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Abstract:

Carbon exchange processes in forest growth and harvesting operations in managed forests influence the European forests in their role as carbon sources or sinks. In addition, greenhouse gas emissions (GHG) caused by forest operations and roundwood transports are released to the atmosphere. This study aims at collecting general and LCA-related forestry data from various European Countries participating in the COST Action E9 “Life Cycle Assessment of Forestry and Forest Products” to compare national forest conditions and to assess the significance of fuel consumption in forest management operations.

The availability of forest data differs significantly. While data on forest land use, tree species, growing stock, increments and harvest are available in all countries, the distribution of different harvesting and hauling operations on thinnings and final cuttings are not common in all countries. Also data on non-wood products are mostly not available.

Within all countries, the fuel consumption of roundwood transport exceeds the consumption of harvesting and hauling. Differences in each country’s amounts are highly dependent on the total weight of trucks permitted by national laws. Compared to the amount of carbon stored in the forest ecosystems, the GHG emissions caused by forest operations are negligible.
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1. Introduction

Since the Rio de Janeiro Conference on the Environment in 1992, all countries are committed to the principles of sustainable development. Forests, forestry and wood are dealt with in various chapters of  Agenda 21. Furthermore, effective measures for the protection of the earth’s climate were discussed in subsequent conferences and concrete objectives for reducing the emission of greenhouse gases (GHG) were laid down in the Kyoto Protocol (1997). To be more specific, the countries of the European Community have committed themselves to reduce the emission of GHG by 8 % in the period 2008 to 2012 compared to 1990 levels.

Combustion of fossil fuels is the main reason for the build-up of GHG CO2 in the earth’s atmosphere, with emissions currently at about 6 GtC (Gigatons carbon) yr‑1. Additional CO2 emissions, estimated at about 1.6 GtC yr-1, come from changes in land use in the tropics, mainly deforestation. The increasing concentration of GHG in the atmosphere is believed to influence the earth's climate (IPCC, 1995). In this context, specific reference was made to the forests’ potential as both carbon source and carbon sink as well as that of corresponding silvicultural measures. Forests fulfil a plethora of ecological functions, they are the habitat of plants, animals and people and they produce wood and non-woody products of all kinds. Moreover, forests store approximately  80% (1,648 Gt) of the total amount of carbon stored by plants on land (2,060 Gt) (Burschel, 1990, Perruchoud D.O. et al., 1995, Watson et al. 2000). Compared with the oceans carbon reservoir  (38,000 Gt) the size of the forest carbon reservoir appears relatively small, but, in contrast to the former, it can be easily influenced by effective land-use and management methods. Mankind and society are thus capable of controlling the size of this biomass store or carbon sink more or less effectively – in the positive as well as in the negative sense. From climate protection points of view the objective must be to relieve the carbon reservoir in the atmosphere of about 750 Gt and to add no further inordinate amounts of fossil GHG (mainly CO2). The proportions of the three most important carbon reservoirs show that forests have the same sink potential as the oceans (+ 2 Gt/a), with an annual carbon addition to the atmosphere of 3 Gt (Houghton, 1997; Schulze, 2000).

Forest vegetation extracts carbon dioxide from the atmosphere through the process of photosynthesis. Forest growth combined with the production of biomass accumulate carbon over a certain period of time, when carbon is stored in compartments of living vegetation, dead organic matter and the forest soil. In unmanaged forests, in the long run, the same amount of carbon dioxide is returned by the respiration of the forest system (steady state of the ecosystem) and the decay of organic matter in soil and litter compartments. Forests in many European countries are not in a steady state, they are net sinks for carbon, because growth exceeds carbon losses due to harvesting and disturbances. Carbon is also accumulating into wood products (Wegener and Zimmer, 2000). On the other hand, GHG emissions caused by e.g. forest operations and transport processes are released to the atmosphere.

