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The increasing demand for biomass energy also enhances the need for more accurate estimates of the 
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These estimates could then be used to direct the marketing of technology and further research to prom-
ising regions. 

Modern fuelwood is wood that is used at an industrial scale and relatively high efficiency compared to 
traditional fuelwood. The technical potential of the primary forest residues and one quarter of the sur-
plus wood from any positive wood balance were estimated to provide the global fuelwood potential of 
5-9 EJ, which represents 1-2% of the global primary energy demand. The most promising regions with 
respect to modern fuelwood potential are the USA and Canada, Central and Northern Europe, Russia, 
East Asia, Brazil, and Chile. In South America the potential consists mostly of logging residues from 
present cuttings, whereas in North America, Europe, and especially in East Asia the contribution of sur-
plus forest growth is considerable. The potential per land area is especially high in many countries in 
Central and Northern Europe, and Japan.
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Preface

Growing concern about climate change, attempts to decrease the dependence on fossil fuels and 
to increase the security of energy supply are factors promoting the use of bioenergy and other re-
newable energy sources. Several studies have indicated that the use of biomass for energy produc-
tion can remarkably be increased from the current level over the next decades when fossil fuels 
become scarce and more expensive. The use of biomass for energy production will be increased 
especially in the industrialised countries which are aiming to decrease greenhouse gas emissions. 
Biofuel markets are currently developing rapidly and becoming more and more international.  
The trend in biomass utilisation is towards larger refining units and longer transportation distanc-
es. Production of bioenergy is largely based on imported biomass in several countries. 

This study has been prepared as part of the “Global forest energy resources, certification of sup-
ply and markets for energy technology” project at the Finnish Forest Research Institute (Metla). 
The aim of the project was to estimate the availability of forest biomass for energy production, 
and to evaluate the certification status and the long term sustainability of forest biomass supply. 
The project was carried out together with Metla, Technical Research Centre of Finland (VTT) 
and Lappeenranta University of Technology (LUT). It belongs to the Finnish Funding Agency for 
Technology and Innovation (Tekes) technology programme Business Opportunities in Mitigating 
of Climate Change (ClimBus) and was cofinanced by John Deere Forestry Oy, Metso Power Oy, 
Neste Oil Oyj, Pentin Paja Oy, Stora Enso Oyj, and Vapo Oyj.

The authors would like to acknowledge Mr. Mark Richman about the language editing and valu-
able comments to this report.

In Joensuu,

Perttu Anttila, Timo Karjalainen, and Antti Asikainen
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1 Introduction

Climate change, dwindling oil reserves, and a shift toward self-sufficiency in energy supplies are 
major forces driving the share of renewable sources of energy production to increase, with bioen-
ergy from forests playing a key role. Forest-derived biomass can be used as a substitute to fossil 
fuels, and they can also have positive impacts on income and employment, especially in rural ar-
eas (Nabuurs et al. 2007).

In 2004, the global demand for primary energy was 458 exajoules (EJ) (Priddle 2006). Depending 
on the future scenario, this total demand is expected to expand to 553 EJ or even 575 EJ by 2015 
(Priddle 2006). The current share of the demand supplied by energy from biomass and waste ac-
cording to an estimate by Sims et al. (2007) is 46 EJ; this is about 10% of the total. This share of 
the energy demand met by biomass was further subdivided by Sims et al. (2007) into a total of 36 
EJ from trees and shrubs taken from forests and non-forest areas. Of this total about 30 EJ was 
estimated to be traditional fuelwood and 3 EJ was estimated to be used to make charcoal. Only 1 
EJ was estimated to be created from forest residues used to produce modern solid biofuels, like 
pellets and chips. This suggest that less than 3% of the total energy demand met by biomass from 
trees and shrubs taken from forests and non-forest areas is modern fuelwood. These figures give 
a global utilisation level for forest energy, but not the potential.

Karjalainen et al. (2004) and Asikainen et al. (2008) earlier estimated the forest energy potentials 
for the European Union (EU), based on consistent forest statistics, which included estimation of 
the proportion of wood available for energy production in each EU member state. The objective 
for the work presented here was to provide a similar estimation for the world. It is then hoped that 
the rough estimates of the world potential, at continental or sub-continental levels, can be used to 
direct future research and marketing of modern fuelwood technology to promising regions.

The use of modern fuelwood includes many benefits. There are jobs offered not only by the har-
vesting, transportation, and conversion of fuelwood to energy, but there is also work needed to 
meet the demand for improvement, in terms of the efficiency of the harvesting and combustion 
technologies. However, if care is not taken in management and planning there can also be negative 
effects of increased production. This is especially the case when the expansion of plantations to 
meet demand can compete with essential food production and biodiversity conservation (Nabuurs 
et al. 2007). Furthermore, forest growth may decrease as a consequence of the increased depletion 
of nutrients that accompanies the removal of biomass. Intensive research and training produces 
more effective ways to manage forests, which can then actually be followed to secure cost-effec-
tive fuel procurement. Introducing the efficient use of modern fuelwood is also a good basis for 
projects to be created under either the Joint Implementation or the Clean Development Mechanism 
of the Kyoto Protocol to the United Nations Framework Convention on Climate Change. 

