 

      E 
[TWh]

     E 
[PJ]

  E 
[TWh]

      E 
[PJ]

 E 
[TWh]

   
Scenario ‘heat’ 

Case 1 
Case 2 

Scenario ‘electricity’ 
Case 1 
Case 2 

Scenario ‘vehicle fuel – H2’ 
Case 1 
Case 2 
Case 3 

Scenario ‘vehicle fuel – 
CH3OH’ 

Case 1 
Case 2 
Case 3 

 

 
 

236.6 
236.6 

 
98.8 
98.8 

 
98.8 
98.8 
98.8 

 
 

98.8 
98.8 
98.8 

65.7
65.7

27.4
27.4

 
27.4
27.4
27.4

27.4
27.4
27.4

37.0
37.0

123.0
170.2

10.9
10.9
10.9

10.9
10.9
10.9

10.3
10.3

 
34.2
47.3

3.0
3.0
3.0

3.0
3.0
3.0

 
 

169.9
241.5
261.2

138.7
197.2
213.3

 
 

47.2
67.1
72.6

38.5
54.8
59.2

 
 The total maximum amounts of electricity and methanol produced including 
black liquor gasification are discussed in Chapter 5. As the total excess amount of 
electricity was estimated to be 39.1 PJ/year, if black liquor gasification combined 
cycle (BLGCC) units were utilized in all Swedish pulp mills, the total amount of 
electricity received in Case 1 would be 162.2 PJ (45.1 TWh) and 209.4 PJ (58.2 
TWh) in Case 2. The total maximum amount of methanol that may be produced by 
gasification of the biomass assortments in Case 2 (biomass from agriculture 



included and pulpwood excluded) and the black liquor received in pulp mills was 
300.0 PJ (83.3 TWh). The corresponding amount of methanol in Case 3 (50% of 
current pulpwood amount included and biomass from agriculture excluded) was 
264.5 PJ (73.5 TWh). 
 

In Figure 7-1, the total costs for cultivation, harvesting and handling of the 
biomass assortments before conversion are plotted with the accumulated dry 
matter weight of potential biomass amounts. In Figure 7-2, the primary energy 
required for cultivation, harvesting and handling of the biomass assortments 
before conversion is plotted with the accumulated dry matter weight of potential 
biomass amounts. A comparison of the plots of the costs for the different biomass 
assortments with the primary energy required for the same biomass assortments 
indicated that increasing costs and increasing primary energy required are similar; 
however, this is not the same for all assortments. Fuel wood from non-forest land 
and direct fuel wood cuttings required comparatively small amounts of primary 
energy compared to the total costs of the assortments. This might be explained by 
the higher grade of human work and a lower grade of mechanization required for 
these two assortments. Willow and reed canary grass displayed an opposite trend, 
as comparatively large amounts of primary energy compared to total costs were 
required. Thus, large amounts of primary energy input do not proportionately 
influence the total costs of the biomass assortments; instead, human work appears 
more influential on total costs. 
 

 
 
 

0

5

10

15

20

25

30

Rec
ov

ere
d w

oo
d

Tree
s f

rom
 ea

rly
 th

inn
ing

s

Fue
l w

oo
d f

rom
 in

du
str

ial
 w

oo
d c

utt
ing

s

Dire
ct 

fue
l w

oo
d c

utt
ing

s

Lo
gg

ing
 re

sid
ue

s f
rom

 fin
al 

fel
lin

gs

Willo
w

Fue
l w

oo
d f

rom
 no

n-f
ore

st 
lan

d

Lo
gg

ing
 re

sid
ue

s f
rom

 th
inn

ing
s

Ree
d c

an
ary

 gr
as

s

Saw
du

st

W
oo

d c
hip

s
Bark

Stra
w

A
cc

um
ul

at
ed

 w
ei

gh
t o

f b
io

m
as

s 
[M

t(d
m

)]

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

To
ta

l c
os

t [
SE

K
/t(

dm
)]

m(biomass, accumulated) [Mt(dm)]

Total cost [SEK/t(dm)]

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 7-1. The total costs for cultivation, harvesting and handling of the biomass 
assortments, before conversion, and the accumulated dry matter weight of biomass. 
 

In Chapter 6, the different biomass assortments studied revealed large 
differences in emergy yield ratio (EYR) and emergy investment ratio (EIR). 
Biomass from agriculture had higher EIRs and lower EYRs than the other 
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assortments, both before and after thermochemical conversion processes. In Figure 
7-3, the EIRs before conversion are plotted with the accumulated dry matter 
weight of biomass: the fluctuation of the EIRs for the different assortments are 
similar to the fluctuation of total primary energy, as shown in Figure 7-2, although 
the fluctuation of the EIRs is larger. Thus, it as appears that differences in the 
primary energy required are strengthened by the EIR.  
 

As mentioned in Chapters 2 and 6, the emergy input from society such as fuels, 
goods and services is greater than the emergy flow from the environment if the 
EIR is larger than 1. The EIRs for the biomass assortments derived from 
agriculture are much larger than 1 (Figure 7-3), and are about 2 for forest industry 
by-products; whereas, the EIRs for all assortments derived from forestry, except 
logging residues from thinning, were less than 1 before conversion (discussed 
earlier in Chapter 6). 
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Figure 7-2. The primary energy required for cultivation, harvesting and handling of the 
biomass assortments, before conversion, and the accumulated dry matter weight of biomass. 
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Figure 7-3. The EIR of the biomass assortments, before conversion, and the accumulated 
dry matter weight of biomass. 
 

As the total cost of the biomass assortments before conversion varied (Figure 7-
1), the choice of biomass assortments might influence the cost of the energy 
carriers produced (heat, electricity or vehicle fuel). The costs of the energy carriers 
produced with the different biomass assortments as fuel/raw material in large-scale 
applications are shown in Figure 7-4. For the different energy carriers studied, the 
costs of heat and electric power generated at CHP plants appear to be lowest: COE 
at CHP ranges from 43 SEK/GJ to 108 SEK/GJ for the different biomass 
assortments, whereas, COE at IGCC – condensing power ranges from 72 SEK/GJ 
to 206 SEK/GJ. The corresponding variation of costs for hydrogen production was 
58 SEK/GJ to 146 SEK/GJ, and 74 SEK/GJ to 180 SEK/GJ for methanol 
production. 
 

The cost of the energy carriers produced is largely influenced by the choice of 
biomass assortments used as fuel. The COE in 400 MW condensing plants fired 
with coal (steam cycle) is estimated by Bärring et al. (2003) to be 109 SEK/GJ. 
Figure 7-4 shows that 16.6 Mtdm of the biomass receives a maximum COE of 121 
SEK/GJ. The IGCC plant used for the analyses has an electric power output of 
69.3 MW (see Chapter 4) so the COE from gasification of these biomass 
assortments in a larger IGCC plant would be expected to be lower, which is 
competitive to the COE from large coal-firing condensation plants, as the size of 
the boiler influences the cost for energy carriers generated (discussed in Chapter 
4). 
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Figure 7-4. The cost of energy carriers generated with the different biomass assortments as 
fuel in large-scale applications. 
 

 The ratios of secondary energy output to primary energy input after large-
scale conversion are shown in Figure 7-5: these ratios vary widely between the 
different biomass assortments and conversion techniques. Of these conversion 
processes, district heating production has the highest ratio of secondary energy 
output to primary energy; however, overall the ratios were highest for recovered 
wood and biomass from forestry and lowest for biomass from agriculture. Straw 
has the lowest ratios, ranging from 1.9 for electric power generation to 4.1 for 
CHP generation. The energy output is defined as secondary energy (i.e. different 
kinds of energy carriers), and a lower ratio of secondary energy output to primary 
energy input may be expected at production of high-quality energy carriers such as 
electric power and vehicle fuel compared to heat, which is a lower quality energy 
carrier. 
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Figure 7-5. The ratios of secondary energy output to primary energy input after large-scale 
conversion. 
 

The EIRs received after large-scale conversion of the different biomass 
assortments are shown in Figure 7-6. As the EIR was calculated to be 3.3 for e.g. 
willow before conversion, 3.3 times as much emergy is invested from fuels, goods 
and services compared to the indigenous emergy input from the environment. 
After thermochemical conversion processes, the EIR for willow increased to 6.9 at 
maximum electricity production, to 8.1 for hydrogen production and 7.9 for 
methanol production. The biomass assortment receiving the highest EIR was 
straw: 8.1 before conversion; 10.4 at maximum electricity production; 11.2 at 
hydrogen production; and 11.0 at methanol production. 
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Figure 7-6. The EIRs after large-scale conversion of the different biomass assortments. 
 

Fuel wood from non-forest land had the lowest EIR before thermochemical 
conversion, namely 0.16 (see Figure 7-3). Even recovered wood and all biomass 
assortments from forestry, except logging residues from thinning, had an EIR less 
than 1 before conversion. Thus, before the thermochemical processes the 
indigenous emergy flow from the environment was larger than the emergy flow 
from the fuels, goods and services required for handling these assortments. 
However, after thermochemical processing the EIR was greater than 1 for all 
assortments and all conversion processes, except conversion of fuel wood from 
non-forest land (the EIR ranged from 0.30 to 0.43 for the different conversion 
processes). Thus, when all biomass assortments were used as raw material, except 
fuel wood from non-forest land, district heating generation, CHP generation, 
electric power generation by condensing power in a IGCC-plant or hydrogen or 
methanol production by gasification required greater emergy flow from fuels, 
goods and services, compared to the indigenous emergy flow from the 
environment.  
 

The low EIRs for fuel wood from non-forest land might be explained by the 
absence of silvicultural input required for this biomass assortment, as opposed to 
the biomass assortments derived from e.g. agriculture, which are highly intensive 
regarding resource input in cultivation and handling of the biomass in the field. 
However, the EYR at e.g. electric power generation by gasification of fuel wood 
from non-forest land at an IGCC plant is still lower than the EYRs from 
alternative processes such as e.g. electric power generation in an oil- or coal-fired 
power plant. Thus, even the use of fuel wood from non-forest land in energy 
conversion processes may entail difficulties, as the net contribution of emergy to 
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the economy is lower compared with fossil fuel-based electric power generation 
processes (discussed in Chapter 6). The EYR at conversion of non-forest-land fuel 
wood to electric power in an IGCC plant was calculated to be 11% lower than 
electric power generation in an oil-fired power plant and 31% lower than electric 
power generation in a coal-fired power plant (comparisons made with data from 
Brown & Ulgiati (2002)). Ulgiati & Sciubba (2003) state that a lower EYR for a 
process compared to another leads to difficulties in competing favourably, as the 
ability of the process to contribute to the economic system by amplifying the 
investment is less if the EYR is lower. 
 

 The reasons for replacing fossil fuels with renewable energy resources were 
discussed in Chapter 1. Assuming fuel wood from non-forest land is used for 
electric power or vehicle fuel production, the Swedish potential of this biomass 
assortment (0.48 Mtdm or 10.0 PJ (see Chapter 3)) is sufficient for generating 4.5 
PJ (1.2 TWh) of electricity in IGCC plants, or 6.8 PJ (1.9 TWh) of hydrogen or 
5.5 PJ (1.5 TWh) of methanol by gasification. Thus, the maximum contribution of 
energy carriers produced by conversion of fuel wood from non-forest land in 
Sweden is small. 
 

The emergy analysis of these biomass energy systems generated results being 
less advantageous than the results from the energy and cost analyses. The emergy 
analysis showed that the production of hydrogen or methanol by the technological 
processes chosen in the systems analysed and from almost all of the biomass 
assortments were dependant on a larger resource (i.e. emergy) flow from society 
(i.e. fuels, goods and services) than was received from the environment. Even heat 
and electric power generation was dependant on a larger emergy flow from the 
society than was received from the environment, but the EIR was slightly less 
compared to hydrogen and methanol production. The conversion process 
obtaining the lowest EIR was CHP generation: the EIR ranged from 0.30 to 9.75 
for the different biomass assortments. 
 

 There are uncertainties regarding the amounts of selected biomass assortments, 
as the amounts of these assortments are estimated potential amounts. The 
assumption that 15% of the total Swedish arable land area is used for cultivation 
of energy crops is far from the current arable land area used for cultivation of 
energy crops. In 2002, 15,300 ha of arable land was used for cultivation of willow 
and reed canary grass, which corresponds to 0.6% of the total arable land area (the 
total arable land area in Sweden in 2002 was 2680,000 ha) (Tarighi, 2005). An 
increase in the arable land area used for cultivation of energy crops depends on 
factors such as the demand of biomass for energy purposes and the energy policy 
at both national and the European Union level. 
 

 As some of the conversion processes studied are non-commercial (IGCC, 
hydrogen and methanol production via gasification of biomass), there are 
uncertainties regarding the yields of energy carriers received by these processes. 
Thus, the estimated biomass potentials and the efficiencies of the conversion 
processes studied are two main sources of uncertainty in this work. 
 

The holistic view of emergy analysis is presented in Chapter 6, where the 
production of heat, electricity or vehicle fuel through production, handling and 
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conversion of biomass received from forestry, non-forest land, forest industry, 
agricultural land and community was analysed. The diagram showing the annual 
flows of energy and matter and the annual flows of monetary values of a nation 
(Chapter 2, Figure 2-2) indicates the entirety of emergy analysis, as it includes 
both physical flows from renewable and non-renewable sources and fuels, goods 
and services generated in the human economy. 
 

 In the energy analysis, the energy flows from renewable sources, e.g. the sun, 
wind and rain, required for producing natural resources such as biomass and 
animals, are excluded. Instead, the energy amount stored in these natural resources 
is considered as primary. Another difference between energy and emergy analysis 
(and even cost analysis) is that human work in terms of monetary values is not 
considered, as only the energy flows are regarded in energy analysis. Thus, the 
system in energy analysis is narrower compared to emergy analysis in several 
ways. 
 

Another difference between emergy and energy analysis is the use of 
transformity in emergy analysis. As mentioned in Chapter 2, transformity is 
defined as the emergy required to make one joule of a service or product. It may 
also be considered as a measure of the required environmental support (Brown & 
Ulgiati, 2002), as it quantifies the total resources required to produce one unit of a 
service or product. 
 

In cost analysis, only monetary values of human work and expendable supplies 
are considered. These values are decided in the human economic system and are 
not only linked to the supplies of physical resources, but also dependent on the 
topical demand of human work and expendable supplies. Thus, cost analysis is 
poor in evaluating the supplies of physical resources, as the costs are dependent on 
the topical demands in the human economy. 
 

 In emergy analysis, both physical flows of energy and goods are considered, 
together with the flows of monetary values required in the human economy. Thus, 
emergy analysis may be regarded as a method composed of the energy and cost 
analyses. This allows evaluation of the differences in flows arising from natural 
resources and man-made goods and services by the emergy analysis. The emergy 
yield and investment ratios (EYR and EIR) used for the evaluation of heat, 
electricity and vehicle fuel production from the biomass assortments in Chapter 6 
are two examples of ratios, used for the evaluation of the relationship between 
biophysical flows and goods and services from human society. Thus, emergy 
analysis may generate results regarding e.g. the use of natural resources in the 
human society that cannot be determined with energy or cost analysis. 
 

The main disadvantage of emergy analysis compared to energy and cost analysis 
is that the greater complexity leads to the emergy analysis being more time-
consuming. Therefore, energy or cost analysis may be preferable, if the results of 
the analyses are sufficient for the purposes of the topical study. Here, it is 
considered that the system limits in energy and cost analyses are narrower than in 
emergy analysis, and there is a lack of results regarding the use of resources (as 
mentioned above). 
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The results generated in this thesis may be applicable for other countries similar 
to Sweden regarding land use pattern and climate, such as Finland and Canada. 
Partial results, such as results considering biomass from agriculture, may also be 
applicable for countries with larger areas of cultivated land than Sweden but still 
with a similar climate, as e.g. Ukraine, Denmark and Poland. The results may not 
be applicable for other countries differing much in climate and land use pattern, 
such as countries in Southern Asia, Africa and Central America. However, the 
analysis tool, i.e. the spreadsheets, may be adapted for other countries with 
different conditions concerning e.g. land use pattern, level of technology, soil 
conditions and climate. 

 
Policy options 
The limitations of the methods need to be considered when choosing which 
methods to use for policy decisions. As cost analysis and energy analysis do not 
include resource flows from the environment, these methods may not be used if 
environmental issues have to be considered. Neither is emergy analys a suitable 
method for evaluating specific environmental impacts, such as climate change, 
acidification and eutrophication. If such analyses have to be done, LCA is a more 
suitable method, as it is developed for evaluating specific environmental impacts 
caused by any product or process. 
 

Emergy analyses have been performed, where the results may be used for policy 
decisions, and the emergy analyses for different nations have generated results that 
can be used as a basis for decisions for use of resources, trade and internal 
investments. A standard procedure for national emergy evaluation has been 
applied in e.g. Switzerland (Pillet & Odum, 1984), China (Lan, 1992, 1993), 
Mexico (Brown et al., 1992), Italy (Ulgiati, Odum & Bastianoni, 1994) and 
Sweden (Lagerberg, Doherty & Nilsson, 1999; Doherty, Nilsson & Odum, 2002; 
Hagström & Nilsson, 2004). 
 

 In regional areas such as watersheds and coastal zones emergy analyses have 
also generated results used as a basis for policy decisions. Improved means of 
combining societal development with original environmental contributions of 
water, sediments and wetlands in the Mississippi River are suggested by Young et 
al. (1974), Bayley & Walker (1976) and Diamond (1984). Odum (1984) evaluated 
the coastal zone of Holland, including the giant marine dams constructed to block 
storm surges. 
 

 The results generated by the different analyses performed in this thesis are 
contradictory due to the different system limits used for the different methods. The 
broader system limits of emergy analysis means this method is the only one of the 
three methods used that can be used if resource flows from the environment are 
taken into account in the analysis: cost analysis and energy analysis may be used if 
any resource flows from the environment are not considered. Such analyses may 
be topical e.g. businesslike analyses for enterprises. However, even enterprises 
cannot neglect the influence on the environment caused by their business activities 
under the strength of public opinion, especially in the Western World, and may 
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also use methods where the exchange of resource flows with the environment 
generate results that can be used in making business decisions. 
 
Future work 
The analyses generated results that form the basis for further work. 
Thermochemical conversion of woody biomass derived from forestry, forest 
industry, agriculture and community require a larger resource flow from the 
society than is fed from the environment. One issue is if it is possible to optimize 
the biomass systems so that a larger resource (i.e. emergy) flow is received from 
the environment than is required from the society in the form of fuels, goods and 
services. Thus, the question is if it is possible to develop the biomass systems so 
that thermochemical conversion of the biomass assortments to heat, electricity, or 
vehicle fuel becomes societal viable. 
 

 Emergy analysis of waste materials or by-products is more complex than emergy 
analysis of systems receiving only one main product. When waste materials or by-
products are received in a system, the emergy flow has to be split between the 
main products, the by-products and possible waste materials. Some of the biomass 
assortments analysed in this work use to be considered as by-products or waste 
material, e.g. logging residues is a by-product and recovered wood is a waste 
fraction. The question regarding how to split the emergy flow in systems 
containing by-products and/or waste materials is unclear, and therefore needs to be 
analysed further. 
 

 The use of black liquor for energy conversion was excluded in the energy, cost 
and emergy analyses, however, as black liquor is a large energy resource in 
Sweden, the evaluation of black liquor for energy purposes by these methods may 
prove useful. A more exhaustive evaluation regarding the potential of black liquor 
as an energy source may also include an estimated distribution of different pulp 
manufacturing processes in the future.  
 

In this thesis, only thermochemical conversion of different biomass assortments 
was analysed. Corresponding analyses for other energy sources, such as nuclear 
power and other renewable energy sources (e.g. solar energy and wind power) are 
necessary for evaluating which energy systems are societal viable. These kinds of 
analyses would be advantageous for energy policy decisions aiming to construct 
and use energy systems being societal viable in the long term. 
 
Conclusions 
• The energy scenarios indicated that it might be physically possible to produce 

170.2 PJ (47.3 TWh) per year of electricity by gasification of the Swedish 
potential biomass amounts derived from forestry, non-forest land, forest 
industry and agriculture and available for energy conversion. Adding the 
excess amount of electricity produced by black liquor gasification resulted in  
an increase of total electricity production to 209.3 PJ (58.1 TWh) per year. 