2. Aims and Scope

This study aims, based on a study presented by Berg and Karjalainen (COST E9 workshop LCA of Forestry and Forest Products, 27-29 March 2000, Espoo, Finland), at collecting LCA-related forest and forestry data from various European Countries participating in the COST Action E9 “Life Cycle Assessment of Forestry and Forest Products”. The fuel consumption and the related GHG emissions for the main forest operation processes (harvesting, hauling and transport) in the different countries are compared to show the benchmarks for existing forest operation processes in the European forest management systems. The results should clarify the mean variation of fuel consumption and the impacts of GHG emissions within the European forest systems to form assumptions and to simplify later studies on life cycles of wood-based materials and wooden products. In addition to the forest operations mentioned, the roundwood transport systems were also taken into consideration.

The study is restricted to the forest operations “harvesting” and “hauling” due to lack of available data for all the other forest processes such as “Scarification”, “Stand establishment”, “Tending of seedlings”, “Clearing” or “Use of pesticides”, “Forest road construction and maintenance”, “Liming”, “Debarking” etc..

The following 12 countries provided general data on national forests, forest operation systems and roundwood transport systems:

· Austria
· Denmark

· Finland
· France

· Ireland
· Norway

· Germany
· Greece

· Italy 
· Slovenia

· Switzerland
· Sweden

3. Methodology

A questionnaire was drawn up to collect national data, in order to evaluate the fuel consumption and the proportion of forest operations to GHG emissions. The questionnaire was sent out to the delegates of the COST Action E9, mainly to the members of WG 1 to collect LCA-related, national data for forest operations. Apart from basic forest data, e.g. the area of exploitable forest land, growing stock, annual increment and the proportion of tree species (with reference to the volume), specific data related to the forest operation systems applied in the countries was requested. The aim was to determine each applied forest operation (e.g. motor-manual or mechanized cutting) for each country and the amount of wood, separated into wood from thinning and final cuttings. Based on these data a kind of “national forest operation process mix” was created.

In a second step the LCA-related process data already published was analysed. There are only a few studies in this field made in Austria (Pröll, 2001; FPP, 1990, 1991), Finland (Karjalainen and Asikainen, 1996), Germany (Schweinle 1996, Fedrau 2000), Sweden (Berg, 1995, 1997; Athanassiadis, 2000), Switzerland (Winkler, 1997; Knechtle, 1997) referring to national data on harvesting, hauling and transport operations. Berg and Karjalainen (2000) compared the Finnish and Swedish data. The most important studies were taken into consideration to create “typical, representative processes” for the forest operations applied in the European countries. The aim was to develop standardized processes.

Study “Materialprofile von Holzerntesystemen” (Material Profiles of Forest Operation Systems; Knechtle, 1997) Knechtle came to the conclusion that the primary energy demand of the different harvesting and hauling systems is closely related to the fuel consumption of the machines applied and to the productivity of each system. The other input factors like the energy demand for machinery production or for repair work during the life span had only little influence on the primary energy demand of the whole system. The influence of life span of the machinery equipment was also not significant. 

The conclusion for the present study is, that it is mainly the productivity of the harvesting and hauling systems, which influences the ecological burden, and also the economics of the forest operation systems. The productivity itself mainly depends on the diameter of trees targeted for thinning and final felling operations. Against this background the national “forest operation process mix” shows not only the optimised technological and economical situation of the national forest management system but also reflects the environmental impacts. 

4. Results

The following chapters contain an analysis of the questionnaires returned. The degree of data availability and quality varies significantly. In some countries, such as Austria, Finland, Sweden and Switzerland, useful data of good quality as regards the proportion of the different forest operations on a national scale are available. It should be noted that neither the amounts of non-wood products nor the differentiation between wood from thinning and final cuttings were generally available, as shown in the tables below. Table 1 depicts the data sources and references required for the questionnaires for each country involved.