1.1 Terminology

The terms forest energy, forest residues, woodfuel, fuelwood, and energy wood, among others 
have been used in various texts to describe the potential of woody biomass for energy use. Cau-
tion must, however, be taken when comparing the results of these texts, because different com-
ponents may be included under the different, and sometimes even under the same, terms. This is 
why the respective definitive use of each term should be compared first.
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There are three process states in the production chains of bioenergy (FAO 2004). Initally, biomass 
comes from various sources in many forms, like whole trees or logging residues. Then, this biomass 
is processed into some kind of standardised biofuel, like wood chips or ethanol. Finally, the biofuels 
are converted into bioenergy, like heat or electricity. The most common unit for biomass is a met-
ric ton (t), but volumetric measures are also used. The volumetric measures used here always refer 
to solid cubic meters (m3). Various other units are used to discuss and describe energy. The most 
common from the International System of Units (SI) are joule (J), and watt-hour (Wh). Also com-
monly used is the tonne of oil equivalent (toe), although the definition of this unit can vary. These 
basic units when used at larger scales include prefixes to increase their orders of magnitude; in this 
work these include petajoules (PJ) and EJ, which are 1015 J and 1018 J, respectively; terawatt-hour 
(TWh), which is 1012 Wh; and thousand tonnes of oil equivalent (Mtoe). References to energy are 
in fact allusion to the energy content of the biofuels, or their lower heating value (LHV). The actual 
energy produced is less than this, since it also depends on the efficiency of the conversion. 

Traditional fuelwood or firewood is wood that is used on a small scale for energy production and 
very often relatively inefficiently, this typically includes the cooking within or heating of a house-
hold (Yamamoto et al. 2001). Most wood used for energy production in developing countries is 
traditional fuelwood. Conversely, modern fuelwood is used on a larger scale and relatively effi-
ciently, like in power plants. This text concentrates on the potential for modern fuelwood. The 
terms forest energy, woodfuel, and energy wood are used synonymously with modern fuelwood, 
unless stated otherwise.

The term forest residues is often used to refer to all energy wood, including whole trees. Further-
more, forest residues can be categorised into primary, secondary, and tertiary residues (Nabuurs 
et al. 2007). Primary residues are those available directly from forests. Secondary residues are 
available after the processing of wood into wood-based products. Finally, tertiary residues result 
after wood-based products reach the end of their useful life. In this work only primary forest resi-
dues were considered.

Like forest residues the sources of woody biomass to be used as fuel can be classified. A classifi-
cation of sources into four groups is: 1) Forest and plantation wood, 2) By-products and residues 
from the wood processing industry, 3) Used wood, and 4) Blends and mixtures (Alakangas et al. 
2006). The great variation in the sources of forest energy is shown in Table 1 with the more de-
tailed division of the first group, forest and plantation wood.
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Table 1. Classification of forest and plantation wood used for energy production by the source biomass type 
(modified from Alakangas et al. 2006).

1.1.1. Whole trees  1.1.1.1. Deciduous
 1.1.1.2. Coniferous
 1.1.1.3. Short rotation coppice
 1.1.1.4. Bushes
 1.1.1.5. Blends and mixtures
1.1.2. Stemwood  1.1.2.1. Deciduous
 1.1.2.2. Coniferous
 1.1.2.3. Blends and mixtures
1.1.3. Logging residues  1.1.3.1. Fresh/Green (including leaves/needles)
 1.1.3.2. Dry
 1.1.3.3. Blends and mixtures
1.1.4. Stumps  1.1.4.1. Deciduous
 1.1.4.2. Coniferous
 1.1.4.3. Short rotation coppice
 1.1.4.4. Bushes
 1.1.4.5. Blends and mixtures
1.1.5. Bark (from forestry operations) 
1.1.6. Landscape management woody biomass 

Whole trees, or sometimes full trees, include all the above ground biomass of trees that are not 
used to produce industrial roundwood. These can be trees from pre-commercial thinnings or from 
plantations established to supply fuel. 

Stemwood is the part of the tree that normally meets industrial roundwood standards. However, 
if there is no demand for the roundwood meeting some industrial standards, like pulpwood, then 
this stemwood can be used as fuel. 

Logging residues consist of the tree components that are left on a harvest site or at an intermediate 
processing site after the removal of industrial roundwood: branches, foliage, and unmerchantable 
stemwood. The amounts of the different components depend on the tree species, age, and grow-
ing conditions. The dry mass of branches, without foliage, can be equal to as little as 5% (e.g. 
mature Pines and Eucalyptus) of the mass of the harvested industrial roundwood (Senelwa and 
Sims 1998; Stape et al. 2004; Saint-Andre et al. 2005). In contrast, the crown of a mature Norway 
spruce, including foliage, can be equivalent to more than 60% of the mass of the merchantable 
stemwood (Hakkila 1991).

Unmerchantable stemwood is that part of the stem that is unsuitable for industrial use because of 
undesired dimensions, species, or quality. The amount of unmerchantable stemwood varies from 
close to zero in well-managed stands to in some cases around 80% of the total volume of round-
wood removed (Anuchin 1981). 

It is worth noting that the supply of whole trees is generally not dependent on the industrial round-
wood harvest, in the way that the supplies of stemwood, logging residues, stumps, and bark are; 
this is because these latter sources of forest and plantation biomass are usually by-products of in-
dustrial roundwood cuttings. Tomaselli (2007) provides modified results from a data bank (SCTP 
s.a.) and other work (Siqueira et al. 2005) that the crown volume and rejects combined can equate 
to as much as 150–230% of the industrial roundwood volume from a natural tropical forest in 
South America and 10–25% of the same from a tropical plantation in the same region. According 
to a FAO paper, it is not uncommon for some 60 percent of the total harvested tree, or 150% of in-
dustrial roundwood volume, to be left in the forest (FAO 1990). Under Scandinavian conditions, 
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unmerchantable stemwood from the harvesting of mature stands is equivalent to about 4–5% of 
the industrial roundwood volume, while the volume of residues form the crown is equivalent to 
from 20% to 50% (Hakkila 2004). Another view of the unmerchantable stemwood volume is pre-
sented by Asikainen et al. (2008) as for it being equivalent to 10–15% of the industrial roundwood 
volume. In short, the proportion and amount of logging residues can vary widely.