• The maximum amounts of hydrogen and methanol which may be produced by 
gasification of the potential biomass amounts derived from forestry, non-forest 
land, forest industry (excluding black liquor) and agriculture and available for 



energy conversion are 241.5 PJ/year (67.1 TWh/year for hydrogen) and 197.2 
PJ/year (54.8 TWh/year for methanol). If 50% of the current pulpwood amount 
is considered and biomass from agriculture is excluded, the amounts of 
hydrogen and methanol will increase to 261.2 PJ/year (72.6 TWh/year) and 
213.3 PJ/year (59.2 TWh/year) respectively. If the potential biomass amounts 
derived from forestry, non-forest land, forest industry and agriculture are used 
for methanol production, and methanol production by black liquor gasification 
is considered, the total amount of methanol may increase to 300.0 PJ (83.3 
TWh). The maximum amount of hydrogen received could be sufficient to 
replace the Swedish use of petrol and diesel oil if new vehicle propulsion 
systems such as hybrid fuels cells are introduced (99% of the total annual 
vehicle work will be covered by hydrogen). If the methanol produced is used 
in conventional gasoline and diesel engines, the maximum amount of methanol 
received (methanol production by black liquor gasification is considered) 
would not cover current fossil fuels usage in vehicles: the lack would 
correspond to 48.3 PJLHV (13.4 TWhLHV) of diesel oil. 

• The cost of electricity (COE) generated on conversion in IGCC plants varies 
between 72 SEK/GJ and 206 SEK/GJ for the different biomass assortments, 
and is largely influenced by the choice of biomass assortments used as fuel. 
However, 16.6 Mtdm of the biomass potential receives a maximum COE of 121 
SEK/GJ, which is competitive to the COE received by coal firing in 
condensing plants.  

• The cost of hydrogen used in novel fuel cell propulsion systems was 
economically competitive, compared to the cost of generating vehicle work 
with vehicle fuels currently used in topical propulsion systems. The cost of 
methanol as a fuel in conventional gasoline and diesel engines was higher, 
compared to use of gasoline in conventional gasoline engines. 

• The emergy analysis indicated that the thermochemical conversion of the 
biomass assortments to heat, electricity, or vehicle fuel required larger resource 
flows from society than was received from the environment. One exception 
was thermochemical conversion of fuel wood from non-forest land to heat, 
electricity or vehicle fuel, which received a larger resource flow from the 
environment than was required from the society. This was due to the absence 
of silvicultural input required for this biomass assortment, leading to a 
comparatively low total input of fuels, goods and services. However, 
comparisons with other energy conversion processes such as wind, 
hydroelectric power and electric power generation in oil- or coal-fired power 
plants, show that the ratio of emergy received to emergy invested from the 
society as fuels, goods and services is lower even at thermochemical 
conversion of fuel wood from non-forest land, compared to these alternative 
energy conversion processes. 

• Emergy analysis of heat, electricity, hydrogen or methanol production by 
thermochemical conversion of biomass generates results considering resource 
flows fed from the society and the environment, which are not defined by 
energy and/or cost analysis. Even if the results of an energy and cost analysis 
of the same system is compiled and evaluated, there will be a lack of results 
considering the origin of resource flows required for the generation of products 
or services. Emergy analysis generates complementary results for the origins of 
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the resource flows used, which may be valuable for evaluating the societal and 
environmental viability of a technological process. 
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Appendix A:  Abbreviations, units, symbols and 
time concepts 
 
Abbreviations used 
 
AFBG 
BLGCC 
BLGMe 
CFB 
CHP 
COE 
CRL 
DH 
DHG 
dm 
DME 
e 
GF 
GNP 
HHV 
IGCC 
LHV 
LPG 
MC 
MSW 
n 
O & M 
PFBG 
RCG 
MSW 
 

 
Atmospheric circulating fluidised bed gasification 
Black liquor gasification combined cycle 
Black liquor gasification with methanol production 
Circulating fluidised bed 
Combined heat and power 
Cost of electricity 
Composite residue logs 
District heating 
District heating generation 
Dry matter 
Dimethyl ether 
Electric power 
Grate firing 
Gross national product 
Higher heating value 
Integrated gasification combined cycle 
Lower heating value 
Light petroleum gas 
Moisture content 
Municipal solid waste 
Number 
Operating and maintenance 
Pressurised circulating fluidised bed gasification 
Reed canary grass 
Municipal solid waste 

 
Units 
 
hu
hG15
l 
m3

sk
 
m3

f
m3

fpb
m3

fub
nm3

t 
tdm
t90
toe 
 
tdm/m3

f
 

 
Total working time (see time concepts below) 
Gross effective time (see time concepts below) 
Litre (1 dm3) 
1 m3 of standing volume (stem volume including bark from 
stump to tip) 

1 m3 of solid volume 
1 m3 of solid volume including bark 
1 m3 of solid volume excluding bark 
1 m3 at T = 273.15 K and P = 100 kPa 
Metric ton (1 Mg) 
Metric ton of dry matter 
Metric ton where the dry matter content is 90%. 
Metric ton of oil equivalents; 1 toe = 41.868 GJLHV (11.63 
MWhLHV) 

Basic density 

 

 



 
Symbols 
 
ρ 
η 
€ 
$ 
 

 
Density 
Efficiency 
Euro 
US dollar 
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 Energy systems symbols 
According to Odum (1983,  p. 8; 1996,  p. 290)

Energy circuit. A pathway whose flow is proportional to the quantity 
in the storage or source upstream. 

Source. Outside source of energy delivering forces according to a 
program controlled from outside; a forcing function. 

Heat sink. Dispersion of potential energy into heat that accompanies 
all real transformation processes and storages; loss of potential  
energy from further use by the system. 

Tank. A compartment of energy storage within the system storing a 
quantity as the balance of inflows and outflows; a state variable. 

Interaction. Interactive intersection of two pathways coupled to 
produce an outflow in proportion to a function of both; control action 
of one flow on another; limiting factor action; work gate. 

Consumer. Unit that transforms energy quality, stores it, and feeds it 
back autocatalytically to improve inflow. 

Switching action. A symbol that indicates one or more switching 
actions. 

Producer. Unit that collects and transforms low-quality energy under 
control interactions of high-quality flows. 

Self-limiting energy receiver. A unit that has a self-limiting output 
when input drives are high because there is a limiting constant 
quality of material reacting on a circular pathway within. 

Box. Miscellaneous symbol used for whatever unit or function is 
labelled.

Constant-gain amplifier. A unit that delivers an output in proportion 
to the input I, but changed by a constant factor as long as the energy 
source S is sufficient. 

Transaction. A unit that indicates a sale of goods or services (solid 
line) in exchange for payment of money (dashed line). Price is shown 
as an external source. 

Price

�

�
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Time concepts
In accordance with the agreement on nomenclature of forest work study by The 
Nordic Forest Study Council (NSR) (1978).

Calendar time
All available time in a period, e.g. one week = 7 x 24 h = 168 hours.

1. Total working time = utilized time
 Total time required directly or indirectly to carry out a certain task. The total 

working time may be denoted by u (for utilized time), e.g. hu.

1.1. Work place time
 The time spent in performing a task at a working place.

1.1.1. Gross effective time
 Effective time is the time required to perform a specified work element that 

directly or indirectly changes the work object with regard to its form, posi-
tion or state. In practical time studies, some short delays are added to the 
effective time under the concept gross effective time. If, e.g. the working time 
is recorded with 15 minutes accuracy, the gross effective time includes the 
effective time with the addition of delay times shorter than 15 minutes. The 
gross effective time may be denoted by G with an addition of the maximum  
delay time that is included, e.g. hG15. Hence, an hour of effective time may be 
denoted hG0.

1.1.2 Delay time
 An interruption that interferes with the continuity of a performance.

1.2. Moving time, repair time, travelling time, etc.
 Some indirect operations necessary for the performance of work at the work 

place are recorded separately, e.g. time of moving machinery, equipment and 
workers from one working place to another (moving time); the time used 
for preparation of machines, equipment and the conditions of the working 
place when beginning and after finishing a certain task (change-over time); 
such time of repair and maintenance which are not a normal procedure in 
the working place, but have to be carried out at times other than during the 
normal work place time (repair time); time for daily travel with men and 
machines to and from the working place (travelling time) .

2. Unutilized time
 The remaining part of the calendar time which cannot be referred to the total 

working time.
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Figure 1. The relationship between the different time concepts in forestry work science. Mod-
ified from The Nordic Forest Study Council (1978, p. 93).
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Appendix C: Footnotes 
 
Chapter 1 
1) The sale of wood chips in Sweden in 2002 was 9.6 TWhLHV (National Board of 

Forestry, 28-Jun-2005 (URL)). In 2002, the amount of wood chips from saw mills sold 
as fuel was 1.421 million m3

f (The Swedish Timber Measurement Council, 2004). The 
average percentage of solid mass for wood chips is 35.5% (Practical Handbook of 
Forestry, 1986), and the average LHV for wood chips is 0.75 MWhLHV/m3 (Olsson, 
2005). Thus, the amount of wood chips from saw mills sold as fuel in Sweden in 2002 = 
1.421 / 0.355 x 0.75 TWhLHV = 3.00 TWhLHV. The amount of chipped logging residues 
= (9.6 – 3.0) TWhLHV = 6.6 TWhLHV. 

2) The amount of wood chips sold to the pulp and board industry in 2002 was 9.856 
million m3

f (The Swedish Timber Measurement Council, 2004). The average 
percentage of solid mass for wood chips is 35.5% and the average LHV for wood chips 
is 0.75 MWhLHV/m3 (see footnote 1). Thus, the amount of wood chips from saw mills 
sold to the pulp and board industry in Sweden in 2002 = 9.856 / 0.355 x 0.75 TWhLHV = 
20.82 TWhLHV. 
The amount of sawdust and shavings sold to the pulp and board industry in 2002 was 
0.840 million m3

f (The Swedish Timber Measurement Council, 2004). The average 
percentage of solid mass for sawdust is 33.0% (Practical Handbook of Forestry, 1986), 
and the average LHV for sawdust is 0.75 MWhLHV/m3 (Olsson, 2005). Thus, the amount 
of sawdust from saw mills sold to the pulp and board industry in Sweden in 2002 = 
0.840 / 0.330 x 0.75 TWhLHV = 1.909 TWhLHV. 
The total amount of by-products from saw mills sold to the pulp and board industry = 
(20.82 + 1.91) TWhLHV = 22.73 TWhLHV. 

3) The amount of sawdust and shavings sold to the district heating sector in 2002 was 
2.610 million m3

f (The Swedish Timber Measurement Council, 2004). The average 
percentage of solid mass for sawdust is 33.0% and the average LHV for sawdust is 0.75 
MWhLHV/m3 (see footnote 2). Thus, the amount of sawdust from saw mills sold to the 
district heating sector in Sweden in 2002 = 2.610 / 0.330 x 0.75 TWhLHV = 5.932 
TWhLHV. 
The amount of bark sold to the district heating sector in 2002 was 1.831 million m3

f 
(The Swedish Timber Measurement Council, 2004). The average percentage of solid 
mass for bark was assumed as equal to the average percentage of solid mass for wood 
chips, i.e. 35.5% (see footnote 1). The average LHV for bark is 0.75 MWhLHV/m3 
(Olsson, 2005). Thus, the amount of bark from saw mills sold to the district heating 
sector in Sweden in 2002 = 1.831 / 0.355 x 0.75 TWhLHV = 3.868 TWhLHV. 
The amount of wood chips sold to the district heating sector in 2002 was 3.00 TWhLHV 
(see footnote 1). Thus, the total amount of by-products from saw mills sold to the 
district heating sector in 2002 = (5.93 + 3.87 + 3.00) TWhLHV = 12.80 TWhLHV. 

 
Chapter 2 
Footnotes to Table 2-1 
a) The contribution of the electricity production from hydropower, condensing power and 

industrial back-pressure power/CHP is assumed to be 50%, 25% and 25% respectively. 
The efficiency of hydropower was assumed as 90%, the efficiency of condensing power 
based on the IGCC technology was 46.7% (see Chapter 4), and the power efficiency at 
industrial back-pressure power/CHP was assumed to be 25%. The weighted meaning 
value of the power efficiency = (0.50 x 90 + 0.25 x 46.7 + 0.25 x 25) % = 62.9%. Thus, 
the primary energy conversion factor of electric power = 1 / 0.629 = 1.59 

b) The efficiency at district heating generation via combustion of undensified biomass was 
estimated to be 82.6% (see Table 4-1). Thus, the primary energy conversion factor of 
district heating = 1 / 0.826 = 1.21 

 183



Table 2-1 continued 
  
c) Data from Johansson, Brandberg & Roth (1992). 
d) Assumed values. 
 
Chapter 3 
1) Future estimated annual yields were 14.25 TWhLHV for short rotation forest and 4.75 

TWhLHV reed canary grass (Börjesson et al., 1997). LHVs used for these estimates were 
4.5 MWh/tdm for willow and 4.0 MWh/tdm for reed canary grass, and the moisture 
contents were 50% for willow and 15% for reed canary grass. Estimated annual yields 
were recalculated to energy amounts based on the HHVs of the two species: 
Willow: EHHV = 14.25 x (4.5 x 3.6 + 1.32 + 2.45) / 4.5 PJ = 63.29 PJ 
Reed canary grass: EHHV = 4.75 x (4.0 x 3.6 + 1.32 + 2.45 x (15 / (100 – 15))) / 4.0 PJ = 
19.19 PJ 
The annual energy yields per hectare at present conditions are estimated by Börjesson 
(1996) to be 180 GJ/ha for willow and 120 GJ/ha for reed canary grass. Thus, an 
equation system may be defined for calculation of the area used for willow and reed 
canary grass cultivation respectively: 

 
EWillow x AWillow = 63.29 x 1015        (1) 
EReed canary grass x AReed canary grass = 19.19 x 1015  (2) 
AWillow + AReed canary grass = 4.00 x 105      (3) 
EWillow/EReed canary grass = 3/2          (4) 

 
(3) and (4) in (2) => 4.00 x 105 x AWillow x 2/3 x EWillow = 19.19 x 1015  (5) 

 
(1) in (5) => (4.00 x 105 - AWillow) x 2/3 x 63.29 x 1015/ AWillow = 19.19 x 1015 => 
(4.00 x 105 - AWillow) x 4.219 x 1016 = AWillow x 19.19 x 1015 => 
1.688 x 1022 – 4.219 x 1016 x AWillow = 19.19 x 1015 x AWillow => 
6.138 x 106 x AWillow = 1.688 x 1022 => AWillow = 275 x 103 ha 

 
(3) => AReed canary grass = 4.00 x 105 - AWillow => AReed canary grass = 125 x 103 ha 

 
Footnotes to Table 3-1 
a) Ecologically and technically available (Lönner et al., 1998). The HHV for logging 

residues was calculated to be 20.8 MJ/kgdm, and the HHV for fuel wood and trees from 
early thinning was calculated to be 20.9 MJ/kgdm (Table A.B-1c). 

b) The amount of forest raw materials and by-products in the scenarios were considered as 
the same percentage distribution as for Swedish forest industries in 2003, according to 
the statistics published by the Swedish Timber Measurement Council (see Table 3-4).  

c) The HHV of wood chips was calculated to be 19.9 MJ/kgdm (Table A.B-1c). EHHV = 
0.602 x 106 x 19.9 x 109 J = 11.98 PJ. 

d) The HHV of sawdust was calculated to be 19.9 MJ/kgdm (Table A.B-1c). EHHV = 1.596 
x 106 x 19.9 x 109 J = 31.76 PJ. 

e) HHV of bark was calculated to be 20.5 MJ/kgdm (Table A.B-1c). EHHV = 2.576 x 106 x 
20.5 x 109 J = 52.81 PJ. 

f) See Table 3-4, footnote q. 
g) See Table 3-4, footnote r. 
h) Available land for energy crops was assumed as 15% of the total Swedish arable land 

area = 400,000 ha with 275,000 ha for willow farming and 125,000 ha for reed canary 
grass farming (Börjesson et al., 1997).  

i) The yield per a 22-year rotation period was assumed as 183 tdm per hectare (Swedish 
Energy Agency, 2003c). 

j) See Table A.B-1c. 
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Table 3-1 continued 
 
k) The yield was based on field experiments performed in Sweden during the 1990s and 

was estimated to be 7.5 tdm/(ha x year) in nine years during an 11-year rotation period 
(Olsson et al., 2001). Average harvest = 9/11 x 7.5 = 6.136 tdm/ha per year.  

l) See Table A.B-1c. 
m) The annual yield on a national level was estimated to be 8 TWhLHV (Börjesson et al., 

1997). LHV of straw with 15% moisture content is 4.0 MWh/tdm (Börjesson, 2001). 
n) See Table A.B-1c. 
o) Based on data from Lönner et al. (1998). The HHV was assumed equal to HHVs for 

wood chips and sawdust, i.e. 19.9 MJ/kgdm. 
 
Footnotes to Table 3-3 
a) Data from National Board of Forestry (2004). The conditions were assumed equal to the 

conditions in 2002. 
b) The average annual percentage of the final felled area, regenerated by planting and 

prepared with annual scarification during 2001 - 2003 was 88% (National Board of 
Forestry, 2004). The annual final felled area = 222,300 ha (see Table 3-2). Thus, the 
area of scarification = 0.88 x 222,300 ha/year = 195,624 ha/year. 

c) The percentage of the final felled area regenerated by planting and sowing was 
estimated to be approximately 80% in 2003 (National Board of Forestry, 2004). The 
annual final felled area = 222,300 ha (see Table 3-2). Thus, the area regenerated by 
planting and sowing = 0.80 x 222,300 ha/year = 177,840 ha/year. 

d) The annual precommercial thinning area was assumed equal to the annual final felling 
area, i.e. 222,300 ha/year. 

e) The annual average fertilized forest area during 1998 - 2002 was 20,460 ha (National 
Board of Forestry, 2004). The annual fertilized forest area was assumed as 20,000 ha. 

f) Tests performed with ash recirculation are done after thinning (Gunnarsson, 2004). 
Thus, the annual forest area treated by ash recirculation was assumed equal to the 
annual thinning area, i.e. 217,600 ha (see Table 3-2). 

g) The average cost for new ditches in 1995, 1998, 1999 and 2000 was 7.01 SEK/m and 
the average annual maintenance costs for the same years were 11.344 MSEK 
respectively (National Board of Forestry, 2004). The annual length of new ditches was 
assumed equal to the length of new ditches in 2002, being 75 km (National Board of 
Forestry, 2004). The average cost for new ditches was assumed as 7.00 SEK/m and the 
annual maintenance cost was assumed as 10.0 MSEK respectively. Thus, the total 
annual cost for forest drainage = 75,000 x 7.00 + 10.0 x 106 SEK = 10.525 MSEK. 

h) The total annual cost for forest roads was assumed equal to the total cost for forest 
roads in 2002, being 727.308 MSEK (National Board of Forestry, 2004). 