Table 1:
List of all data sources and references considered
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References

Austria

Schwaiger Hannes

BMLF (1996), BMLFUW (1999), FBVA (1997);

Denmark

Kvist Knut-Erik, Niels Heding

Finland

Karjalainen Timo

Karjalainen & Asikainen (1996), Finnish Statistical Yearbook of Forestry (1999)

France

Roda Jean-Marc

Germany

Zimmer Bernhard

AID (2001), BML (1993, 1994), KWF (2001), ZMP (2000);

Greece

Radoglou Calliope, Galis Christos

Ireland

O´Carroll Joe

Italy

Pollini Claudio

ISTAT (1996);

Norway

Svanaes Jarle

NIJOS (2000), SSB (1999), TF (2001)

Slovenia

Kosir Bostjan

Slovenia (1998, 1999, 2000)

Sweden

Berg Staffan

Berg (1995, 1997); Berg and Karjalainen (2000), Statistical Yearbook of Forestry (2000)

Switzerland

Brandenberger Regina

BUWAL (1996), LFI (2001), Schweiz (1991, 1993)


4.1. Basic forest data

The total area of forest land of the 12 European Countries is 110.5 mio ha of which 90.55 mio hectares are exploitable forest land. 57% of the forests represented in this study are located in Northern Europe, 15% in Central Europe, 16% in Western Europe and 12% in Southern Europe.

Figure 1 depicts the national forest area data for European countries. In general, the share of exploitable forests in the total forest area is higher in northern than in central and southern European countries. The highest percentage of national forest land cover was reported from Finland, Sweden, Slovenia and Greece. Comparing the exploitable areas with total forest areas, the highest amounts of exploitable forests are found in Germany (97%), Italy (96%) and Switzerland (93%),the lowest in Norway (62%) and Greece (52%).
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Figure 1:
General data on national total forest and exploitable forest areas in Europe, numbers in % represent the ratio between total forest area and total national area per country
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Figure 2:
Growing stock per ha in the exploitable forests in Europe (data for Ireland are not reported)

Figure 2 shows the growing stock in national exploitable European forests, where the highest levels of growing stock volume are reported for Switzerland (354 m³/ha), Austria (295m³/ha) and Germany (271m³/ha). In general the highest growing stock rates per ha are reported for central, the lowest for southern and northern European countries (e.g. Greece with 42m³/ha). 

Table 2:
Distribution of  the forest ownership in the different countries
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Table 2 gives an overview of the forest ownerships in the countries involved. The fact that forests are mainly in private property is one of the reasons for the missing data for forest operation processes. The available data are often based on those of the state and federal forests and in Sweden for example on the company forests.
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Figure 3:
Overview of the proportion of softwoods and hardwoods in the different countries

Figure 3 shows the share of coniferous and deciduous tree species with reference to the volume over bark. There is a clear dominance of the coniferous species in Northern and Central Europe (except Slovenia), while the share of hardwood (deciduous) species is more important in the South and the western countries, except Ireland with 100% coniferous species, mainly spruce and pine (Table 3). Significant amounts of oak are reported for Italy and France, fir for Greece, beech for Denmark and Slovenia, poplar for Italy and birch for Finland and Sweden. 

Table 3 provides a more detailed overview of the reported volume-related tree species distribution per country. As regards the fuel consumption per cubic meter of wood for the forest operations harvesting and hauling, it may be necessary to distinguish not only between coniferous and non coniferous, but also between tree species. The primary energy demand for harvesting spruce (stem wood from final cuttings) is, for example, double that for harvesting oak, beech or pine because of the higher effort required to debranch the stems (Schweinle, 1996). The effect of the individual species on the fuel consumption is only one aspect. Another more important aspect is the influence of the unit volume of the trees harvested on the productivity of the process and as a result on the fuel consumption.

Table 3:
Distribution of the main tree species in the European countries (volume-related)
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4.2. Forest products

Forestry typically is a linked production that means that apart from a main product several by-products are produced which can not be avoided. While managing forests, not only stem wood of a good quality can be produced but also wood with small dimensions, wood with low quality, branches and bark. Besides these wooden products and by-products, the forests provide us with non-wood products and benefits. One example are the environmental benefits and functions the forests fulfill like soil and water protection, protection against avalanches, benefits for recreation or percolation of immissions. All these functions are not strictly dependent on the kind or the intensity of the forest management and they are not bound up with mass or energy flows going into or coming out of the forest system. Other examples of non-wood products are resin, mushrooms, game and berries. They are bound up with mass flows.