The term potential also needs further clarification. The European Biomass Industry Association 
(EUBIA 2008) has defined the following types of potential:
•	 “Theoretical potential: the theoretical maximum potential is limited by factors such as the 

physical or biological barriers that cannot be altered given the current state of science.
•	 Technical potential: the potential that is limited by the technology used and the natural  

circumstances.
•	 Economic potential: the technical potential that can be produced at economically  

profitable levels.
•	 Ecological potential: the potential that takes into account ecological criteria, e.g. loss of biodi-

versity or soil erosion.”

However, distinctions between the types of potential may not be this clear in reality. For example, 
with relatively high labour costs, it is usually too expensive to collect logging residues after man-
ual harvesting, since the logging residues is scattered unevenly around the harvest site, whereas 
with mechanised cutting the sorting and collection of logging residues can be integrated into the 
cutting. Thus the degree of mechanisation can be considered both a technical and economic con-
straint. In practice, the availability of logging residues as modern fuelwood is also reduced by 
their procuration for alternative uses, such as traditional woodfuel, animal bedding, soil improve-
ment, and erosion abatement (Smeets et al. 2007). The demand and pre-eminence of these alter-
natives is extremely difficult to account for on a global scale.

Figure 1. Distribution of the world’s forests (FAO 2006).
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1.2 Global forest resources

Woody biomass can be harvested from natural/seminatural forests, plantations, or non-forest ar-
eas. Harvests from natural/seminatural forests are usually included only under the domain of for-
estry, whereas, plantations are in some situations considered agriculture. Harvests from non-forest 
areas may have great local significance, but in terms of the potential production of modern fuel-
wood, the resources are usually too scattered, and will therefore be excluded here.

According to the Food and Agricultural Organisation of the United Nations (FAO 2006), forests 
cover one third of the world’s land area. However, the forests are not evenly distributed (Fig-
ure 1). There are also considerable variations between different forest areas in the growing condi-
tions, site types, species compositions, tenure types, histories of use, associated cultures, quality 
and availability of relevant infrastructures, and significant differences in forest regulation or at 
least in enforcement of regulations. All of these characteristics of a forest area affect its potential 
to provide forest energy. 

Productive plantations are forests that consist mostly of introduced species and have been “estab-
lished through planting or seeding mainly for production of wood or non-wood forest products” 
(Del Lungo et al. 2006). The total global area of productive plantation forests was 111 million ha 
in 2005. The most common tree genera are Eucalyptus and Acacia in tropical and subtropical re-
gions, and Pinus worldwide. Most of the planted forests are established or maintained primarily 
to supply industrial roundwood, however the forest residues from these pulpwood and sawlog 
plantations could in some cases be used as energy wood. The most extensive pulpwood planta-
tions are located in North America (14 mill. ha), next are those in Asia (7 mill. ha), and then South 
America (5 mill. ha). There has also been an especially rapid increase of this type of plantation in 
Asia. The largest plantation area for sawlog production (37 mill. ha) is also in Asia, while Europe 
has the second largest (17 mill. ha). In addition some plantations have also been established just 
to produce energy wood (Figure 2). Most of these plantations are in Asia (7 mill. ha) and Africa 
(1 mill. ha). Other energy wood plantations could be established on degraded land, especially in 
developing countries, which would offer the possibility to increase the future supply of energy 
wood. Yet, despite recent interest in bioenergy, the area of bioenergy plantations has increased 
only slightly (Del Lungo et al. 2006). 

Figure 2. Industrial end uses for planted forests (Del Lungo et al. 2006).

0

20

40

60

80

100

120

140

160

1990 2000 2005

m
ill

. h
a Pulpwood/fibre

Sawlogs

Bioenergy

Non-wood products

Unspecified

year



Working Papers of the Finnish Forest Research Institute 118
http://www.metla.fi/julkaisut/workingpapers/2009/mwp118.htm

11

1.3 Forest energy potential

Markets for traditional wood-based products determine the amount of forest residues that will be 
generated. Industrial roundwood harvests have increased by 60% over the last four decades, and 
are expected to continue to increase in the future, though at a slower rate (Sampson et al. 2005). 
In 2000, plantations provided 35% of the harvested roundwood, and their proportion of the har-
vest is expected to rise to 44% by 2020 (Sampson et al. 2005). The highest regional removal of 
industrial roundwood, over the fifteen year period from 1990 to 2005, has been recorded for North 
and Central America (Figure 3); this is due to the presence of the United States (USA) and Can-
ada. The second highest removal has been recorded for Europe, where the level fell in 2000 and 
rose in 2005, due to a hiccup in Russia’s economy. In South America the harvests have increased 
steadily over the fifteen year period. However, China’s logging ban combined with the decrease in 
reported harvesting in Southeast Asia has lead to a constant decline in the removals of industrial 
roundwood for the whole of Asia.

Figure 3. Regional trends in the annual removal of industrial roundwood over the period from 1990 to 2005 
(FAO 2006).

In 2005, the total global wood removal including traditional fuelwood was 3 billion m3 (FAO 
2006). On average, the firewood proportion of the removal was 40%, but it varied greatly on a re-
gional basis: for Africa it was 88%, while for the region of North and Central America it was 13%. 
The total removal of industrial roundwood reported by the statistics was 1.8 billion m3. However, 
the actual removal could be considerably higher, since illegal cuttings are not included in the sta-
tistics. The country-level removal of industrial roundwood in 2005 was by far the highest for the 
USA (490 mill. m3), which accounted for 28% of the global total (Figure 4). Figure 4 shows the 
ten countries with the largest removal levels, but in essence also represents those with the greatest 
levels of logging residue accumulation.