 
Footnotes to Table 3-4 
a) Data from Björklund (2005). 
b) The distribution of the raw material to different purposes was assumed as proportional 

to the distribution in 2003. 
c) The solid volume of wood used as saw logs was assumed equal to the solid volume of 

wood used as saw logs in cases 1 - 2. 
d) The solid volume of wood used as pulpwood was assumed to be half of the solid 

volume of wood used as pulp wood in cases 1 - 2.  
e) The solid volume of wood used as raw material in board industries was assumed equal 

to the solid volume of wood used as raw material in board industries in cases 1 - 2. 
f) The total volume of wood received at later thinning and final felling, according to AVB 

92 = (16.533 + 59.982) x 106 m3
sk = 76.515 x 106 m3

sk = 76.515 x 0.95 x 106 m3
fpb = 

72.689 x 106 m3
fpb. 

g) Data regarding bark, wood chips, sawdust, and shavings from The Swedish Timber 
Measurement Council (2004) and Björklund (2005). 

h) Based on roundwood consumption with bark. 
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Table 3-4 continued 
 
i) The volume distribution of products was assumed as proportional to the volume 

distribution of products in 2003. 
j) The basic density of bark = 333.0 kgdm/m3

f (Björklund, 2005). The average basic 
density of wood, wood chips, sawdust and shavings was calculated through weighting 
of the basic density of wood in northern, central and southern Sweden by the 
roundwood consumption in the three regions. The average basic density of wood in 
northern Sweden is 403.0 kgdm/m3

f, 420.5 kgdm/m3
f in central Sweden and 416.1 

kgdm/m3
f in southern Sweden, whereas roundwood consumption is 10.28 million m3

fub 
(northern), 8.11 million m3

fub (central) and 16.73 million m3
fub (southern) (Björklund, 

2005). Thus, the weighted basic density of wood, wood chips, sawdust and shavings in 
Sweden = (403.0 x 10.28 + 420.5 x 8.11 + 416.1 x 16.73) / (10.28 + 8.11 + 16.73) 
kgdm/m3

f = 413.3 kgdm/m3
f. 

k) The solid volume of wood used at saw mills = 35.392 million m3
fub (The Swedish 

Timber Measurement Council, 2004). The solid volume of sawn wood = the solid 
volume of wood consumed - (bark + wood chips + sawdust + shavings). Thus, the solid 
volume of sawn wood = 35.392 - (3.788 + 12.164 + 4.590) million m3

f = 14.850 million 
m3

f. 
l) The difference in volumes of products in the scenarios compared to the volumes of 

products in 2003 were assumed to be proportional to the difference in total volume of 
wood used as raw material in the scenarios, compared to the total volume of wood used 
as raw material in 2003. 

m) The weighted basic density of wood in Sweden = 413.3 kgdm/m3
f (see footnote j). 

n) The sum of the weight of consumed roundwood under bark and the weight of bark 
received. 

o) The volume of consumed roundwood with bark minus the volume of bark received. 
p) The average basic density of wood = 413.3 kgdm/m3

f (see footnote i). Thus, the weight 
of consumed roundwood under bark = 28.162 x 413.3 x 10-3 Mtdm = 11.638 Mtdm. 

q) The mass ratio of pulp produced and raw material consumed was assumed proportional 
to the mass ratio in 2003. The dry matter of pulp produced in 2003 was 10.571 tdm 
(Björklund, 2005). The solid volume of raw material used for pulp production in 2003 
was 45.006 million m3

f. The average basic density of wood = 413.3 kgdm/m3
f (see 

footnote i). Thus, the dry matter weight of the raw material used in 2003 = 45.006 x 
413.3 x 10-3 Mtdm = 18.599 Mtdm. The dry matter of pulp produced in scenarios ‘heat’ 
and ‘electricity’ = 16.093 x 10.571 / 18.599 Mtdm = 9.146 Mtdm. 

r) The bark percentage of the roundwood was assumed as 12.0%. Thus, the solid volume 
of bark received = 0.12 x 32.002 million m3

f
s) The basic density of bark = 333.0 kg

 = 3.840 million m3
f. 

dm/m3
f (see footnote i). Thus, the weight of bark 

received = 3.840 x 333.0 x 10-3 Mtdm = 1.279 Mtdm. 
t) Calculated as the difference between the total amount of raw material consumed and the 

amount of pulp produced. 
u) HHV of the wood components in black liquor was assumed as 22.6 MJ/kgdm, based on 

the assumption that 42% of the wood is cellulose with 17.6 MJ/kg and the HHV of 
wood is 20.5 MJ/kg. The cellulose goes into the pulp and the HHV of the remaining 
wood components in the black liquor is = (20.5 – 0.42 x 17.6) /  0.58 MJ/kgdm = 22.6 
MJ/kgdm. Thus, the energy amount of the total black liquor amount received = 6.947 x 
22.6 PJ = 157.0 PJ. 

v) All volumes, dry matter weights and energy amounts of raw materials and products 
were half of the amounts in scenarios ‘heat’ and ‘electricity’. 

 
Footnotes to Table 3-7 
a) The dry matter weight of stumps per m3

sk final felled roundwood was estimated by 
Marklund (1981) to be 106 kgdm/m3

sk. The total annual volume of roundwood at final 
felling during 1998 – 2008 is estimated by Lundström, Nilsson & Söderberg (1993) to 
be 59.982 million m3

sk. The total dry matter weight of stumps as a function of the final 
felled volume = 0.106 x 59.982 Mtdm = 6.358 Mtdm. Danielsson & Nilsson (1977)  
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Table 3-7 continued 
 

estimate that 55% of the total stump volume may be available after reduction due to 
severe terrain, nutrient-poor lands, small final felled areas, small stumps and stumps 
from broad-leaf trees. Thus, the annual dry matter weight of stumps available after 
these reductions = 0.55 x 6.358 Mtdm = 3.497 Mtdm. 

b) The weighted HHV of stumps from pine and Norway spruce = (20.7 x (0.311 / (1 – 
0.126) + 20.4 x (0.562 / (1 – 0.126) MJ/kgdm = 20.5 MJ/kgdm (see Tables A.B-1a and 
A.B-1b). Estumps available = 3.497 x 20.5 PJ = 71.69 PJ. 

c) The potential amount of peat to be used for energy purposes in Sweden is 6.0 TWhLHV 
(Ministry of Industry, Employment and Communication, 2002). The ratio of HHV and 
LHV of peat was assumed as equal to the ratio of the HHV and LHV for logging 
residues with 50% moisture content. HHV for logging residues = 20.8 MJ/kgdm  (Table 
A.B-1c) and LHVlogging residues, MC = 50% = 17.0 MJ/kgdm (see Table 5-4, footnote h). Thus, 
the corresponding amount of peat based on the HHV = 6.0 x 20.8 / 17.0 TWh = 7.3 
TWh. 

d) The combustion of waste in waste incineration boilers in 1998 was 2.2 Mt (The 
Swedish Association of Waste Management, 1998).  The lack of incineration capacity in 
2002 is estimated by Profu (2001a) to be about 1.3 Mt. Thus, the total potential amount 
of combustible waste = (2.2 + 1.3) Mt = 3.5 Mt. The moisture content of household 
waste is 25 – 35% and commercial waste is 10 – 20% (Hietanen, 2002). The average 
moisture content was assumed as 25%. Thus, the total potential dry matter weight of 
combustible waste =3.5 x 0.75 Mtdm = 2.62 Mtdm. 

e) The use of waste in district heating plants in 1998 was 5.1 TWhLHV (Swedish Energy 
Agency, 2004b). The energy content of the total potential amount of combustible waste 
= (2.2 + 1.3) / 2.2 x 5.1 TWhLHV = 8.11 TWhLHV. It was assumed that the ratio of HHV 
and LHV of the combustible waste was equal to the ratio of the HHV and LHV for 
wood chips with 25% moisture content. HHV for wood chips = 19.9 MJ/kgdm (Table 
A.B-1c). LHVwood chips, MC = 25% = 19.9 – 1.32 – 2.45 x 25 / (100 – 25) MJ/kgdm = 17.8 
MJ/kgdm. Thus, the corresponding potential amount of combustible waste based on the 
HHV = 8.11 x 19.9 / 17.8 TWh = 9.07 TWh. 

f) The total biogas potential at 2008 is estimated to be 17.37 TWhLHV, where 7.14 
TWhLHV is derived from straw (Nordberg et al., 1998). The biogas potential in 2008 
excluding straw as a raw material = (17.37 – 7.14) TWhLHV = 10.23 TWhLHV. The ratio 
of HHV/LHV was assumed as equal to the corresponding ratio for natural gas from 
Frigg, being 1.0986 (see Table 5-1, footnote c). Thus, the biogas potential for 2008  
excluding straw as raw material, based on the HHV = 10.23 x 1.0986 TWh = 11.24 
TWh. 

 
Chapter 4 
Footnotes to Table 4-1 
a) Based on data for firing of wood or pellets in a domestic boiler. Values to the left of the 

slash are for wood firing, whereas values to the right of the slash are for pellet firing. 
b) Based on data for the district heating plant fired with undensified biomass in Knivsta, 

Sweden, and the pellet-fired district heating plant in Jönköping, Sweden. Values to the 
left of the slash are for the boiler fired with undensified biomass, whereas values to the 
right of the slash are for the pellet boiler. 

c) Based on data for the biomass-fired circulated fluidised bed in Västerås, Sweden. 
d) Based on data for the IGCC demonstration plant in Värnamo, Sweden (Sydkraft, 2000). 
e) Hydrogen production. The Battelle Columbus gasifier is used for production of 

synthesis gas. Based on data from Hamelinck & Faaij (2002). 
f) Methanol production. The Battelle Columbus gasifier is used for production of 

synthesis gas. Based on data from Hamelinck & Faaij (2002). 
g) The investment cost of a boiler for wood firing and accumulator tank, including 

assembling costs was 70,000 SEK in 2002 (Jansson, 2004b; Swedish Energy Agency, 
2002). Thus, the investment cost = 70,000 / 9.119 € = 7676 € = 0.0077 M€. 
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Table 4-1 continued 
 

The investment cost of a boiler for pellet firing, fuel storage and a screw for feeding the 
pellets from the fuel storage to the boiler, including assembling costs was also 70,000 
SEK in 2002 (Jansson, 2004b; Swedish Energy Agency, 2002). Thus, the investment 
cost = 70,000 / 9.119 € = 7676 € = 0.0077 M€. 

h) The investment cost of the boiler in Knivsta was 42 MSEK in 1997 (Hillring, 2000). 
The investment cost for flue gas condensation in 2000 was estimated by Olsson (2004) 
to be 6.5 MSEK. Change in consumer price index for June 1997-June 2002 is 7.2%, 
whereas the change in consumer price index for June 2000-June 2002 = 5.0% (Statistics 
Sweden, 19-Jul-2004 (URL)). Thus, the total investment cost in June 2002 = (42 x 
1.072 + 6.5 x 1.05) MSEK = 51.849 MSEK = 51.849 / 9.119 M€ = 5.686 M€.  The 
investment cost of the boiler in Jönköping was 20 MSEK in 2002 (Alvin, 2005). Thus, 
the investment cost = 20.000 / 9.119 M€ = 2.193 M€. 

i) The investment cost of the plant was 525 MSEK in 1999-2000 (Mälarenergi AB, 2004 
(URL)). Additional investment cost for steam turbine and generator is assumed as 125 
MSEK (Westin, 2004). Change in consumer price index for January 2000 – June 2002 
= 6.0% (Statistics Sweden, 14-Dec-2004 (URL)). Thus, total investment cost in June 
2002 is (525+125) x 1.06 MSEK = 689.00 MSEK = 689.00 / 9.119 M€ = 75.557 M€. 

j) Specific investment cost in year 2000 = 10,200 SEK/kWe (Sydkraft, 2000). Change in 
consumer price index for June 2000 – June 2002 = 5.0% (Statistics Sweden, 6-Jul-2004 
(URL)). Specific investment cost in June 2002 = 10,200 x 1.05 SEK/kWe = 10,710 
SEK/kWe. Installed capacity = 69.3 MW (Sydkraft, 2000). Investment cost in June 
2002 = 10,710 x 69.3 x 103 SEK = 742.203 MSEK = 742.203 / 9.119 M€ = 81.391 M€. 

k) See Table 4-2. 
l) The sweeping costs were estimated by Löfgren (2004) to be 750 SEK/year. Other 

service & maintenance costs were assumed to be 250 SEK/year, giving the total service 
and maintenance costs of 1000 SEK/year. The personnel costs were assumed to be 3000 
SEK/year. Thus, O & M costs for wood firing = (1000 + 3000) SEK/year = 4000 
SEK/year = 4000 / 9.119 €/year = 439 €/year = 0.0004 M€/year. 
The average amount of electricity required for pellet firing was estimated by Jansson 
(2004b) as 77 W. Typical heat demand for a single family-house in Sweden = 20,000 
kWh/year (Swedish Energy Agency, 2002) and the average power output = 12.0 kW 
(Löfgren & Windestål, 2001). Thus, the annual operating time = 20,000 / 12.0 h = 
1666.7 h, and the total electricity required = 77 x 1666.7 Wh/year = 128 kWh/year =  
462 MJ/year. The cost of electric power was assumed as 0.30 SEK/kWh. Annual cost of 
electric power required = 0.30 x 128 SEK = 38.40 SEK = 38.40 / 9.119 € = 4.21 €. 
Total O & M costs for pellet firing = (439 + 4) €/year = 443 €/year = 0.0004 M€/year. 

m) O & M costs for the boiler in Knivsta was 5.0 MSEK in 2002 (Olsson, 2004). Thus, O 
& M costs in 2002 = 5.0 / 9.119 M€ = 0.548 M€. 
The maintenance and personnel costs for the boiler in Jönköping were 50,000 SEK and 
120,000 SEK respectively in 2002, and the amount of electric power required for the 
boiler is 449 MWh/year (Alvin, 2005). The cost of electric power was assumed as 0.30 
SEK/kWh. Thus, total O & M costs in 2002 = (50,000 + 120,000 + 0.30 x 449 x 103) 
SEK = 304,700 SEK = 304,700 / 9.119 € = 33,414 €. 

n) Fixed O & M costs in 2003 = 700 SEK/h (Blomgren, 2004). Operating hours = 8000 
h/year. Fixed O & M costs for 2003 = 350 x 8000 SEK = 5.60 MSEK. Variable O & M 
costs in 2003 = 2 SEK/(MWhLHV fuel) (Blomgren, 2004). Annual fuel demand = 1060  
GWhLHV (Westin, 2002). Variable O & M costs for 2003 = 2 x 1060 x 103 SEK = 2.12 
MSEK. Total O & M costs in 2003 = (5.60 + 2.12) MSEK = 7.72 MSEK. Change in 
consumer price index for June 2002 – June 2003 = 1.7% (Statistics Sweden, 5-Jul-2004 
(URL)). Total O & M costs in 2002 = 7.72 / 1.017 MSEK = 7.591 MSEK = 7.591 / 
9.119 M€ = 0.832 M€. 
Power required for the conversion process at maximum power output = 5 MW. Biomass 
input at maximum power = 170 MWLHV (Westin, 2002). The LHV of the biomass 
mixture used in the reference plant = 9.768 MJ/kg and the moisture content = 44.22%  
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(Byström, 2004). Fuel feed at maximum power = (170 x 3600 x (1 - 0.4422) / 9.768) 
tdm/h = 34.95 tdm/h. The required amount of electricity per ton dry matter = (5 x 3600 /  
34.95) MJ/tdm = 515.02 MJ/tdm. Annual fuel demand = 1060 GWh and the HHV of the 
biomass mixture used in the reference plant = 20.727 MJ/kgdm (Byström, 2003). Thus, 
annual biomass input (HHV) = 1060 x 3600 x 20.727 x (1 - 0.4422) / 9.768 GJ/year = 
4.517 PJ/year. Annual weight of biomass input if logging residues are used = 4.517 x 
106 / 20.8 tdm = 217,163 tdm. Thus, the annual amount of electricity required = 515.02 x 
217,163 MJ = 111.84 TJ/year = 111.84 x 109 / 3600 kWh/year = 3.1067 x 107 
kWh/year. The cost of electric power was assumed as 0.30 SEK/kWh. Annual cost of 
electric power required in the process = 0.30 x 3.1067 x 107 SEK = 9.320 MSEK = 
9.320 / 9.119 M€ = 1.022 M€. Total O & M costs for 2002 = (0.832 + 1.022) M€. = 
1.854 M€. 

o) The production cost for electricity, considering that the fuel cost is 0.11 SEK/kWh, is 
0.45 SEK/kWh. Net power output = 64.1 MW and operation time = 7000 h/year 
(Sydkraft, 2000). Annual amount of net electricity produced = 64.1 x 7000 MWh = 
448.7 GWh. Annual production cost of electricity = 448.7 x 0.45 MSEK = 201.915 
MSEK. The investment cost = 10,200 SEK/kWe and gross power output = 69.3 MW 
(Sydkraft, 2000). Thus, the total investment cost in 2000 = 10,200 x 69,300 SEK = 
706.860 MSEK. Economic lifetime = 20 years and the interest rate = 6.0% (Sydkraft, 
2000). Thus, the factor of fixed annual instalments (f) = 0.06 x (1 + 0.06)20 / ((1 + 
0.06)20 – 1) = 0.08718, and the annual cost of investment = 706.860 x 0.08718 MSEK = 
61.624 MSEK. The net efficiencyLHV = 46.2% (Sydkraft, 2000). Thus, the biomass 
input = 64.1 / 0.462 MW = 138.74 MWLHV, and the annual amount of biomass required 
= 138.74 x 7000 MWh= 971.18 GWh. The annual cost of biomass = 971.18 x 0.11 
MSEK = 106.830 MSEK. Service & maintenance and personnel costs = the production 
cost for electricity - the annual cost of investment - the annual cost of biomass. Thus, 
the service & maintenance and personnel costs = (201.915 – 61.624 – 106.830) MSEK 
= 33.461 MSEK. Change in consumer price index for June 2000-June 2002 = 5.0% 
(Statistics Sweden, 6-Jul-2004 (URL)). Thus, the service & maintenance and personnel 
costs in June 2002 = 33.461 x 1.05 MSEK = 35.134 MSEK = 35.134 / 9.119 M€ = 
3.853 M€. Electric power required for process = 5.2 MW (Sydkraft, 2000). Number of 
operating hours was assumed as 8000 h/year. Annual electric power demand for process 
= 5.2 x 8000 MWh  
= 41.6 GWh. The cost of electric power was assumed as 0.30 SEK/kWh. Annual cost of 
electric power required for process = 0.30 x 4.16 x 107 SEK = 12.48 MSEK = 12.48 / 
9.119 M€ = 1.369 M€. The O & M costs for 2002 = (3.853 + 1.369) M€. = 5.222 M€. 

p) Running, maintenance and personnel costs were assumed as 4.0% of the investment 
cost, according to Faaij, Meuleman & van Ree (1998) and Larson, Consonni & Kreutz, 
1998). Thus, the running, maintenance and personnel costs = 0.04 x 212.752 M€ = 
8.510 M€. The electric power required for the process at 428.4 MWHHV biomass input = 
22.4 MW. The electric power required was assumed proportional to the amount of 
biomass input. Thus, the electric power required for the process at 300.0 MWHHV 
biomass input = 22.4 x 300.0 / 428.4 MW = 15.686 MW. The annual amount of 
electricity required at 8000 hours operation time = 15.686 x 8000 MWh = 125.488 
GWh. Annual cost of electric power required = 0.30 x 125.488 MSEK = 37.646 MSEK 
= 37.646 / 9.119 € = 4.128 M€. Total O & M costs = (8.510 + 4.128) M€ = 12.638 M€. 

q) Running, maintenance and personnel costs = 4.0% of the investment cost (see note p). 
Thus, the running, maintenance and personnel costs = 0.04 x 235.391 M€ = 9.416 M€. 
The electric power required for the process at 432.4 MWHHV biomass input = 17.3 MW. 
The electric power required was assumed proportional to the amount of biomass input. 
Thus, the electric power required for the process at 300.0 MWHHV biomass input = 17.3 
x 300.0 / 432.4 MW = 12.003 MW. The annual amount of electricity required at 8000 
hours operation time = 12.003 x 8000 MWh = 96.024 GWh. Annual cost of electric  
power required = 0.30 x 96.024 MSEK = 28.807 MSEK = 28.807 / 9.119 € = 3.159 M€. 
Total O & M costs = (9.416 + 3.159) M€ = 12.575 M€. 
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r) Wood firing: power output = 21.3 kW and the boiler efficiency based on the LHV = 

82.0% (Jansson, 2004b). Biomass input = 21.3 / 0.82 kW = 25.98 kWLHV.. The HHV of 
fuel wood was assumed equal to the HHV of whole trees, i.e. 20.9 MJ/kgdm (see Table  
A.B-1c). The moisture content was assumed as 20%. LHVfuel wood = (20.9 - 1.32 - 2.45 x 
(0.20 / (1 – 0.20))) MJ/kgdm = 19.0 MJ/kgdm. Biomass inputHHV = 25.98 x 20.9 / 19.0 
kW = 28.58 kW. 
Pellet firing: power output = 12.0 kW and the boiler efficiency based on the LHV = 
82.5% (Löfgren & Windestål, 2001). Biomass input = 12.0 / 0.825 kW = 14.55 kWLHV. 
Higher heating value was assumed equal to the HHV of sawdust, i.e. 19.9 MJ/kgdm, and 
the moisture content was assumed as 10%. LHV = (19.9 – 1.32 - 2.45 x (0.10 / (1 – 
0.10)) MJ/kgdm = 18.3 MJ/kgdm. Biomass inputHHV = 14.55 x 19.9 / 18.3 kW = 15.82 
kW. 

s) Biomass input for the boiler fired with undensified biomass = 8.00 t/h and moisture 
content = 52.5% (Olsson, 2004). Input of dry matter = 8.00 x (1 - 0.525) tdm/h = 3.80 
tdm/h. The biomass consists of logging residues and bark (Olsson, 2004) and the 
composition is assumed as 50% of logging residues and 50% of bark. Thus, the HHV of 
the biomass composition = (20.5 x 0.50 + 20.8 x 0.50) GJ/tdm = 20.65 GJ/tdm and the 
biomass input = 3.80 x 20.65 GJ/h = 3.80 x 20.65 / 3600 GW = 21.797 MW. 
Biomass input for the boiler fired with pellets = 10.0 MW of pellets based on the LHV. 
The LHV = 4.9 MWh/t and the moisture content = 8.0% (Alvin, 2005). Thus, the 
biomass input = 10.0 / 4.9 x (1 – 0.08) t/h = 1.878 tdm/h. The LHV per metric ton of dry 
matter =4.9 x 3.6 / (1 – 0.08) GJ/tdm = 19.17 GJ/tdm. The HHV = (19.17 + 1.32 + 2.45 x 
8 / (100 – 8)) GJ/tdm = 20.71 GJ/tdm. The biomass input = 1.878 x 20.71 / 3600 GW = 
10.80 MW. 

t) The average biomass input 2003-01-16 was 126.28 MWLHV of wood chips and 42.08 
MWLHV of peat (Arnfeldt, 2006); LHVwood chips = 9.015 MJ/kg; HHVwood chips = 20.282 
MJ/kgdm; LHVpeat = 11.523 MJ/kg; HHVpeat = 21.639 MJ/kgdm; MCwood chips = 46.45%; 
MCpeat = 39.00% (Byström, 2003). The average input of wood chips = 126.28 x 3.6 / 
9.015 t/h = 50.428 t/h. The average input of peat = 42.08 x 3.6 / 11.523 t/h = 13.147 t/h. 
The total average input of fuel = (50.428 x (1 – 0.4645) x 20.282 + 13.147 x (1 – 0.39) 
x 21.639) / 3.6 MW = 200.34 MW. 

u) Net power = 64.1 MW and net effiencyLHV = 46.2% (Sydkraft, 2000). Fuel demand = 
64.1 / 0.462 MWLHV = 138.74 MWLHV. Lower heating value = 18.9 MJ/kgdm (Sydkraft, 
2000). Fuel demand = 138.74 / 18.9 kgdm/s = 7.3407 kgdm/s = 7.3407 x 3600 kgdm/h =  
26,427 kgdm/h. Higher heating value = (1.32 + 18.9) MJ/kgdm = 20.22 MJ/kgdm. Fuel 
demand = 26,427 / 3600 x 20.22 MW = 148.43 MW. 

v) Chosen amount of biomass input. 
w) Calculated as the quotient of annual heat production and boiler efficiencies. 