In LCA, in- and outputs can be allocated to the main product and to the by-product, for example, by mass or volume. When considering the environmental benefits as a by-product of the forest system which are not connected to physical flows, it is not recommended to allocate inputs and outputs (or impacts) on wood because the mass and energy balances are not balanced. A second point is the question concerning the market value of these by-products. There is no doubt that they have a value but often they have no market. Therefore WG 1 of the COST Action E9 decided that a by-product in the sense of LCA should have a market value and there should be a market. That means that the environmental benefits in this study are not mentioned as a product or by-product but they should be mentioned in the impact category “land use” (see WG 2 “land use” of the COST Action E9).

Wood Products
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Figure 4:
Data of increment and harvested volume (calculated from the industry-paid volume up to m3 over bark) per ha reported by the countries. Numbers in percent represent the ratio of increment and harvest volume

[image: image8.wmf]0.0

1.0

2.0

3.0

4.0

5.0

6.0

Denmark

Finland

Norway

Sweden

Ireland

Austria

Germany

Slovenia

Switzerland

Greece

Italy

(m³ o.b./ha)

Roundwood from final cuttings

Roundwood from thinnings

Amount not classified

Northern European 

Countries

Central European 

Countries

Southern 

European 

Countries

Western

European 

Countries

0.0

1.0

2.0

3.0

4.0

5.0

6.0

Denmark

Finland

Norway

Sweden

Ireland

Austria

Germany

Slovenia

Switzerland

Greece

Italy

(m³ o.b./ha)

Roundwood from final cuttings

Roundwood from thinnings

Amount not classified

Northern European 

Countries

Central European 

Countries

Southern 

European 

Countries

Western

European 

Countries


Figure 5:
Harvest volume per country distributed to final cuttings, thinnings and amounts not classified

Figure 4 describes the current increment and harvest regimes in European countries with high increments per ha in western and central European countries. Within all countries amounts of harvested volume are lower than forest increments. Therefore, forests currently are net carbon sinks regarding carbon stock changes in forest vegetation. The highest carbon stock changes of vegetation per ha are calculated for Germany (4.93 m³/ha, Slovenia (3.88 m³/ha ), and France (3.80 m³/ha), the lowest in Greece (0.62 m³/ha), Sweden (0.92 m³/ha) and Finland / Italy (1.58m³/ha). The ratio between harvested volume and increment is the lowest in Norway (38%) and the highest in Sweden (77%).

In Figure 5 the amount of annual harvested volume of wood from exploitable European forests are depicted. With the exception of Slovenia (only thinning operations are reported for 1998) fellings from final cuttings exceed those of thinning operations in all countries. The highest cutting rates per ha are achieved in Denmark, Austria and Switzerland, the lowest in both southern European countries and Norway.
Non-Wood Products

Apart from the wood products described above, forests also supply non-wood products shown in Table 4. These products have a market value, so they can be also defined as forestry by- or co-products. Up to now the non-wood products are not mentioned in LCAs on wood products and no environmental impacts have as yet been allocated. Compared to the mass of wood produced and harvested in the forests, the amount of non-wood products is rather small, generally below one percent.

Table 4:
Survey of reported non-wood products in tons per year
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However, for some European countries data about non wood products from forests are not available. The data shown in Table 4 were derived from specific national databases (references Table 1) and additionally from a Most non-wood forest products related to weight (t/year) are mushrooms, game, berries and chestnuts. Berries are picked in northern European countries, whereas the production of cork (Italy and France), chestnuts (Italy) and resin (Greece) are more common in western and southern European countries. 
4.3. Forest operations

The most important LCA and LCA-related studies in forestry were taken into consideration to create “typical, representative processes” for the forest operations applied. The aim was to develop standardized processes which are necessary to compare the different European “operation mixes”.