Globally most harvested wood comes from final cuttings; this suggests that these cuttings would 
also provide the greatest portion of the potential fuelwood from logging residues. From the point-
of-view of environmental impacts, this may also be the wisest time to harvest these residues. 
Some professional management practices already support this perspective; in Finland, according 
to present guidelines (Koistinen and Äijälä 2006) the recovery of logging residues is only recom-
mended after final fellings. If more wood is to be used for energy production in the future, then 
there will be a move to include more smaller-sized whole trees, which could create real competi-
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tion for this resource between modern fuelwood and traditional industrial uses (see EFSOS 2005). 
In the Tropics, the harvesting of non-commercial species has huge energy wood potential, but this 
may not be economically or ecologically viable (Vantomme 2006). 

In countries where the removal is smaller than the net annual increment, the roundwood balance is 
positive, this means there is surplus forest growth. In the FAO’s (2006) statistics this is shown as 
a positive annual change rate for growing stock. If the roundwood balance has been positive for a 
sufficient period of time, then cuttings can be sustainably increased. In the places where there is a 
surplus of forest growth, this surplus could be utilised as energy wood (Karjalainen et al. 2004). 
In many countries, this reserve is remarkable. Since 1990, the growing stocks of East, Western, 
and Central Asia; Europe; Russia; the Caribbean; and North America have been increasing (FAO 
2006). The largest positive balance has been reported from the USA and China (Figure 5). Con-The largest positive balance has been reported from the USA and China (Figure 5). Con-Con-
versely, there has been a decrease in the growing stocks of Africa, South and Southeast Asia, Cen-
tral America, Oceania, and South America. Yet roundwood balance does not tell the whole truth: 
if a forest is made-up largely of old stands with slow growth, a sustainable harvesting level can 
be relatively large even equal to or greater than the annual increment, which produces a small or 
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negative roundwood balance; this is because the standing volume constitutes a large cutting re-
serve. The utilisation of surplus growth or any other reserve would require that there be a large 
scale increase in the demand for traditional industrial roundwood and/or political decisions that 
favour the harvesting of energy wood.

1.4 Literature review

In addition to the poor comparability of studies caused by variations in definitions, there is also 
disparity in data used by the various studies, which can also cause differences between the study 
results. Some of the main sources of deviation in data between studies are the level of traditional 
fuelwood consumption, the annual increment, and the level of efficiency in conversion from bio-
mass to energy (Smeets and Faaij 2007). In addition, statistics on cuttings and biomass functions 
may be incomplete or contain errors. The perspective of the studies may also vary with some con-
sidering the present potential, while others forecast the future. Forecasts are often based on spe-
cific assumptions like future political decisions; therefore they can be very speculative.

A multitude of work on bioenergy potentials has been conducted in recent years. From the previ-
ous points of discussion above, it can be understood that the estimation of a global energy wood 
potential is neither a trivial nor an unambiguous task. While the actual ecological and economic 
potentials are of ultimate interest, it is often a lack of knowledge that limits possible estimation to 
only a theoretical level. The studies assume a varying raw material base, in addition geographi-
cal and temporal scopes also differ. Because of all of the previously mentioned reasons, estimates 
may differ by as much as two orders of magnitude. This uncertainty complicates the use of these 
estimates by decision-makers. Some relevant global studies are reviewed and summarised in Ta-
ble 2, this is followed by discussion of a few interesting regional studies, which are summarised 
in Appendix 1.

1.4.1 Global studies

Yamamoto et al. (2001) simulated some global modern fuelwood potentials by region. They pos-
tulated that because the demand for woody biomass will increase in developing countries, the area 
of mature forests will then decrease in many of these areas. Therefore, mature forests are predict-
ed to disappear from the Middle East, North Africa, and South Asia, as well as Centrally Planned 
Asia. Consequently, the future potentials for fuelwood in these areas will be low. According to the 
simulations, the theoretical global potential of modern fuelwood in the year 2100 will be 379 EJ. 
More than half of this potential will be in Latin America with an estimated 199 EJ a-1, while the 
next largest share of 75 EJ a-1 is to be in Sub-Saharan Africa. At the same time, the potentials of 
Western Europe, Japan, the Middle East, North Africa, South Africa, and Centrally Planned Asia 
will range from only 0 to 6 EJ a-1.

Earlier work by Yamamoto’s team was included in a research review by Berndes et al. (2003), 
who evaluated 17 studies of biomass energy potential. They noted that the potential from forests 
depends greatly on the basic approach of the study. In those studies, which took the anticipated 
future demand of industrial roundwood as a restriction for the potential, much lower potentials 
were reported than for those that were based on forest growth. The annual forest energy potentials 
in the demand-driven studies ranged from a couple of exajoules for the present time, which would 
then expand to some 50 EJ for the year 2100, whereas the resource-focused studies estimated that 
for the year 2050 the potential would range from about 50 EJ to over 100 EJ.
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Table 2. Global estimates of the annual forest energy potential.