Wood firing: the boiler efficiency based on the LHV = 82.0% (Jansson, 2004b). The 
biomass inputLHV = 7.20 x 1010 / 0.820 J = 8.78 x 1010 J. The HHV for fuel wood is 20.9 
MJ/kgdm and 19.0 MJ/kgdm for LHV (see footnote r). Thus, the biomass inputHHV = 8.78 
x 1010 x 20.9 / 19.0 J = 9.66 x 1010 J = 9.66 x 10-5 PJ. 
Pellet firing: the boiler efficiency based on the LHV = 82.5% (Löfgren & Windestål, 
2001). The biomass inputLHV = 7.20 x 1010 / 0.825 J = 8.73 x 1010 J. The HHV of pellets 
is 19.9 MJ/kgdm and 18.3 MJ/kgdm for LHV (see footnote r). Thus, the biomass inputHHV 
= 8.73 x 1010 x 19.9 / 18.3 J = 9.49 x 1010 J = 9.49 x 10-5 PJ. 

x) Annual heat production for the boiler in Knivsta = 47.5 GWh = 47.5 x 3.6 TJ = 171.0 
TJ and the maximum heat effect excluding flue gas condensation = 15.0 MW (Olsson, 
2004). Input of dry matter = 3.80 tdm/h and the HHV of the biomass composition = 
(20.5 x 0.50 + 20.8 x 0.50) GJ/tdm = 20.65 GJ/tdm (see footnote s). The efficiency = 15.0 
x 106 x 3600 / (3.8 x 20.65 x 109) = 68.82%. Ebiomass input = Eheat produced / η 
Thus, the annual biomass input = 0.171 / 0.688 PJ/year = 0.249 PJ/year. 
Biomass input for the boiler fired with pellets = 7079 t/year. The moisture content of 
the pellets = 8.0% (Alvin, 2005). The input of dry matter = 7079 x (1 – 0.08) tdm/year =  
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6513 tdm/year. The HHV of the pellets = 20.71 GJ/tdm (see footnote s). Thus, the 
biomass input = 6513 x 20.71 GJ/year = 0.135 PJ/year. 

y) See footnote n. 
z) Data for wood firing from Jansson (2004b) and data for pellet firing from Löfgren & 

Windestål (2001). 
aa) Maximum heat effect of the boiler fired with undensified biomass and provided with 

flue gas condensation = 18.0 MW (Olsson, 2004). Maximum heat effect of the boiler 
fired with pellets = 9.3 MW (Alvin, 2005). 

bb) Average data for 2003-01-16: the fuel input = 168.36 MWLHV; ηboiler, excluding flue gas 

condensation, based on LHV = 88.817; Pflue gas condensation = 43.62 MW; Pe = 59.42 MW (Arnfeldt, 
2006). Poutput, excluding flue gas condensation = 168.36 x 0.88817 MW = 149.53 MW. Ptotal output = 
(149.53 + 43.62) MW = 193.15 MW. Pheat output = (193.15 – 59.42) MW = 133.73 MW. 

cc) See footnote bb. 
dd) The output of hydrogen was assumed to be proportional to the input of biomass. Thus, 

the output of hydrogen at 300.0 MWHHV biomass input = 303.0 x 300.0 / 428.4 MW = 
212.18 MW. 

ee) The output of methanol was assumed to be proportional to the input of biomass. Thus, 
the output of methanol at 300.0 MWHHV biomass input = 254.8 x 300.0 / 432.4 MW = 
176.78 MW. 

ff) Typical heat demand for a single-family house in Sweden = 20,000 kWh/year = 20 x 
106 x 3600 J = 7.20 x 1010 J = 7.20 x 10-5 PJ (Swedish Energy Agency, 2002). 

gg) The maximum heat effect of the boiler fired with undensified biomass including flue 
gas condensation = 18.0 MW (Olsson, 2004). The biomass input = 21.797 MW (see 
footnote s). Thus, the efficiency including flue gas condensation = 18.0 / 21.797 = 
82.58%. The annual biomass input = 0.249 PJ/year (see footnote x). Thus, the annual 
heat production including flue gas condensation = 0.249 x 0.8258 PJ = 0.206 PJ 
(Olsson, 2004). Annual heat production of the boiler fired with pellets = 116 TJ = 
0.116 PJ (Alvin, 2005). 

hh) Pheat output =133.73 MW (see footnote bb); Pfuel input = 200.34 MW (see footnote t). ηheat = 
133.73 / 200.34 = 66.75%. The annual amount of heat produced = 4.517 x 0.6675 PJ = 
3.015 PJ. 

ii) Pe = 59.42 MW (see footnote bb); Pfuel input = 200.34 MW (see footnote t). ηe = 59.42 / 
200.34 = 29.66%. The annual amount of electric power produced = 4.517 x 0.2966 PJ = 
1.340 PJ. 

jj) Calculated as the ratio of the total power output to the biomass inputHHV. 
 
Footnotes to Table 4-2 
a) Data from Hamelinck & Faaij (2002). 
b) Weighted value for all pre-treatment equipment, i.e. conveyers, grinding, storage, dryer, 

iron removal and feeding system, in relation to base investment costs given by 
Hamelinck & Faaij (2002). 

c) HTHE = High-temperature heat exchanger. 
d) The rate of US dollar (USD) in June 2001 = 10.326 SEK. Change in consumer price 

index for June 2001-June 2002 in Sweden = 2.0% (Statistics Sweden, 14-Dec-2004 
(URL)). 

e) The total investment cost in June 2001 = 184.2 x 10.326 MSEK = 1902.049 MSEK. 
Thus, the total investment cost in June 2002 = 1902.049 x 1.02 MSEK = 1940.090 
MSEK = 1940.090 / 9.119 M€ = 212.752 M€. 

f) The total investment cost in June 2001 = 203.8 x 10.326 MSEK = 2104.439 MSEK. 
Thus, the total investment cost in June 2002 = 2104.439 x 1.02 MSEK = 2146.528 
MSEK = 2146.528 / 9.119 M€ = 235.391 M€. 
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Chapter 5 
1) The efficiency of the furnace used for flue gas production was assumed to be equal to 

the efficiency of the district heating plant selected as a reference plant (excluding flue 
gas condensation) in this work, i.e. 68.8% (see Table A.J-41, footnote j). The same raw 
material as used for pellet production was assumed as the fuel being used in the 
furnaces for flue gas generation. HHVsaw dust = 19.9 MJ/kgdm. The amount of biomass to 
be dried = 20.6 x 1015 / 19.9 x 109 Mtdm = 1.035 Mtdm. The moisture content of the 
biomass before drying was assumed as 50% and 10% after drying. The amount of 
moisture to be evaporated = (1.035 / 0.50 – 1.035 / 0.10) Mt = 920 kt. The gross use of 
heat at flue gas drying is 3.10 MJ/(kg H2O) (Wimmerstedt, 1999). Thus, the dry matter 
of sawdust required for flue gas drying = [3.10 x 106 x 9.20 x 108 / (0.688 x 19.9 x 106)] 
kgdm = 2.08 x 108 kgdm = 208 ktdm. Esaw dust required for flue gas drying = 208 x 106 x 19.9 x 106 J 
= 4.14 PJ. 

2) 25% of the final use and the distribution losses were related to CHP. The energy 
sources in Table 5-5 used in CHP are oil, natural gas, LPG, coal, blast furnace gas, 
wood fuels and other biofuels. The sum of these energy sources was 161.8 PJ in 2002. 
The conversion losses were assumed as related to conversion of these energy sources. 
An energy balance of CHP in 2002 will then be: 
161.8 xCHP = 23.2 xCHP + 19.4 x 0.25 + 167.1 x 0.25 

 xCHP = (19.4 x 0.25 + 167.1 x 0.25) / (161.8 – 23.2) = 0.3364 
Thus, 33.6% of the mentioned fuels above were used in CHP plants (based on the 
HHV), corresponding to 0.336 x 161.8 PJ = 54.4 PJ.  

3) The amount of fuel used for district heating production in CHP plants (including 
conversion and distribution losses) = 54.4 PJ. Etotal amount of fuel including electric power generation = 
54.4 / (0.6675 + 0.0359) PJ = 77.34 PJ. Efuel for electric power generation = (77.34 – 54.4) PJ = 
22.94 PJ. 

4) The percentage of wood fuels used in CHP plants = (61.2 + 15.7) / 161.8 = 47.53%. 
The amount of wood fuels required for electric power generation in CHP plants = 
0.4753 x 22.94 PJ = 10.90 PJ. 

5) The total use of pellets for heat production in Sweden in 2002 was 20.6 PJ (see Figure 
5-1). The amount of pellets and briquettes used for electric power generation in CHP 
plants in Sweden in 2002 was 14.0 ktoe = 14.0 x 11.63 GWh  = 163 GWh  
(Statistics Sweden, 2003b). The HHV for pellets made of sawdust with 10% moisture 
content is 19.9 MJ/kg  and 18.3 MJ/kg  for LHV (see Table 4-1, footnote r). Thus, 
the corresponding supply, based on the HHV = 163 x 19.9 / 18.3 GWh = 177 GWh = 
177 x 3.6 TJ = 636 TJ. Thus, the total use of pellets in Sweden in 2002 including use 
for electric power generation in CHP plants = (20.6 + 0.6) PJ = 21.2 PJ. m  = E / 
HHV. Thus, the dry weight of pellets = 21.2 x 10  / 19.9 x 10  kg  = 1.07 x 10  kg  
= 1.07 Mt .

LHV LHV

dm dm

dm
15 6

dm
9

dm

dm
6) The amount of pellets required for heat production in single family-houses in scenario 

‘heat’ was calculated as 44.4 PJ. The corresponding amount of pellets required for heat 
production in premises and dwellings excluding single family-houses in scenario ‘heat’ 
was calculated as 16.4 PJ. The amount of pellets used for production of district heating 
was calculated to be 51.3 PJ. Thus, the total use of pellets in scenario ‘heat’ = (44.4 + 
16.4 + 51.3) PJ = 112.1 PJ. The raw material used for pellet production was assumed as 
wood chips, sawdust, bark, logging residues and trees from early thinning. The dry 
matter amounts were calculated by dividing the energy amounts by the HHVs of the 
different biomass assortments (shown in Table A.B-1c). Thus, the amounts required and 
available were as follows: 
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      m 
[Mtdm]

 
         E 

[PJ]
 

 
Wood chips 
Saw dust 
Bark 
Logging residues from final felling 
Logging residues from thinning 
Trees from early thinning 
Total 

 

0.49
1.40
0.67

  0.25
2.26
0.42
5.49

9.7
27.9
13.6
5.2

47.0
8.7

112.1

 
7) All biomass used for pellet production (4.42 Mtdm) was dried, obtaining a decrease of 

the moisture content from 50% to 10%. The amount of heat recovered in a flue gas 
dryer was estimated by Wimmerstedt & Linde (1998) to be 2.55 MJ/(kg H2O). The 
amount of moisture to be evaporated = [4.42 / (1 – 0.50) – 4.42 / (1 – 0.10)] Mt = 3.93 
Mt. The amount of heat recovered = 2.55 x 106 x 3.93 x 109 J = 10.02 PJ. 

8) The amount of fuel required in CHP plants in 2002 was 54.4 PJ. The amount of district 
heating including distribution losses required for replacement of electricity and fossil 
fuels in premises and dwellings was 59.9 PJ (32.6 PJ in single family houses and 27.3 
PJ in premises and dwellings, excluding single family-houses). The increased amount 
of heat recovered at flue gas drying of the biomass amount required for pellets 
production compared to 2002 was 10.0 PJ (see footnote 7). The amount of undensified 
woody biomass required in CHP plants for covering the remaining increased DH 
demand (including conversion losses) = (59.9 – 10.0) / (1 - 0.0359) PJ = 51.76 PJ. Thus, 
the total amount of fuels required in CHP plants for district heating production 
(including conversion and distribution losses) = (54.4 + 51.8) PJ = 106.2 PJ. 

9) In 2002, 25% of the distribution losses were related to CHP, leading to distribution 
losses of 0.25 x 19.4 PJ = 4.85 PJ. In scenario ‘heat’, the distribution losses were 
assumed proportional to the final use, compared to 2002. Thus, the distribution losses / 
final use = 19.4 / 167.1 = 11.61%. The final use of heat replaced by district heating in 
single family-houses was 8.0 TWh = 8.0 x 3.6 PJ = 28.8 PJ (see Table 5-7, footnotes c, 
d, f, g, i and j). The final use of heat replaced by district heating in premises and 
dwellings excluding single family-houses = ((3.37 + 1.2) x 0.933 + 5.8) x 2 / 3 TWh = 
6.71 TWh = 6.71 x 3.6 PJ = 24.16 PJ (see Table 5-7, footnotes c, d, f, g, i and j). The 
amount of heat replaced by district heating covered by CHP plants = (28.8 + 24.16) x 
((59.9 – 10.0) / 59.9) PJ = 44.12 PJ. Thus, the total amount of distribution losses from 
heat production in CHP plants = (4.85 + 44.12 x 0.1161) PJ = 9.97 PJ. 

10) The amount of fuel used for district heating production in CHP plants (including 
conversion and distribution losses) in scenario ‘heat’ = 106.2 PJ (see footnote 8). Etotal 
amount of fuel including electric power generation = 106.2 / (0.6675 + 0.0359) PJ = 150.98 PJ. Efuel for 

power generation = (150.98 – 106.2) PJ = 44.78 PJ. 
11) The amount of fuel used for heat production in CHP plants and not replaced by woody 

biomass (i.e. coal, blast furnace gas and other biofuels) compared to 2002 = 0.3364 x 
(7.9 + 47.1) PJ = 18.50 PJ (see footnote 2). The amount of wood fuels used for heat 
production in CHP plants in scenario ‘heat’ = (106.2 – 18.5) PJ = 87.7 PJ. The fuel 
amount required for electric power generation from wood fuels = 44.8 x 87.7 / 106.2 PJ 
= 37.0 PJ. 

12) LHV of hydrogen = 120.0 MJ/kg (Consonni & Viganò, 2005) and HHV of hydrogen = 
141.9 MJ/kg (Ogden, Steinbugler & Kreutz, 1999). Thus, the amount of hydrogen 
produced, based on the LHV = 169.9 x 120.0 / 141.9 PJ = 143.7 PJ. 

13) For hydrogen, the LHV is 120.0 MJ/kg and the HHV is 141.9 MJ/kg (see footnote 12). 
The amount of hydrogen produced, based on the LHV = 241.5 x 120.0 / 141.9 PJ = 
204.2 PJ. 
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14) For hydrogen, the LHV is 120.0 MJ/kg and the HHV is 141.9 MJ/kg respectively (see 
footnote 12). The amount of hydrogen produced, based on the LHV = 261.2 x 120.0 / 
141.9 PJ = 220.9 PJ. 

 
Footnotes to Table 5-1 
a) Data from Statistics Sweden (2003b). 
b) For gas oil, the HHV is 45.64 MJ/kg and the LHV is 42.91 MJ/kg (Alvarez, 1990). 

Thus, the ratio HHV / LHV for gas oil = 45.64 / 42.91 = 1.0636. Thus, the amount of 
oil products used for heat production to premises and dwellings based on the HHV = 
14.8 x 1.0636 TWh = 15.7 TWh. 

c) LHV for natural gas from Frigg = 36.5 MJ/Nm3 and HHV for natural gas from Frigg = 
40.1 MJ/Nm3 (Alvarez, 1990). Thus, the ratio of HHV/LHV = 1.0986. The 
corresponding supply based on HHV = 1.2 x 1.0986 TWh = 1.32 TWh. 

d) The HHV and LHV of the biofuels used were assumed equal to fuel wood with 20% 
moisture content. HHVfuel wood = 20.9 MJ/kgdm and the LHVfuel wood = 19.0 MJ/kgdm (see  

Table 5-1 continued 
 

Table 4-1, note r). Thus, the amount of biofuels used for heat production to premises 
and dwellings based on the HHV = 10.3 x 20.9 / 19.0 TWh = 11.33 TWh. 

 
Footnotes to Table 5-2 
a) Data from Swedish Energy Agency (2002). 
b) The total heat demand = 2.0 x 107 x 5 x 105 Wh = 10.0 TWh. 
c) The total heat demand = 2.0 x 107 x 3 x 105 Wh = 6.0 TWh. 
d) The total heat demand = 2.0 x 107 x 4 x 105 Wh = 8.0 TWh. The average annual 

efficiency at oil firing based on the LHV was assumed as 70%, according to Löfgren 
(2005). The ratio HHV / LHV for gas oil = 1.0636 (see Table 5-1, footnote b). Thus, the 
amount of oil used for heat production in single family-houses based on the HHV = 8.0 
/ 0.70 x 1.0636 TWh = 12.16 TWh. 

e) The total heat demand = 2.0 x 107 x 2.75 x 105 Wh = 5.5 TWh. The average annual 
efficiency based on the LHV was assumed as 70 %, according to Löfgren (2005). 
HHVfuel wood = 20.9 MJ/kgdm and the LHVfuel wood, MC = 20% = 19.0 MJ/kgdm (see Table 4-
1, footnote r). Thus, the amount of fuel wood used for heat production in single family-
houses based on the HHV = 5.5 / 0.70 x 20.9 / 19.0 TWh = 8.64 TWh. 

f) The total heat demand = 2.0 x 107 x 2.5 x 104 Wh = 0.5 TWh. The average annual 
efficiency based on the LHV was assumed as 75%, according to Löfgren (2005). For 
pellets made of sawdust with 10% moisture content, the HHV is 19.9 MJ/kgdm and LHV 
is 18.3 MJ/kgdm (see Table 4-1, footnote r). Thus, the pellets amount used  
for heat production in single family-houses based on the HHV = 0.5 / 0.75 x 19.9 / 18.3 
TWh = 0.72 TWh. 

g
 

) The total heat demand = 2.0 x 107 x 1.5 x 105 Wh = 3.0 TWh. 

Footnotes to Table 5-3 
a) The amount of biofuels used for heat production to premises and dwellings in 2002 was 

10.3 TWhLHV (see Table 5-1). The amount of wood and pellets used for heat production 
in single family-houses = (5.5 / 0.70 + 0.5 / 0.75) TWhLHV = 8.5 TWhLHV (see Table 5-
2, footnotes e and f). Thus, the amount of biofuels used for premises and dwellings, 
excluding single family-houses = (10.3 – 8.5) TWh = 1.8 TWh. 

b) Two thirds of the biofuels used for heat production in premises and dwellings, 
excluding single family-houses, were assumed to consist of undensified woody 
biomass, e.g. logging residues. HHVlogging residues = 20.8 MJ/kgdm (see Table A.B-1c). 
LHVlogging residues, MC = 50% = (20.8 – 1.32 – 2.45 x 50 / (100 – 50)) MJ/kgdm = 17.0 
MJ/kgdm. Thus, the amount of undensified woody biomass used for heat production 
based on the HHV = 1.8 x 20.8 / 17.0 x 2 / 3 TWh = 1.47 TWh. 
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Table 5-3 continued 
 
c) One third of the biofuels used for heat production in premises and dwellings, excluding 

single family-houses, was assumed to consist of pellets. For pellets made of saw dust 
with 10% moisture content, the HHV is 19.9 MJ/kgdm and LHV is 18.3 MJ/kgdm (see 
Table 4-1, footnote r). Thus, the amount of pellets used for heat production based on the 
HHV = 1.8 x 19.9 / 18.3 / 3 TWh = 0.65 TWh. 