Table 5:
Basic process data for the forest operation considered. Data mainly based on Trzesniowski (1989), Frischknecht (1995), Schweinle (1996), Winkler (1997), Knechtle (1997), Berg (1995) and (1997), Athanassiadis (2000), Fedrau, (2000).
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Harvesting

There are generally two different processes to describe harvesting in forest management. Firstly, the widespread motor-manual cutting with chain saws and secondly the more mechanized one with harvesters. The harvester is very common in the countries in the north of Europe (Figure 6) and is becoming more and more important in Central European countries like Germany and Austria. The highest level of productivity for mechanized harvesting can be reached if the stands are as even as possible, regarding to the tree species as well as the diameters of the stems harvested.
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Figure 6:
Share of  different harvesting processes in European countries.

Compared to the motor-manual harvesting process, productivity is usually higher in thinnings. The following studies were analyzed for the two harvesting processes, “motor-manual” and “mechanized”. The main publications considered are Schweinle (1996), Winkler (1997), Knechtle (1997), Berg (1995) and (1997), Athanassiadis (2000), Fedrau (2000) and also Pröll W. (2001), FPP (1990) and (1991), Karjalainen and Asikainen (1996), Berg and Karjalainen (2000).

The “mechanized” process is based on the data published for the Timberjack 1270 harvester. The productivity for this process depends very strictly on the mean tree diameter of the stands, in other words, on the unit volume of the harvested stems. The mean productivity supposed in the present study is 13 m³/h. The other basic data for the process are shown in Table 5.

The “motor-manual” process  is more complicated because the variation of the unit volumes is much higher. The “motor-manual” process is used in thinnings as well as in final fellings if we consider countries like Greece, Italy, Slovenia, Switzerland, Austria, and Germany as shown in Figure 6. In the countries in the North of Europe the use of the motor-manual process is decreasing. Knechtle (1997) supposed, in his comparison of the two harvesting processes the same unit volume of the harvested stems of 0.2 m³, which is typical for thinnings. The unit volumes of stems from final fellings are mainly between 0.3 and 0.9 and up to 1.7 m³. The Stihl 026 chain saw (Knechtle, 1997) is not suitable for the description of the motor-manual process in final fellings. In order to take the variation of the unit volume into account in the present study, data about two different chain saws were used and additionally an “average” chain saw was set up. The basic data for the chain saws are given in Table 5. The chain saws were taken into consideration depending on the expected diameters of the stands and the unit volumes.

Hauling

Various existing processes are applied in the European countries for hauling and logging the harvested stems. There are five different processes to take into account to describe hauling in forest management. Figure 7 shows the percentage of the different hauling processes in the countries.

Firstly hauling by man and animals, mainly horses, is termed “manual and animal”. This process is quantitatively important in Greece (30%), Ireland (10%), Austria (8%) and Slovenia (6%). No LCA-related data are available for this process. In the present study, the fuel consumption was set to zero for the amounts hauled by man and horses. Of course, horses also need energy (biomass) to work in the forest and there are GHG emissions like CO2 and CH4 which are taken into consideration by handling the process as described above.

Hauling by agricultural tractors, specific forest tractors or skidders is very widespread in all European Countries. This process besides logging by forwarder is the most important process. Data for the “Mahler Unifant” tractor (Table 5) were used (Knechtle 1997, Fedrau 2000) to calculate the fuel consumption and the GHG emissions.

The “forwarder” process is mostly combined with the mechanized harvesting process. Data for the “Timberjack 810B” forwarder (Table 5) were used (Schweinle 1996, Winkler 1997, Knechtle 1997, Athanassiadis 2000, Fedrau 2000) to calculate the fuel consumption and the GHG emissions.
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Figure 7:
Percentages of  different hauling processes in European countries.