Publication Temporal scope Type of potential Estimate, EJ Origin

Yamamoto et al. 2001 2100 theoretical 379 modern fuelwood
Berndes et al. 2003 Present–2030 theoretical/technical c. 5–15 forest residues from 
    industrial roundwood and 
    fuelwood/charcoal production
Berndes et al. 2003 2050–2100 theoretical/technical c. 5–50 forest residues from industrial
    roundwood and fuelwood/
    charcoal production
Berndes et al. 2003 2050 theoretical/technical c. 50–100 unspecified forest biomass
Faaij 2007 Present–2050 economic 30–150 forest residues
Smeets & Faaij 2007 2050 theoretical 76.7 surplus forest growth 
    + logging residues
Smeets & Faaij 2007 2050 technical 70.1 surplus forest growth 
    + logging residues
Smeets & Faaij 2007 2050 economic 20.8 surplus forest growth 
    + logging residues
Smeets & Faaij 2007 2050 economic-ecological 5.1 surplus forest growth 
    + logging residues
Nabuurs et al. 2007 2020–2050 technical 12–74 primary residues

Nabuurs et al. 2007 2020–2050 economic 1.2–14.8 primary residues

In a recent report by the International Energy Agency (IEA) a range for the predicted energy po-
tential for forest residues was given for around the year 2050, this had an upper limit of 150 EJ, 
which represents the technical potential, and a lower limit of 30 EJ, which includes limitations 
with respect to logistics and cuttings standards (Faaij 2007). This report also gave combined glo-Faaij 2007). This report also gave combined glo- 2007). This report also gave combined glo-
bal biomass predictions for around the year 2050, with its most pessimistic value being 40 EJ and 
the most optimistic 1100 EJ. For this same future period, if the world were to have a common goal 
of more intensive utilisation of bioenergy then an average global biomass potential was predicted 
to be in the range of from 200 EJ to 400 EJ (Faaij 2007).

Smeets and Faaij (2007) predicted the forest energy potential for the year 2050. Their theoretical 
potential of 6.1 billion m3 a-1 (71 EJ a-1) is based on a scenario with a medium level of demand 
and plantation establishment. In addition their technical potential was given as 5.5 billion m3 a- 1 
(64 EJ a-1), while their given economic potential was only 1.3 billion m3 a-1 (15 EJ a-1). These 
(i.e. theoretical, technical, and economic) potentials are based mostly on surplus forest growth. 
If ecological restrictions are also included, then the resources available would be insufficient to 
meet the demand. 

Nabuurs et al. (2007) reviewed several studies to examine the possibilities for forest energy to 
mitigate future climate change. For the years 2020 to 2050, they concluded that the technical po-
tential of energy from the forest sector’s primary biomass would range from 12 EJ to 74 EJ, while 
the economic potential would have a range of from only 1.2 EJ to 14.8 EJ.

1.4.2 Regional studies

Ericsson and Nilsson (2006) estimated forest energy potentials for the European Union (EU) 
member states that included forest residues from thinnings and harvests from mature forests. 
Their estimate for the annual potential for the fifteen older member states (EU15) had a range 
of 440 PJ to 880 PJ, while for the combination of the eight new member states and two candi-
date countries the annual potential was estimated to range from 150 PJ to 290 PJ. In comparison, 
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Alakangas et al. (2007) gave their estimation of the techno-economic potential of forest residues 
in twenty European countries as 1387 PJ (33.1 Mtoe). In this case, forest residues are defined as 
“forest residue chips or hog fuel from final cuttings (tops, branches, bark), thinnings (whole tree 
chips), delimbed small-sized trees (stem chips), or stumps” (Alakangas et al. 2007).

Asikainen et al. (2008) estimated that the technically harvestable forest energy potential of the 
EU27 would be 1471 PJ (36 Mtoe). This estimation of the potential is based on the inclusion of 
the following sources of forest biomass: logging residues, stumps, and unmerchantable stem-
wood from current and supplementary cuttings, and stemwood from supplementary cuttings. Sup-
plementary cuttings were possible since there is a positive roundwood balance. Asikainen et al. 
(2008) assumed that 25% of the balance could be directed to energy use. More specifically, their 
potential can be divided into 76.5 mill. m3 of logging residues, 7.4 mill. m3 of stump wood, 101.6 
mill. m3 of above ground biomass from supplementary cuttings, and 1.2 mill. m3 of stemwood 
from supplementary cuttings.

In Northwest Russia, the technical potential for energy wood from logging, based on the actual 
2006 harvests, was estimated to have been nearly 22 mill. m3 (Gerasimov & Karjalainen 2009). 
These logging residues were available in harvesting areas and central processing yards as 65% 
non-industrial roundwood, 19% spruce stumps removed after clearfelling, 8% unused crown mass 
of branches and tops, and 8% defective wood from logging (Gerasimov & Karjalainen 2009). In 
addition, over 9 mill. m3 could have been available in 2006 as by-products from the mechanical 
wood processing industry. These estimations do not account for the level to which some of the 
material included in the analysis was actually utilised in 2006 by various other alternatives, like 
traditional fuel wood. If the estimated 31 mill. m3 of energy wood, which is assumed to be equal 
to 62 TWh, were used to meet the energy demands of the whole of Northwest Russia, it could then 
account for 6% of the region’s demand. Based on two theoretical scenarios with different intensi-
ties of forest resource use the annual potential energy wood could be increased to 55 mill. m3 or 
even 81 mill. m3. This could then supply 15% to 21% of the current energy demand of the region.

Gan and Smith (2004) assessed the American distribution of logging residues and potential for 
using logging residues in electricity generation. The potential, when using logging residues from 
commercialised species, is 14 million dry tons. When logging residues from other sources were 
also included, the potential reaches 36 million tons; this estimate falls within the range estimated 
by Walsh et al. (1999). Approximately half of all logging residues are located in the Southeast and 
South Central regions of the USA. The amount of available logging residues that was calculated 
to actually have been available in 1997, was predicted to increase by 5%, by 2020, and by 10%, 
by 2040 (Gan and Smith 2004).