 
Footnotes to Table 5-4 
a) The final use of oil products in industry in 2002 was 19.8 TWhLHV (Swedish Energy 

Agency, 2004b). For heavy fuel oil 4, the HHV is 43.54 MJ/kg and LHV is 41.03 
MJ/kg (Alvarez, 1990). Thus, the ratio HHV / LHV for heavy fuel oil 4 = 43.54 / 41.03 
= 1.0612. The corresponding supply based on HHV = 19.8 x 1.0612 TWh = 21.0 TWh. 

b) The final use of natural gas and gasworks gas in industry in 2002 was 3.6 TWhLHV 
(Swedish Energy Agency, 2004b). The ratio HHV / LHV for natural gas = 1.0986 (see 
Table 5-1, footnote c). The corresponding supply based on HHV = 3.6 x 1.0986 TWh = 
3.95 TWh. 

c) The final use of coal and coke in industry in 2002 was 17.1 TWhLHV (Swedish Energy 
Agency, 2004b). The LHV for coal used by the Swedish Energy Agency (2004b) is 
27.2 GJ/t, and 28.1 GJ/t for coke. The LHV for coal is roughly 4% less than the HHV 
for coal (Longwell, Rubin & Wilson, 1995). The HHV for coke = 31.12 MJ/kg (Spiers, 
1962). The mass distribution of coal and coke was assumed to be 50%/50%. Thus, the 
final use of coal and coke in industry in 2002 based on HHV = 17.1 x (27.2 / 0.96 + 
31.12) / (27.2 + 28.1) TWh = 18.38 TWh. 

d) In 2002, pulp production in the Swedish pulp mills used 32.654 million m3
fub of 

roundwood and 11.401 million m3
fub of wood chips (Björklund, 2005). The average 

basic density of wood = 413.3 kgdm/m3
f (see Table 3-4, footnote i). The dry matter of 

raw material used = (32.654 + 11.401) x 0.4133 Mtdm = 18.206 Mtdm. The mass ratio of 
pulp produced and raw material consumed was assumed being proportional to the mass 
ratio in 2003. The dry matter of pulp produced and raw material consumed in 2003 was 
10.571 Mtdm and 18.599 Mtdm (see Table 3-4, footnote n). Thus, the dry matter of pulp 
produced in 2002 = 18.206 x 10.571 / 18.599 Mtdm = 10.347 Mtdm. The amount of 
wood-based compounds received in the black liquor (calculated as the difference 
between the total amount of raw material consumed and the amount of pulp produced) 
= (18.206 – 10.347) Mtdm = 7.859 Mtdm. HHV of the wood components in black liquor 
was estimated to be 22.6 MJ/kgdm (see Table 3-4, footnote r). Thus, the energy content 
of the amount of black liquor received = 7.859 x 22.6 PJ = 177.6 PJ. 

e) The consumption of wood in Swedish pulp mills in 2002 was 32.65 million m3
fub (The 

Swedish Timber Measurement Council, 2004). The ratio of the bark volume and the 
stem volume for pulpwood = 12.0% (National Board of Forestry, 2004). Thus, the solid 
volume of bark received at the Swedish pulp mills in 2002 = 0.12 / (1.00 – 0.12) x 
32.65 million m3

f = 4.452 million m3
f. The basic density used for bark was 333 kgdm/m3

f 
and the HHV for bark was calculated to be 20.5 MJ/kgdm (see Table A.B-1c). Thus, the 
final use of other by-products in the pulp industry  = 4.452 x 106 x 0.333 x 20.5 x 109 
J= 30.39 PJ. 

f) The final use of sawmill industry by-products in 2002 was 4.9 TWhLHV (Swedish 
Energy Agency, 2004b). It was assumed that all sawmill industry by-products consisted 
of bark with 50% moisture content. HHV for bark = 20.5 MJ/kgdm (see Table A.B-1c). 
LHVbark, MC = 50% = (20.5 – 1.32 – 2.45 x 50 / (100 – 50)) MJ/kgdm = 16.7 MJ/kgdm. Thus, 
the corresponding supply based on HHV = 4.9 x 20.5 / 16.7 TWh = 6.0 TWh. 

g) The total use of forest industry by-products in Swedish industry in 2002 was 1288,461 
toe and the use of forest industry by-products in the Swedish pulp and sawmill industry 
was 1258,474 toe (Olsson, 2005). Thus, the use of forest industry by-products in 
industrial sectors other than the pulp and sawmill industry = (1288,461 - 1258,474) toe 
= 29,987 toe = 29,987 x 1.163 x 10-2 GWh = 349 GWh. It was assumed that the forest 
industry by-products used in industry sectors other than the pulp and sawmill industry 
consisted of 50% bark and 50% sawdust and wood chips. The moisture content was  
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Table 5-4 continued 
 

assumed as 50%. HHV for bark = 20.5 MJ/kgdm (see Table A.B-1c). LHVbark, MC = 50% = 
(20.5 – 1.32 – 2.45 x 50 / (100 – 50)) MJ/kgdm = 16.7 MJ/kgdm. HHV for sawdust and 
wood chips = 19.9 MJ/kgdm (see Table A.B-1c). LHVsaw dust and wood chips, MC = 50% = (19.9 –  
1.32 – 2.45 x 50 / (100 – 50)) MJ/kgdm = 16.2 MJ/kgdm. Thus, the corresponding use 
based on HHV = 349 x (20.5 / 16.7 + 19.9 / 16.2) / 2 GWh = 429 GWh. 

h) The total use of peat and municipal solid waste (MSW) in the Swedish industry in 2002 
was 8332 toe and the use of peat and MSW in the Swedish pulp and sawmill industry 
was 46 toe (Olsson, 2005). Thus, the use of peat and MSW in other industry sectors 
than the pulp and sawmill industry = (8332 – 46) toe = 8286 toe = 8286 x 1.163 x 10-2 
GWh = 96.4 GWh. It was assumed that the ratio of HHV and LHV of the peat and 
MSW used in industrial sectors other than the pulp and sawmill industry was equal to 
the ratio of the HHV and LHV for logging residues with 50% moisture content. HHV 
for logging residues = 20.8 MJ/kgdm (see Table A.B-1c) and LHVlogging residues, MC = 50% = 
17.0 MJ/kgdm (see note h). Thus, the corresponding use based on the HHV = 96.4 x 20.8 
/ 17.0 GWh = 118 GWh. 

 
Footnotes to Table 5-5 
a) Data from Swedish Energy Agency (2004b). 
b) The ratio HHV / LHV for heavy fuel oil 4 = 1.0612 (see Table 5-1, footnote a). The 

supply based on HHV = 4.4 x 1.0612 TWh = 4.67 TWh. 
c) The ratio HHV / LHV for natural gas = 1.0986 (see Table 5-1, footnote c). The supply 

based on HHV = 3.3 x 1.0986 TWh = 3.63 TWh. 
d) LHV for coal is roughly 4% less than HHV for coal (Longwell, Rubin & Wilson, 1995). 

The supply based on HHV = 2.1 / 0.96 TWh = 2.19 TWh. 
e) The total amount of wood fuels used for district heating in Sweden in 2002 was 17.9 

TWhLHV (Swedish Energy Agency, 2004b). The amount of pellets and briquettes used 
for district heating in Sweden in 2002 was 346 ktoe = 346 x 1.163 x 10-2 TWhLHV = 
4.02 TWhLHV (Statistics Sweden, 2003b). Thus, the amount of undensified wood fuels = 
(17.9 – 4.0) TWhLHV = 13.9 TWhLHV. 

f) All undensified woody biomass used for district heating was assumed to consist of 
logging residues with 50% moisture content. HHVlogging residues = 20.8 MJ/kgdm (see 
Table A.B-1c). LHVlogging residues, MC = 50% = (20.8 – 1.32 – 2.45 x 50 / (100 – 50)) 
MJ/kgdm = 17.03 MJ/kgdm. Thus, the corresponding supply based on HHV = 13.9 x 20.8 
/ 17.0 TWh = 17.01 TWh. 

g) For pellets made of sawdust with 10% moisture content, the HHV is 19.9 MJ/kgdm and 
LHV is 18.3 MJ/kgdm (see Table 4-1, footnote r). Thus, the corresponding supply based 
on HHV = 4.02 x 19.9 / 18.3 TWh = 4.37 TWh. 

h) Other biofuels include refuse, tall oil pitch, peat and other unspecified biofuels 
(Swedish Energy Agency, 2004b). The ratio of HHV / LHV for other biofuels was 
assumed equal to the corresponding ratio for logging residues with 50% moisture 
content. Thus, the supply based on HHV = 10.7 x 20.8 / 17.0 TWh = 13.09 TWh. 

 
Footnotes to Table 5-7 
a) The distribution losses were assumed proportional to the final use compared to 2002. 

Thus, the distribution losses / final use = 19.4 / 167.1 = 11.61%. 
b) The average annual efficiency of the pellet boiler systems was assumed equal to the 

efficiency of the pellet boiler system selected as a reference boiler system (see Chapter 
4). Thus, the average annual efficiency based on the LHV = 75%, according to Löfgren 
(2005). For pellets made of sawdust with 10% moisture content, the HHV is 19.9 
MJ/kgdm and the LHV is 18.3 MJ/kgdm (see Table 4-1, footnote r). 

c) The total heat demand covered by electricity in 2002 was 10.0 TWh (see Table 5-3, 
footnote b). 
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Table 5-7 continued 
 
d) One third of the heat produced by electricity was assumed as being replaced by district 

heating. The amount of district heating required for replacement including distribution 
losses = 10.0 / ((1 – 0.1161) x 3) TWh = 3.77 TWh. 

e) One third of the heat produced by electricity was assumed as being replaced by pellet 
firing. Thus, the pellet amount based on the HHV required for replacement = 10.0 / 0.75 
x 19.9 / 18.3 / 3 TWh = 4.83 TWh. 

f) The total heat demand covered by electric boilers with water-fed system in 2002 was 
6.0 TWh (see Table 5-3, footnote c). 

g) One third of the heat produced by electric boilers with water-fed systems in single 
family-houses in 2002 was assumed as being replaced by district heating. Thus, the DH 
amount required for replacement including distribution losses = 6.0 / (1 – 0.1161) / 3 
TWh = 2.26 TWh. 

h) One third of the heat produced by electric boilers with water-fed systems in single 
family-houses in 2002 was assumed as being replaced by pellet firing. Thus, the pellet 
amount based on the HHV required for replacement = 6.0 / 0.75 x 19.9 / 18.3 / 3 TWh = 
2.90 TWh. 

i) The total heat demand covered by oil firing in 2002 was 8.0 TWh (see Table 5-3, 
footnote d). 

j) One third of the heat produced by oil firing in single family-houses in 2002 was 
assumed as being replaced by district heating. Thus, the DH amount required for 
replacement including distribution losses = 8.0 / (1 – 0.1161) / 3 TWh = 3.02 TWh. 

k) One third of the heat produced by oil firing in single family-houses in 2002 was 
assumed as being replaced by pellet firing. Thus, the pellet amount based on the HHV 
required for replacement = 8.0 / 0.75 x 19.9 / 18.3 / 3 TWh = 3.87 TWh. 

 
Footnotes to Table 5-8 
a) The distribution losses were assumed proportional to the final use compared to 2002. 

Thus, the distribution losses / final use = 19.4 / 167.1 = 11.61%. 
b) The efficiency of the pellet reference boiler based on the LHV = 93.3% (see Table A.J-

43). For pellets made of sawdust with 10% moisture content the HHV is 19.9 MJ/kgdm 
and LHV is 18.3 MJ/kgdm (see Table 4-1, footnote r). 

c) The total amount of oil products used for heat production to premises and dwellings 
was 14.8 TWhLHV (see Table 5-1) and the amount of oil used for heat production in 
single family-houses = 8.0 / 0.70 TWh = 11.43 TWhLHV (see Table 5-2, footnote d). 
Thus, the amount of oil used for heat production in premises and dwellings other than 
single family-houses = (14.8 – 11.43) TWhLHV = 3.37 TWhLHV. The efficiency of oil 
firing in premises and dwellings other than single family-houses based on LHV was 
assumed equal to the efficiency of the pellet reference boiler, i.e. 93.3%. 

d) Two thirds of the heat produced by oil firing was assumed as being replaced by district 
heating. Thus, the amount of district heating including distribution losses required for 
replacing the amount of oil = 3.37 x 0.933 / (1 – 0.1161) x 2 / 3 TWh = 2.37 TWh. 

e) One third of the heat produced by oil firing was assumed as being replaced by pellet 
firing. Thus, the amounts of pellets based on the HHV required for replacing the 
amount of oil = 3.37 x 19.9 / 18.3 / 3 TWh = 1.22 TWh. 

f) The total amount of natural gas used for heat production to premises and dwellings was 
1.2 TWhLHV (see Table 5-2). The total amount of natural gas was assumed as being 
used in premises and dwellings other than single family-houses. The efficiency of firing 
of natural gas in premises and dwellings other than single family-houses was assumed 
equal to the efficiency of the pellets reference boiler based on the LHV, i.e. 93.3%. 

g) Two thirds of the heat produced by natural gas was assumed as being replaced by 
district heating. Thus, the amount of district heating including distribution losses 
required for replacing the amount of natural gas = 1.2 x 0.933 / (1 – 0.1161) x 2 / 3 
TWh = 0.84 TWh. 
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Table 5-8 continued 
 
h) One third of the heat produced by natural gas was assumed as being replaced by pellet 

firing. Thus, the amounts of pellets based on the HHV required for replacing the 
amount of natural gas = 1.2 x 19.9 / 18.3 / 3 TWh = 0.43 TWh. 

i) The amount of electricity used for heat production in premises and dwellings other than 
single family-houses was 5.8 TWh (see Table 5-4). 

j) Two thirds of the heat produced by electricity was assumed as being replaced by district 
heating. The amount of district heating including distribution losses required for 
replacing this amount of electricity = 5.8 / (1 – 0.1161) x 2 / 3 TWh = 4.37 TWh. 

k) One third of the heat produced by electricity was assumed as being replaced by pellet 
firing. The amounts of pellets based on the HHV required for replacing this amount of 
electricity = 5.8 / 0.933 x 19.9 / 18.3 / 3 TWh = 2.25 TWh. 

 
Footnotes to Table 5-9 
a) The amount of undensified woody biomass used for district heating in 2002 was 61.2 PJ 

(see Table 5-5). The total amount of district heating including distribution losses 
required for replacing electricity and fossil fuels used for heating of premises and 
dwellings = (32.6 + 27.3) PJ = 59.9 PJ (see Tables 5-7 through 5-8). The increased 
amount of heat recovered at flue gas drying of the biomass amount required for pellets 
production compared to 2002 = 10.0 PJ. The conversion losses of the CHP reference  
plant = 3.59% (see Table A.J-45). The amount of undensified woody biomass required 
for covering the remaining increased DH demand = (59.9 – 10.0) / (1 - 0.0359) PJ = 
51.76 PJ. Thus, the total amount of undensified woody biomass required = (61.2 + 51.8) 
PJ = 113.0 PJ. 

b) The amount of pellets and briquettes used for base load in 2002 was assumed as being 
unchanged, i.e. the use of pellets and briquettes in the reference plants used for base 
load was 15.7 PJ. 
The sum of oil, natural gas and LPG in 2002 was 7.7 TWhLHV (see Table 5-5). The 
efficiency of the pellet boiler used as a reference boiler and based on LHV = 93.3% 
(see Table A.J-43). The efficiency of combustion of oil, natural gas and LPG for district 
heating based on LHV was assumed as equal to the efficiency of the pellet reference 
boiler, i.e. 93.3%. Thus, for replacing the oil, natural gas and LPG used for district 
heating in 2002 the pellets amount required was 7.7 TWhLHV. For pellets made of 
sawdust with 10% moisture content the HHV is 19.9 MJ/kgdm and LHV is 18.3 MJ/kgdm 
(see Table 4-1, footnote r). Thus, the corresponding supply based on HHV = 7.7 x 19.9 
/ 18.3 TWh = 8.37 TWh = 8.37 x 3.6 PJ = 30.1 PJ. 
The efficiency of the pellet reference boiler based on the HHV when pellets with 10% 
moisture content is used = 0.933 / (19.9 / 18.3) = 0.858. The amount of electricity used 
in electric boilers for district heating in 2002 to be replaced was 4.7 PJ (see Table 5-5). 
The supply of pellets required for replacing 4.7 PJ of electricity = 4.7 / 0.858 PJ = 5.5 
PJ. The total amount of pellets required = (15.7 + 30.1 + 5.5) PJ = 51.3 PJ. 

c) The amount of waste heat in 2002 was 15.5 PJ (see Table 5-5). The increased amount of 
heat recovered at flue gas drying of the biomass amount required for pellet production 
compared to 2002 = 10.0 PJ. Thus, the total amount of waste heat = (15.5 + 10.0) PJ = 
25.5 PJ. 

d) The conversion losses = (total supply of energy sources) – (final use of heat) – 
(distribution losses). Thus, the conversion losses = (272.5 – 220.1 – 25.6) PJ = 26.8 PJ. 

e) The distribution losses were assumed as proportional to the final use compared to 2002. 
Thus, the distribution losses = 19.4 / 167.1 x 220.1 PJ = 25.6 PJ. 

f) The final use of district heating in 2002 was 167.1 PJ (see Table 5-5). The replaced heat 
demand in single family-houses = ((10 + 6 + 8) / 3) TWh = 8.0 TWh = 8.0 x 3.6 PJ = 
28.8 PJ (see Table 5-6, notes c-e and g-h). The replaced heat demand in premises and 
dwellings excluding single family-houses = ((3.37 + 1.2) x 0.933 + 5.8) x 2 / 3 TWh = 
6.71 TWh = 6.71 x 3.6 PJ = 24.2 PJ (see Table 5-7, footnotes c, d, f, g, i and j). Thus, 
the final use of district heating in scenario ‘heat’ = (167.1 + 28.8 + 24.2) PJ = 220.1 PJ. 
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Footnotes to Table 5-10 
a) The efficiency of the furnace used for flue gas production for flue gas drying of the 

biomass used for pellet production was assumed equal to the efficiency of the district 
heating plant selected as a reference plant (excluding flue gas condensation) in this  

 work, i.e. 68.8% (see Chapter 4). The gross use of heat at flue gas drying is 3.10 MJ/(kg 
H2O) (Wimmerstedt, 1999). 

b) The total amount of pellets required was 112.1 PJ. The raw material used for pellet 
production was assumed being wood chips, sawdust, bark, logging residues and trees 
from early thinning. Trees from early thinning were also assumed as fuel in the furnaces 
used for flue gas generation. HHVtrees from early thinnings = 20.84 MJ/kgdm. The dry weight of 
biomass to be dried = 5.49 Mtdm (see footnote 6). The moisture content of the biomass 
before drying was assumed as 50% and as 10%after drying. The amount of moisture to 
be evaporated = (5.49 / 0.50 – 5.49 / 0.10) Mt = 4.88 Mt. Thus, the dry matter of trees 
from early thinning required for flue gas drying = [3.10 x 106 x 4.88 x 109 / (0.688 x 
20.84 x 106)] kgdm = 1.06 x 109 kgdm = 1.06 Mtdm. Etrees from early thinnings required for flue gas drying 
= 1.06 x 109 x 20.84 x 106 J = 22.09 PJ. 

c) The total amount of pellets required was 164.1 PJ. The raw material used for pellet 
production was assumed as being wood chips, sawdust, bark, logging residues and trees 
from early thinning. The amounts required and available were as follows: 

 
 
 

         
         m 

[Mtdm]
 

             
           E 

[PJ]
           

 
Wood chips 
Sawdust 
Bark 
Logging residues from final felling 
Logging residues from thinning 
Trees from early thinning 
Direct fuel wood cuttings 
Fuel wood from industrial wood cuttings 
Total 

 

 
0.49
1.40
0.67

  0.25
2.26
2.14
0.11
0.66
7.98

 
9.7

27.9
13.6
5.2

47.0
44.6
2.3

13.8
164.1

 
Equal amounts of fuel wood from industrial wood cuttings, fuel wood from non-forest 
land and recovered wood was assumed to be the fuel in the furnaces used for flue gas 
generation. HHVfuel wood from industrial wood cuttings = 20.90 MJ/kgdm, HHVfuel wood from non-forest 

land = 20.83 MJ/kgdm and HHVrecovered wood = 19.88 MJ/kgdm. The average value of HHV 
= (20.90 + 20.83 + 19.88) / 3 MJ/kgdm = 20.54 MJ/kgdm. The amount of biomass to be 
dried = 7.98 Mtdm. The moisture content of the biomass before drying was assumed as 
50% and 10% after drying. The amount of moisture to be evaporated = (7.98/0.50 – 
7.98/0.10) Mt = 7.09 Mt. Thus, the dry matter of trees from early thinning required for 
flue gas drying = [3.10 x 106 x 7.09 x 109 / (0.688 x 20.54 x 106)] kgdm = 1.56 x 109 
kgdm = 1.56 Mtdm. Ebiomass required for flue gas drying = 1.56 x 109 x 20.54 x 106 J = 32.04 PJ. 