The hauling process “Cableway” is quantitatively important in the hilly countries like Austria (17%), Switzerland (9.5%) and Slovenia (6%). In some countries (e.g. southern Germany) this process is applied but no data for the amount of wood logged are available.

Another very special hauling process is the “Log line” which is a kind of slide for stems. This process requires slopes and is therefore restricted to mountainous regions. It is quantitatively important only in Switzerland (7%) and Austria (1%). No fuel consumption and GHG emissions were calculated similar to the “manual and animals”. The wood moves mainly by gravity which causes no emissions but the process is often combined with a tractor or skidder.

4.4. Roundwood transport

The roundwood transport is, apart from the forest operations, the next most important module. The fuel consumption and the corresponding emissions of GHGs depend on the transport distances as well as on the transport system. The percentage of the main transportation systems used in roundwood transport is shown in Figure 8. Roundwood transport by ships is only used in the northern countries like Finland (5-6%) and Norway (4%). Roundwood is mainly transported by truck. The total weight permitted by law for the trucks varies very widely. From about 24 tons in Greece, 38 tons in Austria and 40 Tons in Ireland, Germany, Slovenia and Switzerland up to 44 tons in Italy, 48 tons in Denmark and France, 50 tons in Norway, 56 tons in Finland and 60 tons in Sweden. In addition the weight permitted by law differs, depending on the amount of axles. For example: in Finland a five-axle truck can have a weight of 44 tons, 6 axles 48 tons and if the truck has 7 axles the weight permitted is about 56 tons (Huttner 2001).

The present study is focused on roundwood transport by truck. Specific fuel consumption per kilometer for a truck is influenced by the type and age of the engine of the truck, the total weight and the route. The route, that means, for example, the percentage of highways, country roads and forest roads have a great influence on fuel consumption. Because of lack of data concerning the different routes the focus was set on the differences caused by the different total weights. The higher the total weight the higher the fuel consumption. In contrast to this, the fuel consumption per ton loaded decreases, the higher the total weight becomes, because the empty weights of the trucks increase slightly. For example, in Sweden a truck of 60 tons total weight can load approximately 39 tons of roundwood while in Germany the 40 tons trucks can load only 27 tons. 
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Figure 8:
Percentage of  different transportation systems with reference to the volume of wood in European countries.

Table 6:
Fuel consumption for roundwood transportation expressed in kg fuel per m³ and km. One cubic meter of roundwood is calculated at 900 kg.
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Austria

1.47

38

Denmark

1.28

48

Finland

1.16

56

France

-

48

Germany

1.42

40

Greece

1.47

24
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1.43

40

Italy

1.42

44

Norway

1.28

50

Slovenia

1.42

40

Sweden

1.14

60

Switzerland

1.42

40

Fuel consumption and total weight of trucks 

permitted by law


Based on a publication (Anonymus 1984) the specific fuel consumption of the roundwood transport in kg per m³ roundwood and 100 kilometers is calculated and shown in Table 6. The calculation is based on a mass of one m³ roundwood of 900 kg (Kollmann 1951) as an average over all tree species. The weight of roundwood depends on the tree species, the diameter of the log, the share of heartwood and sapwood and the moisture.

The lowest specific fuel consumption is needed in Sweden and Finland, the highest in Austria and Greece.

4.5. Comparison of fuel consumption and GHG emissions

In this chapter, the fuel consumption and related GHG emissions due to fossil fuel use are compared for different forest operations and countries. In Table 7, fossil fuel inputs for different forest operation processes per country are listed. Numbers are calculated on the basis of the above defined national harvest process chains and related to annual harvested volume.

Fuel inputs for harvesting operations are higher for northern European countries, where the rate of mechanized cuttings of thinnings and final fellings is much higher than in other European countries. High mechanization combined with higher energy efforts per m³ timber are calculated for Sweden, Finland and Ireland, the lowest for Slovenia, Italy and Switzerland. The latter reported higher rates of motor manual harvest operations. Currently, for alpine countries like Switzerland and Austria steep slopes of forest sites mainly cause lower mechanization rates. The differences between countries are rather small (between 0.36 and 0.64 kg fuel/m³) for hauling processes, because similar hauling processes are used in all countries. Due to the essential use of agricultural tractors etc. in hauling operations with lower productivity, the energy input in Austria (0.59 kg/m³), Slovenia (0.62 kg/m³) and Italy (0.64 kg/m³) exceed those of other countries with forwarder use.