In its Regional Wood Energy Development Programme (RWEDP), the FAO (1997) estimated the 
wood energy potentials of sixteen Asian countries: Bangladesh, Bhutan, Cambodia, China, India, 
Indonesia, Laos, Malaysia, the Maldives, Myanmar, Nepal, Pakistan, the Philippines, Sri Lanka, 
Thailand, and Vietnam. From this work, it was concluded that generally, for the whole region, 
supply exceeds demand; this includes traditional fuelwood. However, there can be local deficits. 
The energy content of the sustainable woodfuel harvested from forestland in 1994 was estimated 
to be equal to 10 EJ, this was predicted to decrease to 9.4 EJ by 2010. For China, Cuiping et al. 
(2004) evaluated the distribution and quantity of biomass residues; the total theoretical potential 
from forest residues amounted to 227 Mt, of which 104 Mt is unused. A Japanese report by Ha-
rada (2000), of the local potential logging residues was cited by Yoshioka et al. (2006) as giving 
an estimated total of 3 Mt of dry mass.
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2 Material and Methods

The forest energy potential currently available in any region of the world was assumed to consists 
of three components: 1) the logging residues from present cuttings, 2) the stemwood from supple-
mentary cuttings in those places where there is surplus forest growth (i.e. the roundwood balance 
is positive), and 3) the logging residues from the supplementary cuttings. The removal of indus-
trial roundwood by country was obtained from consistent statistics and converted to crown mass 
with biomass expansion factors (BEFs) (Figure 6). Any surplus forest growth was obtained by 
country from the same statistics, then a portion of this stemwood was assumed to be available as 
woodfuel. The surplus proportion harvested for fuelwood was then also converted to crown mass 
with BEFs. Finally, the total potential amount of modern fuelwood resulted from the sum of these 
three components. For easier comparison to other studies, woodfuel volumes were converted to 
energy units assuming a lower heating value of 2 MWh m-3 (7.2 GJ m-3) (Röser et al. 2008).
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Figure 6. Procedure for calculating the total modern fuelwood potential currently available from a region.
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2.1 Present cuttings

The 2005 harvests of industrial roundwood provided by the FAO’s (2006) Global Forest Re-
sources Assessment (FRA) were the basis for estimation of the logging residues for the present 
cuttings. The FRA also includes a value for the woodfuel removal, but since this mostly concerns 
traditional fuelwood, it was not considered here. The removals of industrial roundwood are given 
as a volume of roundwood over bark. They exclude felled trees left in the forest, which could be 
utilised as energy wood.

In principle, the amount of crown mass accumulating from the harvesting of industrial round-
wood should be determined from the merchantability standards and a biomass function for each 
species. However, data of this type is not readily available for all species. The biomass expansion 
factors (BEFs) published by the Intergovernmental Panel on Climate Change (IPCC) (Penman 
et al. 2003) were used to assess the amount of crown mass for different species groups. There 
was concern that the BEF values for tropical broadleaves (Table 3) were rather high for planta-
tions, probably since they are meant to include all the species from natural forests. Since it was 
assumed that most tropical broadleaf residues would come from plantations, where the quantities 
of crown residues would be less than for natural forest, the BEF values for temperate broadleaves 
were used also for the tropical broadleaves. Two BEF values are given in Table 3, the “low” val-
ues approximate mature forests or those with high levels of growing stock, whereas the “average” 
values are for younger forests with lower levels of growing stock. Woodfuel estimates were cal-
culated with both values.

The BEFs were first applied to the data available on each countries industrial roundwood remov-
als according to which of three climatic zones the country was assigned. Assignment of the zone 
for each country was subjectively determined with the aid of the global biome mapping of Olson 
et al. (2001). The final classification is very general, with each country assigned to a single climat-
ic zone (Figure 7). After the climatic zone was determined, the roundwood removals also had to 
be divided into the two species groups, coniferous and broadleaf (i.e. non-coniferous) for the ap-
plication of the correct BEF. This was accomplished using the statistics for industrial roundwood 
production (FAO Statistics Division 2008). These statistics were considered less reliable than the 
FRA data, but sufficiently reliable for species grouping. Therefore, the same proportion provided 
for the industrial roundwood production of each country was used to divide its industrial round-
wood removal into the coniferous and non-coniferous groups.

Table 3. Biomass expansion factors (BEF) used to estimate crown mass (modified from Penman et al. 
2003).

Climatic zone Species group BEF
  low average
Boreal Conifers 1.15 1.35
 Broadleaf 1.15 1.3
Temperate Conifers 1.15 1.3
 Broadleaf 1.15 1.4
Tropical Conifers 1.15 1.3
 Broadleaf 1.15 1.4
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Figure 7. Generalised climatic zones used in application of the biomass expansion factors (BEF) (modified 
from Olson et al. 2001, with map boundaries provided by ESRI Data and Maps).

The amount of logging residues and unmerchantable stem tops was estimated for a country  
as follows:

∑ −⋅=
s

scsresidues BEFRV )1( , ,

where R = industrial roundwood removals for a specific country, 
 c = climatic zone, and 
 s = species group. 

To account for the amount of unmerchantable stemwood to be associated with the known quantities 
of industrial roundwood removals, low and high values were used that corresponded, respectively, 
to 5% and 15% of a specific removal quantity. To determine a range for the total amount of logging 
residues (i.e. crown mass and unmerchantable stemwood), two estimates, an upper and lower limit, 
were made. The upper estimate used the average BEF values and high unmerchantable stemwood 
values, while the lower used the low BEF values and low unmerchantable stemwood values.