 
Footnotes to Table 5-12 
a) The use of by-products other than black liquor for heat production in pulp industry in 

2002 was 30.39 PJ (see Table 5-4, footnote e). The use of by-products for heat 
production in pulp industry in scenario ‘vehicle fuel’, Case 3, was reduced by 50%. 
Thus, the use of by-products for heat production in the pulp industry = 30.39 x 0.50 PJ 
= 15.20 PJ. The use of by-products for heat production in sawmills was assumed as 
equal to the use in 2002, i.e. 21.6 PJ (see Table 5-4). Thus, the total amount of forest 
industry by-products, excluding black liquor, used for heat production in pulp and saw 
mill industries = (15.2 + 21.6) PJ = 36.8 PJ. 
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Footnotes to Table 5-16 
a) The total production of wood pulp in Sweden was estimated to be 9146 ktdm (see Table 

3-4, footnote q). 
b) The number of operating hours was assumed as 8000 h/year. The production of pulp in 

one mill is 2000 t90/(24h), according to Ekbom et al. (2003). 
c) The required amounts of raw materials and the excess of main product were assumed as 

50% of the required amounts of raw materials and the excess of main product in Cases 
1 and 2. 

d) See Table 3-1. 
e) The additional requirement of bark in one pulp mill = 23.9 tdm/h (Ekbom et al., 2003). 

Thus, the additional requirement of bark in one pulp mill = 23.9 x 8000 tdm/year = 191.2 
ktdm/year. HHVbark = 20.5 MJ/kgdm (See Table A.B-1c). The energy content of the 
additional requirement of bark in one pulp mill = 191.2 x 103 x 20.5 x 109 J = 3.92 
PJ/year. Thus, the total additional requirement of biomass in Swedish pulp mills for 
covering the internal heat and electricity demand if methanol is produced from black 
liquor = 3.92 x 9146 x 103 / (2000 x 0.90 / 24 x 8000) PJ = 59.75 PJ. 

f) The excess of electric power in the pulp process at BLGCC is estimated by KAM 
(2000) to be 1.07 MWh/t90. Thus, the total excess of electric power at BLGCC in all 
Swedish pulp mills = 1.07 x 3.6 x 9146 x 103 / 0.90 GJ = 39.14 PJ. 

g) The production of methanol in one pulp mill = 1183 t/(24h) (Ekbom et al., 2003). 
HHVmethanol = 22.7 MJ/kg (Larson & Katofsky, 1994). Thus, the production of methanol 
in one pulp mill = 1183 x 22.7 x 109 / 24 x 8000 J/year = 8.951 PJ/year. Thus, the total 
production of methanol from black liquor in Swedish pulp mills = 8.951 x 9146 x 103 / 
(2000 x 0.90 / 24 x 8000) PJ = 136.45 PJ. 

h) The excess of heat in the pulp process at BLGCC is estimated by KAM (2000) to be 1.7 
GJ/t90. Thus, the total excess of heat at BLGCC in all Swedish pulp mills = 1.7 x 9146 x 
103 / 0.90 GJ = 17.28 PJ. 

 
Footnotes to Table 5-20 
a) For methanol, the HHV is 22.7 MJ/kg, and the LHV is 19.9 MJ/kg (Larson & Katofsky, 

1994). 
 
Chapter 6 
1) The costs of heat and electricity produced by CHP were distributed by allocating the 

additional investment costs for CHP comparing a hot water boiler of the same size to 
the electricity produced. The other annual costs were equally distributed by the heat and 
electricity produced annually. 

2) The price of forest industry by-products in Sweden in 2002 was 104 SEK/MWh, based 
on the LHV (Swedish Energy Agency, 2005). The LHV and density for forest industry 
by-products used by the Swedish Energy Agency and Statistics Sweden are 0.75 
MWh/m3 and 0.33 – 0.40 t/m3 respectively (Olsson, 2005). The moisture content was 
assumed as 50%. Thus, the price per metric ton of dry matter = 104 x 0.75 / (0.365 x 
0.50) SEK/tdm = 427 SEK/tdm. 

3) The cost for production of electricity via condensing plants fired with coal (steam 
cycle) is estimated to be 0.393 SEK/kWh (Bärring et al., 2003). Thus, the cost for 
production of electricity = 393 SEK/MWh = 393 / 3.6 SEK/GJ = 109.17 SEK/GJ. 
The cost for production of electricity via condensing plants fired with natural gas 
(combined cycle) is estimated to be 0.298 SEK/kWh (Bärring et al., 2003). Thus, the 
cost for production of electricity = 298 SEK/MWh = 298 / 3.6 SEK/GJ = 82.78 
SEK/GJ. 

4) The COE is calculated by Toft (1996) to be 91.4 US$/kWh in 1995. In 1995, the 
exchange rate between Swedish crowns (SEK) and euro (€) was 9.228 SEK/€, and the  
exchange rate between Swedish crowns (SEK) and US dollar (US$) was 7.134 SEK/$ 
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(Central bank of Sweden, 2006 (URL)). Thus, the COE calculated by Toft (1996) = 
91.4 / (3.6 x 9.228 / 7.134) €/GJ = 19.63 €/GJ. 

5) The cost of hydrogen produced via gasification of logging residues from final felling 
was 81.14 SEK/GJ, based on the HHV (see Table A.I-3 or Table 6-2). LHV of 
hydrogen = 120.0 MJ/kg (Consonni & Viganò, 2005) and HHV of hydrogen = 141.9 
MJ/kg (Ogden, Steinbugler & Kreutz, 1999). Thus, the cost of hydrogen produced via 
gasification of logging residues from final felling based on the LHV = 81.14 / (120.0 / 
141.9) SEK/GJ = 95.95 SEK/GJ. The efficiency of using hydrogen as a fuel in a hybrid 
fuel cell propulsion system is 23.5%, based on the LHV. The cost per GJ vehicle work 
= 95.95 / 0.235 SEK/GJ = 408.30 SEK/GJ. 

6) The cost per GJ vehicle work for petrol use in a conventional petrol engine = 2.25 x 103 
/ (32.6 x 0.149) SEK/GJvehicle work = 463.21 SEK/GJvehicle work. 

7) The cost of methanol produced via gasification of logging residues from final felling 
was 101.45 SEK/GJ, based on the HHV (see Table A.I-3). For methanol, the LHV is 
19.9 MJ/kg and the HHV is 22.7 MJ/kg (Larson & Katofsky, 1994). Thus, the cost of 
methanol produced by gasification of logging residues from final felling based on the 
LHV = 101.45 / (19.9 / 22.7) SEK/GJ = 115.72 SEK/GJ. The efficiency of using 
methanol as fuel in a conventional petrol engine is 16.2%, based on the LHV (Ahlvik & 
Brandberg, 2001). The cost per GJ vehicle work = 115.72 / 0.162 SEK/GJ = 714.32 
SEK/GJ. 

8) The cost per GJ vehicle work = 115.72 / 0.176 SEK/GJ = 657.50 SEK/GJ. 
9) The production cost of hydrogen at conversion of biomass in the Battelle gasification 

process is estimated by Williams et al. (1995) to be 9.40 $/GJ in 1991. In 1993, the 
exchange rate between Swedish crowns (SEK) and euro (€) was 9.104 SEK/€, and the  
exchange rate between Swedish crowns (SEK) and US dollar (US$) was 7.796 SEK/$ 
(Central bank of Sweden, 2006 (URL)). Thus, the production cost of hydrogen 
calculated by Williams et al. (1995) = 9.40 x 7.796 / 9.104 €/GJ = 8.05 €/GJ. 
The production cost of methanol at conversion of biomass in the Battelle gasification 
process is estimated by Williams et al. (1995) to be 12.10 $/GJ in 1991. Thus, the 
production cost = 12.10 x 7.796 / 9.104 €/GJ = 10.36 €/GJ. 

10) The production cost of hydrogen at conversion of biomass in the Battelle gasification 
process is estimated by Hamelinck & Faaij (2002) to be 7.77 $/GJ in 2001. In 2001, the 
exchange rate between Swedish crowns (SEK) and euro (€) was 9.252 SEK/€, and the  
exchange rate between Swedish crowns (SEK) and US dollar (US$) was 10.326 SEK/$ 
(Central bank of Sweden, 2006 (URL)). Thus, the production cost of hydrogen 
calculated by Hamelinck & Faaij (2002) = 7.77 x 10.326 / 9.252 €/GJ = 8.67 €/GJ. 
The production cost of methanol at conversion of biomass in the Battelle gasification 
process is estimated by Hamelinck & Faaij (2002) to be 9.11 $/GJ in 2001. Thus, the 
production cost = 9.11 x 10.326 / 9.252 €/GJ = 10.17 €/GJ. 

 
Footnotes to Table 6-7 
a) See Table 6-2 or Table A.I-13. 
b) The straw price when located in the field was 70 SEK/t in 1997 (Nilsson, 1999b). 

Change in consumer price index for June 1997 – June 2002 = 7.2% (Statistics Sweden, 
14-Dec-2004 (URL)). The moisture content was assumed to be 15%. Thus, the straw 
price per metric ton of dry matter when located in the field in June 2002 = 70 x 1.072 / 
0.85 SEK/tdm = 88.28 SEK/tdm. 
The price of wheat with the moisture content being 14% in 2002 was 970 SEK/t (The 
Swedish Board of Agriculture, 2004). The drying charge of grains with the moisture 
content being 15% in central Sweden is 70 SEK/t (Swedish University of Agricultural 
Sciences, 2005 (URL)). Thus, the price of wheat per metric ton of dry matter before 
drying in 2002 = (970 / 0.86 – 70 / 0.85) SEK/tdm = 1045.55 SEK/tdm. 
The cost of harvested wheat was allocated by means of the prices of straw and wheat 
above. The cost of harvested wheat when allocated on dry matter weight basis = 718.14 
SEK/tdm (see Table A.I-13). Thus, the cost of harvested wheat when economically 
allocated = 718.14 x 88.28 / (88.28 + 1045.55) SEK/tdm = 55.91 SEK/tdm. The cost for  
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Table 6-7 continued 
 

baling, field transport, storage, road transport and comminution of straw = (304.10 + 
159.05 + 73.78) SEK/tdm = 536.93 SEK/tdm (see Table A.I-13). Thus, the cost of straw 
before conversion when economically allocated = (55.91 + 536.93) SEK/tdm = 592.84 
SEK/tdm. 

 
Chapter 7 
Footnotes to Table 7-1 
a) 236.6 PJ (65.7 TWh) of heat was received at premises and dwellings and at district 

heating production in scenario ‘heat’. In scenarios ‘electricity’ and ‘vehicle fuel’, 98.8 
PJ (27.4 TWh) corresponds to the amount of woody biomass used for production of 
district heating and other heat production for premises and dwellings in Sweden in 
2002. 
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Appendix D: Description of the spreadsheet 
used for the simulations 
 
The spreadsheet used for the simulations was constructed in Microsoft Excel. The 
potential amount of the different biomass assortments studied (further discussed in 
Chapter 3) are first distributed regarding eventual use as raw material for pellet 
production. The amount of pellets produced is also distributed for use as fuel in 
domestic pellet boilers and for use as fuel in pellet boilers for district heating 
generation. Secondly, the remaining amounts of biomass assortments are 
distributed over the other thermochemical conversion processes to be used for 
production of heat, electricity or vehicle fuel. 
 

The distribution of the potential biomass assortment is performed in one Excel 
chart, which is linked to other Excel charts via macro programming. These linked 
Excel charts include data for the different thermochemical conversion processes 
(data similar to data in Tables A.J-42 through to A.J-48). Thus, data regarding e.g. 
efficiencies of the conversion processes are imported from these linked Excel 
charts. The amount of energy carriers (i.e. heat, electricity or vehicle fuel) received 
for each biomass assortment are then calculated. These amounts are then summed 
for each conversion process to achieve the total amount of energy carriers received 
for each conversion process chosen in the simulation. Finally, block diagrams (as 
the block diagrams shown in Figures 5-2 through to 5-10) are generated by the 
macro program. 
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Appendix E: Brief of other technologies for 
gasification of biomass 
 
TPS Termiska Processer AB in Studsvik, Sweden has developed an atmospheric 
process, which has been tested in a pilot plant at Studsvik since 1987. The energy 
content of the fuel input to that plant is 2 MW. Tests have for instance been 
performed with a 0.5 MW shaft power turbo-charged eight-cylinder diesel engine 
running on low calorific gas generated at the pilot plant (Rensfelt & Hallgren, 
1997). 
 

A demonstration plant, based on TPS’ gasification technology was completely 
constructed in early 2001 at Eggborough, North Yorkshire, United Kingdom. It is 
an IGCC-plant with a total output of 8 MW of electric power (Rensfelt, Morris & 
Waldheim, 2003). The biomass feed stock is mainly derived from willow and 
poplar short rotation coppice plantations in the neighbourhood and partly from 
forestry as residues (Kwant & Knoef, 2002; Rensfelt, Morris & Waldheim 2003). 
The plant was commissioned during early 2001 – July 2002. During that period, 
the plant suffered operational delays because of mechanical problems. However, at 
the end of the commission period, no long term process problems were identified. 
The gasifier operated smoothly for a total period of more than 1000 hours over ten 
test periods, each of varying duration. The gas compressor and gas turbine were 
operated on low calorific value gas for the first time in the beginning of 2002, the 
gas turbine operating on 70% product gas at 80% load for a number of hours at 3.6 
MW (Rensfelt, Morris & Waldheim, 2003). 
 

An IGCC demonstration plant, manufactured by Carbona Inc., Finland, has been 
constructed in Cascina, Italy. It is a pressurized fluidised bed gasifier with 37 
MWth of capacity, and the electric power output will be 16 MW. The plant is 
expected to be operational during 2004 – 2005 (Kwant & Knoef, 2002). 
 

Several technologies for gasification of biomass have been developed in the 
USA. A demonstration plant has been built in Burlington, Vermont, based on the 
low pressure Battelle gasification process (Kwant & Knoef, 2002). This process is 
described in more detail in Chapter 4. The Gas Technology Institute (GTI) will 
develop and demonstrate their RENUGAS biomass gasification process at a plant 
being built in Estill County, Kentucky. The gas generated from the biomass is co-
fired with natural gas or coal in steam boilers. Sawdust and other opportunity fuels 
will be gasified to low calorific value gas. Steam from the boilers will run a 
conventional steam turbine producing 15 MW of electric power (Kwant & Knoef, 
2002). 
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Appendix F: Calculation of sej/SEK index for 
2002 
 
Emergy analyses of states and nations have been performed and a specification of 
such analyses was conducted by Doherty, Nilsson & Odum (2002), where the 
emergy analysis for Sweden was compared for 1988. This comparison shows that 
Sweden, like other industrialized countries, is only moderately self-sufficient as 
only 28% of the solar emergy used came from within its border, and only about 
18% of these home sources were renewable: compared with more rural countries, 
for example Ecuador, where 94% of solar emergy used comes from within its own 
border (Odum and Arding, 1991). Solar emergy-use per US dollar ratio is much 
lower for industrialized countries than for rural countries. In the emergy 
evaluation for Sweden (Doherty, Nilsson & Odum, 2002), this ratio was calculated 
to be 1.5 x 1012 sej/USD in 1988, whereas the corresponding ratio for Liberia was 
calculated to be 34.5 x 1012 sej/USD (Odum and Odum, 1983). 
 

The study of Doherty, Nilsson & Odum (2002) was extended by Hagström & 
Nilsson (2004), by looking at the historical development in Sweden from the 
1950s until 2002 as a background to a study on alternatives for the future. Thus, 
the main purpose of that work was to perform an emergy evaluation for Sweden 
for five different years during the last fifty years, and for receiving the emergy per 
monetary currency ratio for these five years. These ratios will then be used in 
further studies for quantification of human work in emergy terms, as in this thesis 
regarding 2002. The years selected by Hagström & Nilsson (2004) were: 1956 and 
1972, as there is a good data on energy balances in forestry and agriculture for 
these years (Genfors and Thyr 1976); 1988, which was studied by Doherty, 
Nilsson & Odum (2002); 1996, investigated by Lagerberg, Doherty & Nilsson 
(1999); and 2002, the latest year with complete statistics on the Swedish economy. 
The emergy per monetary currency ratio calculated for 2002 was further used for 
an emergy evaluation of the production of heat, electricity and vehicle fuels via 
thermochemical conversion of biomass from forestry and agriculture in this thesis. 
 

The system diagram with the total annual resource flows and the annual flows of 
monetary values for Sweden is shown in Figure A.F-1. These flows were 
calculated by first compiling primary input data from national statistics of 
indigenous production, import and export of goods and services (Geological 
Survey of Sweden, 2003; http://www.scb.se; 14-May-2004) into a spreadsheet. 
The emergy value for each item was then calculated by multiplying the quantity or 
monetary value with their respective transformity. These emergy values were 
added to calculate the total emergy use and the emergy in import and export of 
goods and services. 
 

The indigenous resource base of Sweden includes the renewable sources of 
sunlight, kinetic wind energy, rainfall, stream flow and the energies from a portion 
of the Baltic Sea, including tides and the surface winds driving waves and 
currents. Major indigenous production systems are forestry, agriculture, fisheries 
and hydroelectricity generation. Sweden has an active and rich mineral and metal 
ore extractive industry. Iron ores, copper, lead, zinc, and other mineral rocks are 



annually extracted. These indigenous environmental and meteorological inputs, 
together with imported and exported goods, fuels and human services were 
evaluated and compiled by Hagström & Nilsson (2004). These data are 
summarised and supplemented in Table A.F-1. Based on these evaluations, 
overview indices of annual emergy-use, origin and economic and demographic 
relations were calculated (Table A.F-2). 

 

 
Figure A.F-1. System diagram with the annual resource flows and the annual flows of 
monetary values for Sweden. 
 

A proper estimate of the emergy/money ratio for other countries has to be done 
for these kinds of emergy analyses on a national level. This index has to be known 
as it influences the calculation of the emergy/money index for the country of 
interest, or what economists call the ”terms of trade” between the countries. In this 
study, the value given by Doherty, Nilsson & Odum (2002) was used as a starting 
point, namely 2.0 x 1012 sej/USD for the year 1988. The conversion rate of 6.5 
SEK/USD in 1988, which is used in that report, gives 3.08 x 1011 sej/SEK, which 
was used in this work. 
 

In 2002, the Swedish population was 8.9 million people. The total emergy use, 
U, was 369.5 x1021 solar emjoules per year. The percentage of service in imported 
and exported goods in relation to the total emergy use was 88.9%. Total imports 
were 305.7 x 1021 sej/year and exports were 262.5 x 1021 sej/year. The percentage 
of indigenous resources of the total economy was 17.3% in emergy terms. 
 
Emergy per monetary unit ratio 
The results of the calculations of the buying power of a monetary unit – the 
emergy per monetary unit index – are shown in Table A.F-1 (indices P1 and P2). 
Index P1 was 158 x 109 sej/SEK in 2002. 
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As a consequence of economic expansion driven by fossil fuels, the dependence 
on non-renewable sources has increased considerably during the last decades; in 
2002, the renewable part of solar emergy use was only 12.2% (see Table A.F-2, 
index R/U).  
 
Energy 
The imports of fossil fuels, mainly oil and oil products, increased markedly from 
the 1950s to the beginning of the 1970s. Later, the nuclear power sector expanded 
rapidly and imported fossil fuels were largely replaced by electricity. However, in 
2002, in emergy terms the total import of fossil fuels (666.6 x 1020 sej) was more 
than twice the import of uranium (274.6 x 1020 sej). 
 

The import of crude oil is much higher than domestic need (Hagström & 
Nilsson, 2004). Imports of energy were 999.3 x 1020 sej in 2002, whereas export 
of energy (mainly refined fuels) was 343.4 x 1020 sej. Investments in refinery 
capacity during the 1970s and 1980s led to increased flexibility in choice of oil 
suppliers.  
 