Energy efforts of hauling processes exceed those of harvesting operations except in countries of highly mechanized forest harvesting. Energy inputs for transportation operations per m³ of timber are generally higher in all countries. Fuel demands per m³ of timber were assessed with higher results for Greece and Austria on the basis of reported average distances to national wood-processing industries and total weight of transports on trucks permitted by law. Lower total weights permitted by law influenced these numbers significantly. 

Table 7:
Fossil fuel input for different forest operation processes in Europe (no data for France have been reported) 
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Table 8:
GHG emissions for different forest operation processes in Europe (no data for France have been reported) 
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The total amounts of CO2 emissions per kg fossil fuel are multiplied with the appropriate fuel consumption per m³ of timber to calculate the results for Table 8. Total emissions of CH4 and N2O are calculated in the same way as described for CO2. The latter are then multiplied with the factors 21 and 310 to account for their radiative forcing compared with CO2; time period assumed: 100 years; (IPCC 1995) and added to the total CO2 emissions, resulting in total GHG emissions (CO2 equivalents). The highest emission rates for harvest operations are assessed for Sweden (2.54 kg CO2 equiv./m³), the lowest for Italy and Slovenia (0.8 kg CO2 equiv./m³). 

Also, transport processes for timber to the national forest industries cause emissions released to the atmosphere with the highest emission rates per m³ harvested timber – compare with Table 7- in Greece (18.9 kg CO2 equiv./m³)) and Austria (11.8 kg CO2 equiv./m³). 

4.6. Sensitivity analysis

The following Tables 9 and 10 show the results of the sensitivity analysis carried outdone to demonstrate the influence of productivity on fuel consumption in forest operations. In the left row a lower productivity and in the right row a higher productivity is assumed. 

Table 9:
Fuel consumption for harvesting calculated for different levels of productivity in the processes
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Table 10:
Fuel consumption for hauling calculated for different levels of productivity in the processes
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5. Conclusions

The availability of forest data in European countries differs significantly. Where data on forest land use (ha), distribution of tree species (%), growing stock, increment and harvest (m³ o.b.) are available in all countries, specific data and information on different forest operations are rather small. Distributions of motor manual and mechanized harvest operation on thinning and final felling roundwood are not common in all countries. The same conclusion can be drawn for different hauling systems. Distances and data on the transportation of forest wood products are assumed in all countries. Data on non wood forest products are also not available in most countries. 

In all countries the fuel consumption for transport processes of forest products to the forest industry exceeds the consumptions of harvesting and hauling operations, where the differences in the country-specific amounts are highly dependent on the total weight of trucks permitted by national laws. Between 0.5% and 3.2% of the energy stored in the wood is needed to transport roundwood to the industry in Europe.

A higher degree of mechanization in northern and western European countries causes higher fuel inputs per m³ of roundwood in harvesting than in hauling processes. Hauling operations release higher GHG emissions due to higher fuel consumptions for the other European countries. The mean demand for fuel for the forest operations harvesting and hauling in Europe is about 0.83 kg fuel per m³ roundwood and varies between 0.53 and 1.58 kg fuel. The lowest energy demand was found in the countries with less mechanized forest management and a high share of final cuttings. As a result, the more highly mechanized the forest operations are the higher the fuel consumption.

Compared to the solar energy stored in the wood itself, forest operations (only harvesting and hauling) consume between 0.25 and the worst case is 0.75%. This seems to be a very low amount compared to other industrial processes.

Similar to the fuel consumption, the GHG emissions from forest operations are very low (between 0.3 to 0.5%) compared to the carbon stored in the wood through forest growth. 
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