Stump and root wood is presently collected in most regions only on a limited basis. For exam-
ple in Finland, this collection is made at suitable sites, while in Sweden and the United Kingdom 
(UK), some experiments into this type of collection have been carried out. It is, however, not 
likely that harvesting of stump and root wood would become common worldwide, and therefore 
accounting for the harvesting of these components was not included in the calculations.

2.2 Supplementary cuttings

The estimation of the roundwood balance was based on the annual change rate for growing stock 
from the Global Forest Resources Assessment (FAO 2006). It was presumed that the roundwood 
balance pertains only to commercial growing stock; therefore this balance is assumed to be zero 
for non-commercial growing stock. 

It was presumed that supplementary cuttings could be carried out in countries, where the an-
nual rate of change in growing stock was positive between 1990 and 2005. An educated guess 
was used to assign one quarter of any positive roundwood balance to be available for woodfuel 
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(Asikainen et al. 2008). From any projected supplementary cuttings, the amount of surplus, but 
otherwise merchantable stemwood that could be used as fuelwood was the same as the estimat-
ed positive roundwood balance for the period from 2000 to 2005 divided by four. Accessing the 
amount of potential logging residues from the projected supplementary cuttings used the same 
method as used for the present cuttings, with the removal data for applicable countries replaced 
by a quarter of their estimated positive roundwood balance.

3 Results

A geographical distribution of the upper limit values for the modern fuelwood potential is given 
by Figure 8. As a result of both the upper limits of the removals and surplus forest growth, the po-
tential in the USA was clearly greater than elsewhere. Other countries with large total potentials 
were Canada, China, Brazil, and Russia. The total potential in Canada may be even greater than 
estimated, because there was no data for Canada in the FRA for the annual rate of change in the 
growing stock. Country-level potentials of selected countries are given in Table 4.

Table 4. Modern fuelwood potentials in 2005 for selected countries.

 mill. m3  PJ  TWh
 Country   lower upper  lower upper       lower          upper
United States 158 304 1140 2191 317 609
Canada 44 108 316 774 88 215
China 70 104 503 747 140 208
Brazil 34 86 242 621 67 173
Russia 38 77 273 554 76 154
Germany 29 46 207 331 58 92
Sweden 21 42 149 305 41 85
Japan 27 36 196 262 54 73
Finland 17 35 122 253 34 70
France 19 30 136 218 38 61
Poland 14 24 99 170 28 47
Chile 13 23 94 166 26 46
Austria 7 12 52 86 14 24
Czech Republic 5 10 39 71 11 20
Latvia 5 9 37 62 10 17
Slovakia 3 5 22 37 6 10

Figure 8. The technical upper limit potentials of modern fuelwood in 2005 for the countries of the world (map 
boundaries provided by ESRI Data and Maps).
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Figure 9. The technical upper limit potentials of modern fuelwood per unit of land area in 2005 for the coun-
tries of the world (map boundaries provided by ESRI Data and Maps).

When the potential is scaled to account for the size of a country, the USA still has a large potential 
(Figure 9). However, the modern fuelwood potential is especially large for Japan and many coun-
tries in Central and Northern Europe. Because of the relative size of these countries they would, 
thus, have reasonably short transportation distances for local utilisation of the fuelwood. At the 
same time these countries are also known to have well-developed transportation networks, which 
further improves their possibilities to use their woodfuel resources.

Figure 10 illustrates the modern woodfuel potentials aggregated by the larger regional divisions 
used in the FRA from 2005. The regional potentials are sub-divided into the fractions that are de-
rived from present cuttings and supplementary cuttings. In South America the potential consists 
mostly of logging residues from present cuttings, whereas in North America, Europe, and espe-
cially in East Asia the contribution of surplus forest growth is considerable. The potential in other 
regions is minor compared to these four regions. The total potential of modern fuelwood for the 
whole world in 2005 was from 4.7 EJ (0.7 billion m3) to 8.8 EJ (1.2 billion m3). The woodfuel 
potential results using a different regional aggregation that was used by Pahkala et al. (2009) are 
presented in Appendix 2 for comparison to the global agrobiomass potential that they estimated 
in a parallel project.

Figure 10. Regional upper limit forest energy potentials for 2005 (map boundaries provided by ESRI Data 
and Maps).
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4 Discussion

The calculation method used here with its rough approximations and very general assumptions 
is acknowledged to have several weaknesses. The quality of the results is, however, sufficient to 
meet the aim of directing future research and marketing of modern fuelwood technology to prom-
ising regions. In the following section there is more detailed discussion of the shortcomings, then 
the results are compared and evaluated, and finally some brief conclusions are presented.

The greatest difficulty encountered with the calculation of biomass potentials is a lack of data. 
The biomass from harvesting residues available as crown mass is only an estimation, but it is 
based on initial data from the FRA and IPCC that are as globally consistent, as possible. Because 
data on the removals by species and timber assortment are only available for a few countries, 
the statistics that were used, were selected since they would provide a consistent coverage of the 
world. Some variation in data quality exists, but an effort has been made to standardise the data. 
The ratio between crown mass and industrial roundwood, or BEF, depends on the species, age, 
previous management treatments, and site, but biomass functions for all commercial species are 
unavailable. Therefore it was not possible to determine species level BEFs. In addition, data on 
unmerchantable stemwood is extremely limited. To improve the results with the methodology 
used here calls for more accurate biomass functions and statistics on removals and unmerchant-
able stemwood.

Another shortcoming, because of the data used, is that the scale of the results is limited to the spa-
tially rather variable country level. For the larger countries like Russia, China, Canada, the USA, 
and Brazil this approach is too coarse and of little value with respect to positioning the actual po-
tential resources relative to the local demand and infrastructure. In addition to this, the estimates 
are limited in time to the relative present.