The total energy use (indigenous production plus import minus export) was 
851.6 x 1020 sej in 2002. At the same time, the total export of energy was 343.4 x 
1020 sej. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



208

Table A.F-1. Summary of major solar emergy flows and market economic monetary flows 
for Sweden in 2002 (Hagström & Nilsson, 2004) 
 
 
Note 
 

 
Variable 
 

 
Item 

 

 
2002

 
 

a 
 
 
 
 
 
 
 

b 
 
 
 
c 
d 
e 
f 
g 
h 
i 
 
j 
k 
 
l 
m 

 

 
R 
 
 
 
 
 
 
 

N 
 
 
 

F 
G 
I 

P2I 
E 

P1E 
B 
 

X 
P2
 

P1
U 

 

 
Renewable sources [1020 sej/year] 
   Sun 
   Wind over land 
   Evapo-transpired rain         
   Hydro-geopotential 
   Net land uplift 
   Waves received 
   Tides 
Non-renewable sources within Sweden 
(mineral and metal ores) [1020 sej/year] 
N1  Refined within the country 
N2  Export of unprocessed raw materials (iron ore) 

Imported fuels (fossil fuels, uranium) [1020 sej/year] 
Imported goods, minerals, fertilizers [1020 sej/year] 
Money paid for imports [109 SEK/year] 
Solar emergy value of service in imports [1020 sej/year] 
Money received for exports [109 SEK/year] 
Solar emergy value of service in exports [1020 sej/year] 
Exports transformed, upgraded within country [1020 
sej/year] 
Gross National Product [109 SEK/year] 
European trade partner’s solar emergy/SEK index [109 
sej/SEK] 
Sweden’s solar emergy/SEK index (U / GNP) [109 sej/SEK] 
Total solar emergy [1020 sej/year] 
 

 
452.4
10.5
47.6
96.6

270.0
43.0
42.8
1.1

307.9

185.5
122.4
999.3
371.8
870.6

  1 686.3
  1 012.4
  1 598.9

903.5
 

2 340.0
 194

 
158

3 695
 

 
a) Renewable environmental sources (R) were corrected for double counting of by-product 

solar emergy by summing all independent, over-land contributions and subtracting the 
coupled flows as the annual global solar emergy budget was used to derive solar 
transformities for each source (see Doherty, Nilsson & Odum (2002), Tables 1, 2 and 4 
for details): sun + wind + stream hydro-geopotential + chem rain + net uplift – (sun + 
wind) = (270.0 + 96.6 + 43.0) x 1020 sej/yr = 409.6 x 1020 sej/year. 
Physical energies in surrounding seas were calculated similarly: sun + wind + waves + 
tide – (sun + wind + tide) = 42.8 x 1020 sej/year. R-total = land based emergy + sea 
based emergy = (409.6 + 42.8) x 1020 sej/yr = 452.4 x 1020 sej/year. 

b) Specified by Hagström & Nilsson (2004). 
c) Uranium, crude petroleum, refined fuels, coal, coke, natural gas, propane, butane, 

electricity and peat were included (specified by Hagström & Nilsson (2004)). 
d) Other goods than imported fuels, specified by Hagström & Nilsson (2004). 
e) Data from Statistics Sweden (14-May-2004 (URL)). 
f) Calculated as the product of the European trade partner’s solar emergy/SEK index (P2) 

and money paid for imports (I). 
g) Data from Statistics Sweden (14-May-2004 (URL)). 
h) Calculated as the product of Sweden’s solar emergy/SEK index (P1) and money 

received for exports (E). 
i) Includes all items in Table 7-A4 (Hagström & Nilsson, 2004) excluding iron ore, 

sawlogs and roundwood. 
j) Data from Statistics Sweden (14-May-2004 (URL)). 
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Table A.F-1 continued 
 
k) The European trade partner’s solar emergy/USD index was 2.00 x 1012 sej/USD in 1988 

(Doherty, Nilsson & Odum, 2002). The conversion rate was 6.5 SEK/USD (ibid.), 
which gave that the European trade partner’s solar emergy/SEK index (P2) was 308 x 
109 sej/SEK. The ratio of the European trade partner’s solar emergy/SEK index (P2) and 
Sweden’s solar emergy/SEK index (P1) in 2002 was assumed equal in size to 1988. 
Sweden’s solar emergy/SEK index in 1988 was 251 x 109 sej/SEK (Hagström & 
Nilsson, 2004). Thus, P2 = 158 x 109 x 308 x 109 / 251 x 109 sej/SEK = 194 x 109 
sej/SEK. 

l) Calculated as the quotient of the total solar emergy (U) and the gross national product 
(X). 

m) The sum of solar emergy from renewable sources (R), non-renewable sources refined 
within Sweden (N1), imported fuels (F), imported goods (G) and from service in 
imports (P2I ). 

 
Table A.F-2. Overview indices of annual solar emergy-use: origin, economic and 
demographic relations for Sweden in 2002 (Hagström & Nilsson, 2004) 
 
 
Note 
 

 
Name of index 

 

 
Derivation 

 

 
2002

 
 

a 
 

b 
c 
 

d 
e 
f 
g 
h 
 
i 
j 
 

k 
 
l 
m 
 

n 
 

o 
 

p 
q 
r 
 

 
Flow of imported solar emergy [1020 
sej/year] 
Economic component [1020 sej/year] 
Total exported solar emergy [1020 
sej/year] 
% Locally renewable (free) 
Economic/environment ratio 
Ratio of imports to exports 
Export to imports 
Net contribution due to trade 
(imports minus exports) [1020 sej/year] 
% of solar emergy-use purchased 
% of solar emergy-use derived from 
home sources 
Solar emergy-use per unit area [109 
sej/m2] 
Population [106 inhabitants] 
Solar emergy-use per person [1016 
sej/person] 
Renewable carrying capacity at 
present  living standard [106 people] 
Carrying capacity using local resources 
[106 people] 
Fraction electric 
Fraction fossil fuels 
Fossil fuel-use per person [1015 
sej/person] 
 

 
F+G+P2I 
 
U-R 
N2+B+P1E 
 
R / U 
(U - R) / R 
(F+G+P2I) / (N2+B+P1E) 
(N2+B+P1E) / (F+G+P2I) 
(F+G+P2I ) - (N2+B+P1E) 
 
(F+G+P2I) / U 
(N1+R) / U 
 
U / area 
 
 
U / population 
 
(R/U)*(population) 
 
[(R+N)/U]*(population) 
 
(electricity-use) / U 
(fuel-use) / U 
fuel-use / population 
 

 
3 057.4

 
3 242.9

  2 624.8
 

12.2
  7.17
  1.16
  0.86
432.6

  82.7
  17.3

 
899.10

8.941
  4.13

 
1.09

  1.84
  

 0.14
  0.10
  7.45

 
a) Sum of solar emergy from imported fuels (F), imported goods (G) and from service in 

imports (P2I). 
b) Total solar emergy (U) excluding solar emergy from renewable sources (R). 
c) Sum of solar emergy from export of unprocessed raw materials (N2), exports 

transformed, upgraded within country (B) and from service in exports (P1E). 
d) The ratio of solar emergy from renewable sources (R) and total solar emergy (U). 
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Table A.F-2 continued 
 
e) The ratio of the non-renewable (economic) part of the total solar emergy use and the 

solar emergy from renewable sources (R). 
f) The ratio of the flow of imported solar emergy (note a) and total exported solar emergy 

(see footnote c). 
g) The ratio of total exported solar emergy (note c) and the flow of imported solar emergy 

(see footnote a). 
h) The difference of the flow of imported solar emergy (note a) and total exported solar 

emergy (see footnote c). 
i) The ratio of the flow of imported solar emergy and total solar emergy (U). 
j) The ratio of solar emergy from non-renewable sources refined within Sweden (N1) plus 

renewable sources (R) and total solar emergy (U). 
k) Total solar emergy divided by the Swedish land area, which is 411,000 km2 (Doherty, 

Nilsson & Odum 2002). 
l) Data from Statistics Sweden (14-May-2004 (URL)). 
m) Total solar emergy use (U) divided by population. 
n) Population multiplied with the quotient of solar emergy from renewable sources (R) and 

total solar emergy (U). 
o) Population multiplied with the quotient of solar emergy from renewable and non-

renewable sources (R+N) and total solar emergy (U). 
p) Solar emergy for electricity generation estimated from solar transformity, which 

includes human services, 0.2x 106 sej/J (Odum, 1996). 
q) Emergy values for imported fossil fuels reported here are estimated using solar 

transformities from Odum (1996) and include associated human services (coal 40,000 
sej/J; natural gas 48,000 sej/J; crude oil 54,000 sej/J; refined petroleum 66,000 sej/J), so 
that the full cost of these primary sources is considered. It was assumed that propane 
and butane have the same transformity as natural gas (i.e. 48,000 sej/J). 

r) The solar emergy from imported fossil fuels (crude petroleum, refined fuels, coal, coke, 
natural gas, propane and butane) divided by population. 

 
Metals and minerals 
In 2002, the percentage of mined iron ore in relation to the total indigenous mined 
production was 64% in emergy terms. The second most important mined fraction 
was sedimentary material (mainly limestone and dolomite), as the percentage of 
this fraction in relation to the total indigenous mined production was 30% in 
emergy terms. The total indigenous mined production was 307.9 x 1020 sej 
(Hagström & Nilsson, 2004). Imported metals and alloys consisted mainly of steel 
and the quantity of imported metals and alloys in 2002 was 62.2 x 1020 sej 
(Hagström & Nilsson 2004). 
 

Until the end of the 1980s, iron ore was the most important commodity in 
emergy terms (122.4 x1020 sej) for Swedish export, but then declined steadily to 
11.9% of total export in 2002 (1031.2 x1020 sej). During the same time, export of 
steel products increased steadily, and in 2002, the percentage of exported steel 
products in relation to the total export of steel products and iron ore was 39.8% 
(81.0 x1020 sej and 203.5 x1020 sej respectively) (ibid.). This was due to an 
increasing indigenous refinement of the iron ore to steel products. 
 
Forestry and forest products industry 
In 2002, the forest harvest was 231 x 1020 sej/year and its share of the indigenous 
renewable production was 26% in emergy terms. In monetary terms, paper 
production accounts for more than half of both value-added and export value in 
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the Swedish forest products industry and is the sector that has expanded the most 
strongly for several decades, as new pulp capacity has been integrated with paper 
production. The capacity of market pulp production has remained largely 
unchanged, whereas sawmill capacity has risen. 
 

The Swedish forest products industry is strongly export-oriented. In 2002, about 
85% of paper and market pulp output was exported; the corresponding figure for 
sawn timber products was 75%. Western Europe is the dominant market. Exports 
of wood and forest industry products have increased constantly in monetary as 
well as in emergy terms during the last decades (see Table A.F-3). In 2002, the 
relative export income from these products was approximately 8% of total export 
value in exchange for one third of the country’s exported emergy. Exported 
emergy from wood and wood products in relation to the total emergy use has been 
constant at around 6–8%. 
 
Table A.F-3. Export of wood and forest industry products in monetary and in emergy terms 
(Hagström & Nilsson, 2004) 
 
 
Note 

  
1956 

 
1972 

 
1988 

 
1996 

 
2002 

 
a 
 

b 
 
 
c 
d 
 
e 
 
 
f 

 
Money received for exports 
[109 SEK/year] 

Money received from exports 
of wood and forest industry 
products [109 SEK/year] 

% of export income 
Emergy in exports upgraded 
within country [1020 sej/year] 

Emergy in exports of wood 
and forest industry products 
[1020 sej/year] 

% of exported emergy 
 

12.96

4.05

31.3%
116.44

91.0

78.2%

49.28

9.32

18.9%
348.99

176.2

50.5%

359.69

58.77

16.3%
618.00

219.1

35.5%

688.32

62.03

9.0%
771.09

240.2

31.2%

1 012.45

78.19

7.7%
903.49

289.2

32.0%

 
a) Data from Statistics Sweden (1959, 1975, 14-May-2004 (URL)). 
b) Data from The National Board of Private Forestry (1962) and National Board of 

Forestry (1976, 1991, 1998, 2003). 
c) Money received from exports of wood and forest industry products divided by money 

received for exports (E). 
d) Specified in footnote 9, Table A.F-1. 
e) Sawlogs, roundwood, sawn wood, board, chemical and mechanical pulp and paper 

products were included (solar emergy values for each item specified by Hagström & 
Nilsson (2004)). 

f) Emergy in exports of wood and forest industry products divided by emergy in exports 
upgraded within country. 

 
Food 
In spite of its limited arable land and climatic disadvantages in comparison with 
many other countries, Sweden’s agricultural production is only slightly less than 
the level of consumption. The total indigenous production of food was 475.5 x 
1020 sej in 2002: the import of food commodities was 78.0 x 1020 sej, whereas 
export was 57.0 x 1020 sej during the same year. The total Swedish food 
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consumption (indigenous production plus import minus export) has been relatively 
stable during the last decades, around 500 x 1020 sej, with a modest increase 
mainly reflecting population growth (Hagström & Nilsson, 2004).  
 

In 2002, the nutritional value per person per day was approximately 12.2 kJ. 
Bread and grain products, meat and edible fats accounted for half of calorie intake 
in Sweden. Although by weight animal products are the smaller part, in emergy 
terms, they dominate because of high transformities. The percentage of livestock 
and dairy in relation to the total indigenous food production (agricultural crops, 
livestock, dairy products and fish) was 67% in 2002 (ibid.). 
 
Machines and vehicles 
The import and export of vehicles was 25.1 x 1020 sej 40.8 x1020 sej respectively 
in 2002 and the export of machines was 95.2 x1020 sej. Thus, the export of 
vehicles and machines was more than five times as large as the import of vehicles 
in emergy terms (ibid.). 
 
Other imports and exports 
Wool and cotton were important import commodities during the 1950s, as 25.6 x 
1020 sej was imported in 1956. In 2002, the import of wool and cotton was 14.5 x 
1020 sej (ibid.). Since the 1950s, fertilizer has been an important commodity and in 
2002, the import was 17.5 x 1020 sej (ibid.). The import of plastics was 39.0 x 1020 
sej in 2002 (ibid.). Commodities specified as other imported goods were animal 
hides, clothing, cotton fabrics, synthetic fibers, tires, chassis and other car parts. 
The import of these commodities was 53.6 x 1020 sej in 2002 (ibid.). Commodities 
specified as other exported goods were ADP machines, ADP parts, 
telecommunication equipment, televisions and car parts. The export of these 
commodities was 41.3 x 1020 sej in 2002 (ibid.). 
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Appendix G: Dry matter losses 
 
Dry matter losses occur in some handling operations, as e.g. baling and storage. 
Topical values of dry matter losses at handling of the different biomass 
assortments are shown in Table A.G-1. The storage time was assumed as three 
months for all assortments. 
 

The largest dry matter losses received were for storage. However, the dry matter 
losses at storage varied for the different biomass assortments. It was assumed that 
there were no dry matter losses at storage of reed canary grass and straw, as the 
moisture content of these fractions were only 15%, and storage was in a barn (see 
Chapter 3). Furthermore, it was also assumed that there was no dry matter loss at 
storage of recovered wood, as the moisture content of this assortment was also low 
(10%). Recovered wood is also mostly treated by paint or rot-proofing agent, 
which protected the wood against moisture from the air. 
 

The highest dry matter loss at storage was for bark (3.9% for three months and 
was due to a high nutrition content in bark, leading to a high microbiological 
activity and degradation of the biomass (Chow & Pickles, 1971). Even logging 
residues showed a high value of dry matter loss (3.3% for three months), which 
also may be due to a high nutrition content of the biomass material (Lundborg, 
1998). 
 

 Dry matter losses at comminution will occur for all assortments; however, the 
fine fraction may be utilized as fuel/raw material when the comminution is 
performed at the conversion plant. Comminution of recovered wood was assumed 
to take place at a recycling station; therefore, the dry matter losses on 
comminution of this assortment were assumed not being used as fuel/raw material 
in the conversion processes studied. 
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Table A.G-1. Dry matter losses at handling of the different biomass assortments 
 
 
 

 

Baling
[%] 

          
Storage in 
3 months  

[%] 
 

 
Com-

minution 
[%] 

        

Total
[%]

 

Forestry 
Logging residues from final felling 
Logging residues from thinning 
Trees from early thinning 
Direct fuel wood cuttings 
Fuel wood from industrial wood cuttings 
Fuel wood from non-forest land 

Forest industry by-products 
Wood chips 
Sawdust 
Bark 

Agriculture 
  Willow 
  Reed canary grass 
  Straw 
Municipal waste 
   Recovered wood 
 

1.0a

1.0a

 
 

3.3b

3.3b

2.6c

2.6c

2.6c

2.6c

 
1.8d

1.1e

3.9f

 
1.7g

 
 
 
 
 
 
 

 
 
 
 

 
 
 
 

 
 

2.0h

4.3
4.3
2.6
2.6
2.6
2.6

1.8
1.1
3.9

1.7

 

2.0

 
a) Approximately 10% of the needles and fine parts are lost on compression (Andersson & 

Nordén, 2000). The dry matter loss, based on the total weight of the baled material, was 
assumed as 1.0%. 

b) Dry matter losses at storage for 3 months for baled logging residues from final felling 
and from thinning. The dry matter loss of baled logging residues in covered piles is 
estimated by Jirjis & Nordén (2001) to be 1.1% per month. Thus, the dry matter losses 
of baled logging residues over three months = 3 x 1.1% = 3.3%. 

c) The dry matter losses at outdoor storage of bundled unlimbed pulpwood are estimated 
by Flinkman & Thörnqvist (1986) to be 0.7% per month for spruce and 1.0% per month 
for pine. The mean value of 50% spruce and 50% pine = (0.7 + 1.0) / 2 % per month = 
0.85% per month. The dry matter loss at storage was assumed equal for trees from early 
thinnings, direct fuel wood cuttings, fuel wood from industrial wood cuttings and fuel 
wood from non-forest land. The dry matter loss at storage for three months = 3 x 0.85% 
= 2.55%. 

d) The dry matter loss of non-compressed chipped oak stemwood stored in large outdoor 
piles is estimated by Löwegren & Jonsson (1987) to be 4.1% during 7 months, i.e. 0.6% 
per month. The dry matter loss at storage of wood chips from softwood was assumed 
equal to the dry matter loss at storage of chipped oak stemwood. The dry matter loss at 
storage of wood chips in three months = 3 x 0.6% = 1.8%. 

e) The dry matter loss of uncovered, non-compressed sawdust is estimated by Jirjis (2001) 
to be 0.38% per month during May – September 2000. Thus, the dry matter loss of 
sawdust for three months = 3 x 0.38% = 1.14%. 

f) The dry matter loss at storage of dried bark (the moisture content before storage was 
35.6%) in a covered pile is estimated by Jirjis & Lehtikangas (1994) to be 3.1% during 
November 1992 – February 1993, i.e. 0.8% per month. Jirjis & Engberg (2001) estimate 
the dry matter loss at storage of a mixture of dried bark and waste biomass material 
from forest industry (the moisture content before storage was 29.7%) in a covered pile 
to be 4.0% during 4 months, i.e. 1.0% per month. The dry matter losses from storage of 
a mixture of raw bark and waste biomass material at forest industry in two piles were  
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Table A.G-1 continued 
 

estimated by Jirjis & Engberg (2001). In one pile (the moisture content before storage 
was 66.7%), the dry matter loss was 6.0% during three months, i.e. 2.0% per month, 
and in the other pile (the moisture content before storage was 64.6%), the dry matter 
loss was 5.5% during four months, i.e. 1.4% per month. The dry matter loss of bark 
with 50% moisture content was assumed to be equal to the mean value of the dry matter 
losses in these measurements, thus the dry matter loss = (0.8 + 1.0 + 2.0 + 1.4) / 4% per 
month = 1.3% per month. The dry matter loss of bark in three months = 3 x 1.3% = 
3.9%. 

g) The dry matter losses of covered whole willow stems stored outdoors for five months 
are estimated by Kofman & Spinelli (1997) to be 2.9%. The average loss of dry matter 
= 2.9% / 5 = 0.58% per month. The dry matter losses of covered whole willow stems 
stored outdoors for three months may be estimated to be 3 x 0.58% = 1.74%. 

h) Dry matter losses at comminution of recovered wood were assumed equal to the dry 
matter losses at comminution of baled logging residues, estimated by Nordén & 
Andersson (1997) to be 2.0%. 





Appendix H: Embodied energy and solar 
transformities of machinery equipment 
 
Energy embodied in machinery equipment used in agricultural and forestry 
operations for cultivation, harvesting, collecting and forwarding and for the 
hauling of the biomass fractions studied in this work was calculated and divided 
into: 
- Energy required for raw material production. 
- Energy required for manufacturing of components. 
- Energy required for machine assembling. 
- Energy required for transport activities. 
 