Furthermore, technical, economic, and ecological constraints are only partially included. It can 
be assumed that the harvesting sites of the present cuttings of industrial roundwood have been 
feasible with respect to these constraints, but this does not guarantee the fulfillment of the techni-
cal, economic, and ecological criteria with respect to the procurement of logging residues. For the 
supplementary cuttings the available reserve of timber for these cuttings was based on the posi-
tive wood balance and the assumption that the data only reflected commercial forests. The change 
in the growth of non-commercal species was thus assumed to be zero. This is a generalised as-
sumption since it holds true for old growth forests where growth and natural losses are equal, and 
if there are no cuttings. However, this is not the case everywhere, for example, the annual rate 
of change may be negative for protected forests where illegal cuttings may occur, and positive 
for young plantations established for soil conservation or other protective functions. It was also 
estimated that the sustainable potential harvest of the reserves would be one quarter of the sur-
plus forest growth. This proportion is a rather rough educated guess, but based on many years of 
experience with forest based bioenergy. The potential in this study can be considered a technical 
potential. The economic potential in some regions is much lower. For example, in Russia much of 
its vast potential is located far from any infrastructure, thus it is economically intangible.

Despite the many flaws, the results provide benefits. They estimate the order of magnitude of for-
est biomass based energy production. They can also be seen as indicative in showing where the 
potential exists globally. The results of this analysis are also in line with previous work. For exam-
ple concerning the twenty-seven countries of the European Union (EU27) the results are similar 
to those of Asikainen et al. (2008) (Figure 11). The upper limit total for the above-ground biomass 
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potential from logging residues for the EU27 was 284 mill. m3 (2 EJ), while Asikainen et al. give 
a value of 312 mill. m3. The main reason for the difference in the results was that Asikainen et al. 
had subdivided the conifer species group into spruce and pine groups, which increased the crown 
mass potential in those countries where the spruce proportion was high, including: Austria, the 
Czech Republic, Finland, Germany, and Sweden. Taking this into account, the method used here 
with coarser data seems to give satisfactory results at least for the EU. It could therefore also be 
assumed that this method produced applicable results elsewhere. More thorough studies should be 
carried out on the most promising areas identified by the results of this work.

The potential “hot spots” for modern fuelwood are: the USA, Canada, Russia, China, Japan, Bra-
zil, Chile, and most of Central and Northern Europe. When compared to the previous studies, the 
calculated potentials can be taken as relatively consistent considering the different constraints, 
raw material bases, and wide error margins. For example for the USA, the range of the potential 
from the result here is 1.1–2.2 EJ a-1, whereas Gan and Smith (2004) estimated that the economic 
potential would be 0.69 EJ a-1. For China, the results here gave a potential range of 0.5–0.7 EJ a-1, 
while the theoretical potential according to Cuiping et al. (2004) was 2.0 EJ a-1.

Both the global potential production of, and demand for, modern fuelwood are unevenly distrib-
uted. The developed countries have a relative advantage with regard to the infrastructure neces-
sary for using modern fuelwood, and they are also committed to increasing its use through inter-
national agreements. In addition if prices for fossil fuels are to be at increasingly higher levels, 
as trends suggest, then the biofuels will be more economically competitive. This will lead to an 
increasing trade in biofuels (Hillring 2006; Junginger et al. 2008).

Theoretical future estimates can be very high, but as the future becomes the present with more 
limiting technological criteria, the smaller the potentials become (Figure 12). According to this 
study, the total potential of the whole world in 2005 was from 4.7 EJ to 8.8 EJ. This represents 
only 1–2% of the present global primary demand for energy.
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Figure 12. Selected annual estimates of global potential of modern fuelwood together with predicted de-
mand for primary energy. Note that the studies represent different types of potential. The potential in this 
study is technical, in Yamamoto et al. (2001) theoretical whereas in Smeets and Faaij (2007) it ranges from 
economic-ecological to theoretical. 

As previously described, economic and ecological restrictions make the real availability of fuel-
wood much lower than the basic results of this work suggest. In addition, part of the energy con-
tent is lost in the collection, preparation, transportation, storage, and conversion of fuelwood to 
primary energy. These steps also need external energy, which in turn increases the level of needed 
primary energy. Taking these facts into account, it can be concluded that forest energy can only 
make a minor contribution to the total global primary energy demand. Regional and local situa-
tion, however, may be very different.
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APPENDIX 2. 

Table 2. Annual potentials of modern fuelwood for Global Times regions.

 mill. m3 PJ TWh
Region lower upper lower upper lower upper
Africa 21 48 0.1 0.3 0.03 0.08
Australia-New Zealand 10 24 0.1 0.2 0.03 0.06
Canada 44 108 0.3 0.8 0.08 0.22
China 70 104 0.5 0.7 0.14 0.19
Central and South America 55 127 0.4 0.9 0.11 0.25
Eastern Europe 36 63 0.3 0.5 0.08 0.14
Former Soviet Union 69 123 0.5 0.9 0.14 0.25
India 2 3 0.0 0.0 0.00 0.00
Japan 27 36 0.2 0.3 0.06 0.08
Middle-East 5 10 0.0 0.1 0.00 0.03
Mexico 2 4 0.0 0.0 0.00 0.00
Other Developing Asia 16 34 0.1 0.2 0.03 0.06
South Korea 6 7 0.0 0.1 0.00 0.03
United States 158 304 1.1 2.2 0.31 0.61
Western Europe 130 224 0.9 1.6 0.25 0.44
Total 651 1220 4.7 8.8 1.31 2.44

For a list of countries of each region, see Pahkala et al. 2009.
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