The raw materials concerned for the calculation of energy required for raw 
material production were steel, iron, rubber and plastics. The primary energy 
required for steel production is 18.3 MJ/kg (The International Iron and Steel 
Institute, 1998). The primary energy required for production of rubber and plastics 
was calculated as the product of the amounts of energy carriers required for raw 
material production and the primary energy conversion factors topical for the 
different energy carriers required (see Table A.H-1). 
 
Table A.H-1. Calculation of the primary energy required for production of rubber and 
plastics 
 
 
Raw material 

 
Energy carriers 
required for raw 
material production 

 

Erequired
[MJ/kg]

 

Primary 
energy 

conversion 
factora

Eprimary
 [MJ/kg]

 
Rubber 
 
 
Total 

Plastics 
 
 
Total 

 

Electricity 
LPG 
Oil 
 
Electricity 
LPG 
Oil 
 

 
4.1b

31.6b

33.4b

6.9c

10.0c

20.0c

 

1.59  
1.16  
1.10  

1.59  
1.16  
1.10  

 
6.5  

36.7  
36.7  
79.9  
11.0  
11.6  
22.0  
44.6  

 
a) See Table 2-1. 
b) Values for polybutadiene (EPDM) (Eriksson et al., 1995). 
c) Values for polypropylene (PP) (Eriksson et al., 1995). 
 

Data for the energy required for heavy truck component manufacture (Scania, 
1998) were used to approximate the energy input required for the manufacturing 
of machine components. Energy required for assembling forest machines has been 
estimated by Athanassiadis, Lidestav & Nordfjell (2002) and these data were used 
for the calculation of primary energy required on manufacturing of components 
and machine assembling (see Table A.H-2). 
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Table A.H-2. Calculation of the primary energy required at manufacturing of components 
and machine assembling 
 
 
Energy 
carriers 

Primary 
energy 

conversion 
factora

Component 
manu-

facturingb 
[MJ/kg]

Primary energy 
for component 
manufacturing 

[MJ/kg]

 
Machine 

assemblingc 
[MJ/kg] 

 

Primary 
energy for 

machine 
assembling 

[MJ/kg]

 
Electricity 
District 
heating 

Diesel fuel 
Natural gas 
Heating oil 
LPG, coal 
Total 

 

1.59  
1.21  

1.14  
1.14  
1.10  

1.13d  
 

 
4.1  
1.2  

0.6  
0.6  
0.6  
1.2

 

6.5  
1.5  

0.7  
0.7  
0.7  
1.4  

11.4  

 
1.9  
2.2  

 
0.04  

 
3.0  
2.7  

0.05

5.7  
 
a) See Table 2-1. 
b) Energy input for the manufacture of heavy truck components (Uppenberg et al., 1999). 
c) Data from Athanassiadis, Lidestav & Nordfjell (2002). 
d) The distribution of LPG and coal was assumed to be 50%/50%. Thus, the primary 

energy conversion factor for a mixture of 50% LPG and 50% coal is equal to the 
average value of the primary energy conversion factor of LPG (1.16) and the primary 
energy conversion factor of coal (1.10), i.e. 1.13. 

 

Electricity and LPG were used for manufacturing tyres. The total primary 
energy required for manufacturing of forwarder tyres was calculated to be 8.65 
MJ/kg (see Table A.H-3). The energy required for transport of raw materials, 
components and assembled machines is listed in Table A.H-4 and from which the 
data were used for calculating the energy embodied in forwarders according to 
Athanassiadis, Lidestav & Nordfjell (2002) (Table A.H-5). 

 
Table A.H-3. Calculation of the primary energy required for manufacturing of tyres 
 
 
Energy carriers Primary energy 

conversion 
factora  

Tyre 
manufactureb 

[MJ/kg]

Eprimary
[MJ/kg]  

 
Electricity 
LPG 
Total 

 

1.59
1.16 

 

4.2
1.7

 
6.68
1.97
8.65

 
a) See Table 2-1. 
b) Data from Athanassiadis, Lidestav & Nordfjell (2002). 
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Table A.H-4. Energy required for transport of raw materials, components and assembled 
machines, according to Athanassiadis, Lidestav & Nordfjell (2002) 
 
 
Transport activity Eprimary

[MJ/kg]
          

 
Raw materials to component manufacturing 
Components (excluding tyres) to the assembling 

plant 
Tyres to the assembling plant 
From the assembling plant to the user 
 

0.34a

0.31b

0.75c

0.55d

 
a) The transport distance was assumed 500 km by truck. 
b) An average value for the main components used for manufacturing of a forwarder. 
c) The transport distance was assumed 1100 km by truck. 
d) The transport distance was assumed 80 km by truck. 
 
Table A.H-5. Energy embodied in the manufacture and use of a forwarder 
 
 
Item Eprimary

[MJ/kg]
          

 
Raw material production for new equipment 
Manufacturing of new equipment 
Transportation and distribution 

Total primary energy required for manufacturing of new equipment 
 
Raw material production for spare parts 
Manufacturing of spare parts 
Transportation and distribution of spare parts 

Total primary energy required for manufacturing of spare parts 
 

Total primary energy required for manufacturing and use 
 

26.5a

16.1b

1.3c

43.8

35.5d

14.8e

1.3f

51.7

70.8g

 
a) The material composition of new equipment is 85% steel, other metals and glass, 12% 

rubber and 3% plastics (Athanassiadis, Lidestav & Nordfjell, 2002). The primary 
energy required for production of other metals and glass was assumed equal to the 
primary energy required for steel production, i.e. 18.3 MJ/kg. Thus, the primary energy 
required for raw material production for new equipment = (0.85 x 18.3 + 0.12 x 79.92 + 
0.03 x 44.57) MJ/kg = 26.5 MJ/kg. 

b) The primary energy required for component manufacturing = 11.4 MJ/kg, and the 
primary energy required for machine assembling = 5.7 MJ/kg (Table A.I-2). The 
primary energy required for manufacturing of tyres = 8.65 MJ/kg (Table A.I-3). Thus, 
the primary energy required for manufacturing of new equipment = (0.85 + 0.03) x 
(11.4 + 5.7) + 0.12 x 8.65) MJ/kg = 16.1 MJ/kg. 

c) Energy required for transport of raw materials, components and assembled machines 
(Table A.I-4) was weighted by means of the material composition. Thus, energy 
required for transportation and distribution = (0.34 + (0.85 + 0.03) x 0.31 + 0.12 x 0.75 
+ 0.55) MJ/kg = 1.3 MJ/kg. 

d) The material composition of spare parts is 70% steel, other metals and glass, 26.5% 
rubber and 3.5% plastics (Athanassiadis, Lidestav & Nordfjell, 2002). The primary 
energy required for the production of other metals and glass was assumed equal to the  
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Table A.H-5 continued 
 

primary energy required for steel production, i.e. 18.3 MJ/kg. Thus, the primary energy 
required for raw  
material production for new equipment = (0.70 x 18.3 + 0.265 x 79.92 + 0.035 x 44.57) 
MJ/kg = 35.5 MJ/kg. 

e) See footnote b regarding the primary energy required for component manufacturing, the 
primary energy required for machine assembling and the primary energy required on 
manufacturing of tyres. The primary energy required for manufacturing of spare parts = 
(0.70 + 0.035) x (11.4 + 5.7) + 0.265 x 8.65) MJ/kg = 14.8 MJ/kg. 

f) The energy required for transportation and distribution = (0.34 + (0.70 + 0.035) x 0.31 
+ 0.265 x 0.75 + 0.55) MJ/kg = 1.3 MJ/kg. 

g) The total weights of the new equipment and spare parts are 11,322 kg and 5903 kg 
respectively (Athanassiadis, Lidestav & Nordfjell, 2002). Thus, the total primary 
energy required for manufacturing and use of the forwarder = (43.8 x 11,322 + 51.7 x 
5903) / 11,322 MJ/kg = 70.8 MJ/kg. 

 

Fluck & Baird (1980) calculate the energy required for manufacturing of farm 
equipment in 1974: these values were up-dated by means of the data presented in 
Tables A.H-1 through to A.H-4. The ratio of energy required for repair and 
maintenance and energy required for manufacturing of farm equipment is 
determined by Fluck (1985). Thus, the total specific energy embodied in farm 
equipment may be calculated (Table A.H-6). The specific energy embodied in 
machinery equipment used in forestry and agriculture, other than those listed in 
Tables A.H-5 through to A.H-6, was estimated by means of the specific embodied 
energy amounts calculated for similar equipment in Tables A.H-5 through to A.H-
6. 
 

The energy embodied in all equipment used for agriculture, forestry and road 
transport was calculated as the product of the total specific embodied energy 
calculated in Tables A.H-5 through to A.H-6 and the weight of the equipment. 
Further, the solar transformity for each piece of equipment was calculated by 
means of the specific embodied primary energy, the solar transformity of fuels 
refined from crude oil and the primary energy conversion factor for diesel oil 
(Table A.H-7). 
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Table A.H-7. Embodied energy and solar transformities of all equipment used in forestry, 
agriculture, road transport and comminution 
 
 
Equipment 

 
Weight
[Metric 

ton]

Eembodied
a

   [GJ]
 

Solar 
transformityb 

[sej/kg]

 
Forestry 
Harvester for final fellingc

Harvester for thinningc

Harvester for early thinningc

Forwarder, largeh

Forwarder, mediumh

Forwarder, smallh

Tractor, largel

Tractor, smalll

Soil scarifiero

Spreaderq

CRL machine for logging residuess

CRL machine for trees from early thinningc

Trailer with grapple loaderu

Hanger with grapple loaderu

Power saww

Delimbing-cutting processorw

Agriculture 
Tractorl

Harrowz

Weed harrowz

Compact wheel loaderbb

Rollerz

Willow planteree

Field chopperu

Fertilizer distributorq

Fertilizer distributor for high willow clumpsq

Sprayerhh

Tipperu

Willow harvesterjj

Rotary cultivatorll

Sowing machinenn

Moweroo

Combineqq

Balerss

Front loadernn

Wagon for big balesu

Discww

Ploughxx

Road transport 
Roundwood truckbb

Side-tipped truck for chipsbb

Comminution 
Dumper 
Crane 
Drum chipper 
Scraper 

 

20.0d

14.0f

12.0g

18.0i

16.0j 

11.0k

5.0m

2.0n

4.5p

2.0r 

6.5t 

3.0n

3.5v

1.0n

0.006x

1.5n

 
7.0y 

2.4aa 

0.9y 

8.0cc

3.5dd

1.1y

1.8ff 

0.7gg 

0.4y 

0.7ii 

3.4y 

12.2kk 

1.4mm 

1.5y 

1.7pp 

11.5rr

7.0tt 

0.7uu 

3.5vv 

2.0n 

3.3yy 

20.0zz 

21.0aaa

12.0bbb

2.0n

4.0n

3.5eee

 
1,416
990.8
849.2
1,274
1,133
778.4
309.6
123.8
162.7
62.3

253.9 

117.2
128.2
36.6
0.23
58.6

 
433.4
87.7 

32.9
495.4
127.9
44.2
65.9 

21.8 

12.5 

29.8
124.5 

525.7 

50.6
60.2 

111.2 

495.4
273.5
28.1 

128.2 

68.5
149.6

1,238 

1,300
 

 
2.97E+12e

2.97E+12e

2.97E+12e

2.97E+12
2.97E+12
2.97E+12
2.60E+12
2.60E+12
1.52E+12
1.31E+12
1.64E+12
1.64E+12
1.54E+12
1.54E+12
1.64E+12
1.64E+12

2.60E+12
1.54E+12
1.54E+12
2.60E+12
1.54E+12
1.69E+12
1.54E+12
1.31E+12
1.31E+12
1.79E+12
1.54E+12
1.81E+12
1.52E+12
1.69E+12
2.75E+12
1.81E+12
1.64E+12
1.69E+12
1.54E+12
1.44E+12
1.91E+12

2.60E+12
2.60E+12

2.60E+12ccc

1.52E+12ddd

1.52E+12ddd

1.52E+12ddd
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Table A.H-7 continued 
 
a) Eembodied = mequipment x Especific embodied 
b) The solar transformity for each piece of equipment was calculated by means of the 

specific embodied primary energy, the solar transformity of fuels refined from crude oil 
and the primary energy conversion factor for diesel oil. The solar transformity for each  
piece of equipment = (the specific embodied primary energy) x (solar transformity of 
refined fuels) / (primary energy conversion factor). The solar transformity of fuels 
refined from crude oil is 47,900 sej/J (Doherty, Nilsson & Odum, 2002), and the 
primary energy conversion factor for diesel oil is 1.14 (Johansson, Brandberg & Roth, 
1992). 

c) The total specific primary energy required for manufacturing and use was assumed to 
be equal to the total specific primary energy required for manufacturing and use of a 
forwarder (see Table A.I-5). 

d) The weight of a John Deere 1470D harvester is about 19.7 t (Deere & Company, 26-
Jun-2005 (URL)). Thus, the weight of a harvester for final felling was assumed as 20.0 
t. 

e) Assumed to be equal to the solar transformity of a forwarder. 
f) The weight of a John Deere 1070D harvester is 14.1 t (Deere & Company, 27-Jun-2005 

(URL)). 
g) The weight of a John Deere 770D harvester is 11.55 t (Deere & Company, 27-Jun-2005 

(URL)). Thus, the weight of a harvester for early thinning was assumed to be 12.0 t. 
h) The total specific primary energy required for manufacturing and use of a forwarder 

was calculated to be 70.8 MJ/kg (see Table A.I-5). 
i) The weight of a John Deere forwarder 1710D 6W = 18,100 kg (Deere & Company, 28-

Jun-2005 (URL)). 
j) The minimum weight of a John Deere forwarder 1110D 8W is 15,370 kg (John Deere 

International, 16-Aug-2005 (URL)). The weight of the forwarder including accessories 
was assumed as 16.0 t. 

k) The minimum weight of a John Deere forwarder 810D = 10,970 kg (John Deere 
International, 16-Aug-2005 (URL)). 

l) The total specific primary energy required for manufacturing and use of tractors was 
calculated to be 61.9 MJ/kg (see Table A.I-6). 

m) The average shipping weight of a John Deere 6620SE is 5020 kg (John Deere 
International, 27-Jun-2005 (URL)). 

n) Assumed value. 
o) The total specific primary energy required for manufacturing and use was assumed to 

be equal to the total specific primary energy required for manufacturing and use of 
rotary cultivators, i.e. 36.2 MJ/kg (see Table A.I-6). 

p) The weight of the three-row mounder Bracke M36.a is 4500 kg (Bracke Forest AB, 
2005 (URL)). 

q) The total specific embodied energy was assumed equal to the corresponding value of 
applicators, i.e. 31.1 MJ/kg (see Table A.I-6). 

r) The weight of a spreader with 1200 kg of loading weight is 625 kg (Sonesson, 1993). 
The loading weight of the spreaders used for ash recirculation is 6000 kg as a maximum 
(Gunnarsson, 2004). The weight of the spreaders was assumed as 2000 kg. 

s) CRL = Composite residue logs. The total specific embodied energy of a CRL machine 
was assumed equal to the corresponding value of a baler, i.e. 39.1 MJ/kg (see Table 
A.I-6). 

t) Data from Andersson & Nordén (2000). 
u) The total specific embodied energy was assumed to be equal to the corresponding value 

of stalk choppers, i.e. 36.6 MJ/kg (see Table A.I-6). 
v) The weight of a Kronos trailer 120 4WD = 1950 kg (Wikar Oy Ab, 7-Sep-2005 (URL)). 

The weight of a Kronos loader 5000 XXL with grapple and rotator = 1250 kg  
(Wikar Oy Ab, 8-Sep-2005 (URL)). The total weight of the trailer, grapple and loader 
was assumed as 3500 kg. 
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w) The total specific embodied energy was assumed equal to the corresponding value of 

CRL machines, i.e. 39.1 MJ/kg (see footnote s). 
x) The weights of Husqvarna power saws for professional use vary between 3.8 – 10.4 kg 

(Husqvarna AB; 2005 (URL)). The weight of a power saw was assumed as 6.0 kg. 
y) Data from Sonesson (1993). 
z) The total specific embodied energy was assumed equal to the corresponding value of 

field cultivators, i.e. 36.6 MJ/kg (see Table A.I-6). 
aa) The weight of a harrow with a width of 9 meter is 3.1 metric ton, and consists of 100% 

steel (Sonesson, 1993). Thus, the weight of a harrow with a width being 7 m was 
assumed to be 7 / 9 x 3.1 t = 2.4 t. 

bb) The total specific embodied energy was assumed equal to the corresponding value of 
tractors, i.e. 61.9 MJ/kg (see Table A.I-6). 

cc) The operating weight of a Volvo compact wheel loader L40B is 7900 – 8400 kg (Volvo 
Construction Equipment Corporation, 2005 (URL)). 

dd) Assumed to be equal to the weight of a Väderstad Rollex roller RX 940, operation 
width = 9.4 m (Sonesson, 1993). 

ee) The total specific embodied energy for planters was calculated to be 40.2 MJ/kg (see 
Table A.I-6). 

ff) The weights for different precision choppers vary between 1300 – 2300 kg (Statens 
Maskinprovningar, 1986). Thus, the weight of a chopper of medium size is about 1800 
kg. 

gg) The weight of a Bogballe SST 1200 with the loading weight being 1200 kg is 625 kg 
(Sonesson, 1993). The weight of a fertilizer spreader with the loading weight being 
2500 litre was assumed to be 700 kg. 

hh) The total specific embodied energy for sprayers was calculated to be 42.6 MJ/kg (see 
Table A.I-6). 

ii) The weight of a sprayer with the operation width being 12 m and loading capacity being 
1500 litre = 800 kg (Sonesson, 1993). The weight of a sprayer with the operation width 
being 12 m and loading capacity being 1000 litre was assumed to be 700 kg. 

jj) The total specific embodied energy was assumed to be equal to the corresponding value 
of combines, i.e. 43.1 MJ/kg (see Table A.I-6). 

kk) The weight of a willow harvester, model Empire 2000, is 12.2 t (Danfors & Nordén, 
1995). 

ll) The total specific embodied energy for rotary cultivators was calculated to be 36.2 
MJ/kg (see Table A.I-6). 

mm) The weight of a Meri rotary cultivator with the operational width being 2.5 m = 1.36 t 
(Rovaniemi, 2004). 

nn) The total specific embodied energy was assumed equal to the corresponding value of 
planters, i.e. 40.2 MJ/kg (see Table A.I-6). 

oo) The total specific embodied energy for cutterbar mowers was calculated to be 65.4 
MJ/kg (see Table A.I-6). 

pp) The weight of the mower Taarup 4032C/4032R is 1.7 t (Kverneland Group Sverige AB, 
8-Oct-2004 (URL)). 

qq) The total specific embodied energy for combines was calculated to be 43.1 MJ/kg (see 
Table A.I-6). 

rr) The weight of the combine Fendt 5220 E (Poutput = 162 kW) without cutting table is 10.1 
t (http://www.fendt.com/index_en.html; 4-Oct-2005). The weight of a standard cutting 
table is about 1.6 t  
(AGCO AB, 4-Oct-2005 (URL)). Thus, the weight of a combine with 140 kW power 
output with cutting table was assumed as 11.5 t. 

ss) The total specific embodied energy for balers was calculated to be 39.1 MJ/kg (see 
Table A.I-6). 

tt) The weight of the baler Claas Quadrant 1200 is 5500 kg (Sonesson, 1993). As the 
weight of the bales made by the baler Hesston 4800/4900 is almost twice as high as the 
weight of the bales made by the baler Claas Quadrant 1200 (Hadders, Jonsson &  
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Sundberg, 1997), the weight of the baler Hesston 4800/4900 was assumed to be 7000 
kg. 

uu) The weight of a front-loader designed for tractors with 32 – 57 kW power output range 
is 560 kg (Sonesson, 1993). Thus, the weight of a front-loader designed for a tractor 
with 110 kW power output was assumed as 700 kg. 

vv) The weight of the wagon LRMA 12000 designed for big bales is 3.5 t (Rasmusson, 
2004). 

ww) The total specific embodied energy for discs was calculated to be 34.3 MJ/kg (see 
Table A.I-6). 

xx) The total specific embodied energy for ploughs was calculated to be 45.3 MJ/kg (see 
Table A.I-6). 

yy) Equal to the weight of the plough Kverneland PB/RB (Kverneland Group Sverige AB 
9-Oct-2004 (URL)). 

zz) Data from Staland (2004). 
aaa) Data from Löthstam (2004). 
bbb) The weight of the dumper was assumed equal to the weight of a small harvester. 
ccc) Assumed equal to the solar transformity of trucks. 
ddd) Assumed equal to the solar transformity of rotary cultivators. 
eee) Data from Rockler (2004). 
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